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APPLICATION OF A GLOBAL SOLAR WIND/PLANETARY
OBSTACLE INTERACTION COMPUTATIONAL MODEL:
EARTH, VENUS, MARS, JUPITER, AND SATURN STUDIES

SUMMARY

A summary report is provided of the work performed under
NASA Contract No. NASW-3791. This work relates to a series of
collaborative investigations involving the application of a com-
putational model for the determination of the detailed plasma and
magnetic field properties associated with the global interaction
of the solar wind with various planetary obstacles throughout the
solar system. The theoretical method is based on an established
single fluid, steady, dissipationless, magnetohydrodynamic con-
tinuum model, and is appropriate for the calculation of super-
sonic, super-Alfvénic solar wind flow past planetary obstacles.
The investigations undertaken relate to studies of various solar
wind interaction phenomena with Venus, Earth, Mars, Jupiter, and
Saturn, This report provides a concise description of the
problems studied, a summary of all the important research

results, and copies of the publications.



1. INTRODUCTION

This is the final summary report under Contract No. NASW-
3791 for the National Aeronautics and Space Administration. All
of the important results from the research performed under this
contract have been reported in the open 1literature, both in
scientific journals and as technical papers at scientific
meetings with appropriate acknowledgement of NASA support. This
summary report provides a description of the problems studied, a
summary of the most important results obtained, and a reference

list and copies of all publications resulting from the research.

2, STATEMENT OF PROBLEMS INVESTIGATED

The problems toward which the research under this contract
was directed involved the application of a previously developed
computational model (references 1-3) capable of determining the
detailed plasma and magnetic field properties in the magneto-
sheath region associated with the three~dimensional global inter-
action of the solar wind with various planetary obstacles
throughout the solar system. A series of collaborative investi-
gations were undertaken which used the model to provide a
theoretical understanding of various solar wind interaction

phenomena.,

The theoretical method employed is based on an established,
continuum, single fluid, steady, dissipationless magnetohydro-
dynamic model that is appropriate for the calculation of super-
sonic, super-Alfvénic solar wind flow past magneto/ionopause
obstacle shapes typical of terrestrial planets. The overall
objective was the enablement of rational quantitative modeling
studies to be performed on different interaction phenomena
related to the global solar wind interaction problem with the
planetary obstacles associated with Venus, Earth, Mars, Jupiter,

and Saturn, Predictive results from the model enable the



investigation of plasma and field properties in the interaction
region in a detail heretofore impossible, and thereby provide the
necessary theoretical comparative basis for interpreting the

observations.

A series of eight investigations were undertaken as follows:

° Distant planetary Mach cone and bow shock studies for Venus,
Earth, and Mars

) Magnetospheric source of energetic particles wupstream of

Earth's bow shock.

° Locations of magnetic field merging sites on the Earth's

magnetopause

° Asymmetries in magnetic field merging sites on the Earth's

magnetopause,
° Magnetic field draping on the Earth's magnetopause.
o Intrinsic magnetic field of Mars
] Venusian ionopause studies

o Bow shock studies of Jupiter and Saturn.

3. SUMMARY OF RESEARCH RESULTS

3.1 Terrestrial Planet Applications - Venus, Earth

and Mars

With regard to terrestrial planetary applications of the
model, a series of seven collaborative investigations were under-

taken with other space scientists in which theoretical



predictions from the present models were employed to interpret
observational plasma and field results and to augument other

theoretical analyses. These studies are described below.

An investigation, made with Dr. J. A. Slavin of J.P.L. and
Professor R. E. Holzer of the Institute of Geophysics and Plane-
tary Physics, U.C.L.A., employed the flow field predictive capa-
bility of the model to investigate the asympototic behavior of
planetary Mach cones. Mach cone angles determined from observa-
tional distant bow shock shapes and positions for solar wind
flows past Venus, Earth, and Mars were compared in reference 4
with far downstream predictions from the gas dynamic model. The
results verified that the model, which is already known to pre-
dict good results in regions ahead of and up to the terminator,
also yields good results downstream beyond the terminator to
certain distances for each the planets. These downstream
distances were found to be -4 R,, at Venus, -6 R, at Earth, and
-10 R, at Mars, where R,, denotes the particular obstacle nose

radius.

For each of the planets discrepancies appear farther down-
stream of these points, however, presumably due to the difference
between the MHD fast mode Mach number and the sonic Mach number
inherent 1in the present gas dynamic model. The tendency to
achieve better agreement between gasdynamic theory and observa-
tion at larger downstream distances for these various obstacles
as the planetary distance from the sun increases (i.e., Venus,
Earth, Mars) is attributed to the increase in accuracy of the gas
dynamic approximation with decreasing IMF strength. These
results suggest that gas dynamic theory predictions for far down-
stream flows about planetary obstacles will be very accurate for
flows past the large bodies (Jupiter, Saturn) in the outer solar

system.

A series of collaborative efforts were next carried out
which focused primarily on employing the magnetic field predic-

tive capability of the present model to study a variety of



different solar wind magnetic interaction phenomena. These
studies were carried out in collaboration mainly with Dr. J. G.
Luhmann, Professor C. T. Russell, and Dr. N. U. Crooker of the

Institute of Geophysics and Planetary Studies, U.C.L.A.

In reference 5 a study was made of the magnetospheric source
of energetic particles observed upstream of the Earth's bow
shock. Calculations were performed in which those magnetosheath
field lines predicted by the model to drape over the magnetopause
were traced from the magnetopause to the bow shock. This was
done to locate regions at the shock that should be populated with
magnetospheric particles. Subsets of those fields 1lines that
connect to potential sites of magnetic merging on the magneto-
pause were also traced in the event that leakage occurs pre-
ferentially where normal components of the field are present

across the boundary.

In reference 6 the predictive model was employed to investi-
gate patterns of magnetic field merging sites on the Earth's
magnetopause, Predictions of the magnetospheric field based on
the Hedgecock and Thomas model and predictions of the magneto-
sheath field based on the current model were used to determine
the relative orientations between the two fields at locations in
the vicinity of the dayside magnetopause. Areas on the magneto-
pause with various degrees of antiparallelness between the two
fields for various orientations of the IMF were obtained for the
purpose of locating potential field merging sites and displayed
as contour diagrams. The results suggest that large fractions of
the magnetopause surface are suitable for merging for IMF's that

are primarily southward or radial in direction.

In reference 7 a study was made of asymmetries in magnetic
field merging sites for the Earth's magnetopause. Employing the
same ideas as developed in reference 6, the model was employed to
investigate, as a function of IMF orientation, the degree of
asymmetry induced in merging site 1locations on the magneto-

pause. These regions where the draped magnetosheath magnetic



field is nearly antiparallel to the model geomagnetic field are
shown to be asymmetric for an interplanetary magnetic field (IMF)
at the garden hose éngle, as suggested by Heelis, When the IMF
has a southward component, the asymmetry favors the dawn region
for both IMF polarities. The dusk region is favored when the IFM
has a northward component. If the regions of antiparallel fields
are assumed to be sites of maximum magnetic merging, then the
asymmetry 1is consistent with observed seasonal variations of
geomagnetic activity and with dawn-displaced magnetospheric
phenomena. In the alternate merging geometry of a line passing
through the subsolar region, the asymmetry 1is predominantly
north-south rather than dawn-dusk. Merging 1line geometry is
consistent with the seasonal variations but not with the dawn-
displaced phenomena. However, in view of available direct obser-
vations of merging signatures in the subsolar region, it is
suggested that merging sites may be determined by some combina-

tion of the antiparallel and merging line hypotheses.

In reference 8 the model was employed to study magnetic
field draping against the Earth's dayside magnetopause. Inter-
planetary magnetic fields observed upstream of Earth's magneto-
sphere at ISEE 3 provided input to the model. Model results near
the magnetopause were compared with appropriately lagged obser-
vations at ISEE 1. In 16 of 24 cases, the angle between the
transervse component of the model and observed fields is less
than 20°. The agreement 1is surprisingly good in view of the
uncertainty introduced by the large distances between ISEE 1 and
ISEE 3. The results indicate that magnetohydrodynamic and energy
transfer processes at the magnetopause do not cause large dis-
tortions of the magnetosheath magnetic field. In addition, a
comparison between observed and model field magnitudes indicates
that immediately outside the magnetopause the observed field
behaves like the model field at a distance of 0.5 Ry from the
magnetopause, outside the region where magnetophydrodynamic
effects made the gasdynamic model inapplicable. Patterns of
model magnetic field orientation at the magnetopause are pre-

sented for practical application.




In reference 9 the predictive model was employed to investi-
gate the continuing question of whether the Mars-3 spacecraft
observation of January 21, 1982 was of a Martian magnetosphere or
of a compressed IMF in the magnetosheath. In this study, the gas
dynamic model was first employed to generate the global flow
field. Then the magnetic field computational module was re-
peatedly employed to investigate whether an appropriate IMF could
be determined which would produce the same time history variation
of magnetic field that was observed. Based upon the results, it
was found that a good simulation of the observed magnetic vari-
ation could be made purely on the basis of a magnetosheath field
without invoking an entry into a putative Martian magnetosphere

to explain the observations.

A final terrestrial planet collaborative study is underway
involving Dr. William Knudsen 'of Lockheed Palo Alto Research
Laboratories regarding Pioneer-Venus velocity potential analyzer
observations and interpretations of the Venusian ionopause boun-
dary shape. The present model is being employed to examine a
more accurate shape determination of the Venusian ionopause based
on measured ionospheric properties at axial locations from the
subsolar point downstream beyond the terminator and into the wake
region. Employment of the flow field predictive capability of
the model to provide details of the plasa and magnetic field
properties in those regions near the ionopause is essential for
understanding the shape of the boundary and the key physical
phenomena present in the data. Presently, flowfield determina-
tions from the model have been made for a series of new and dif-

ferent ionopause shapes.,

3.2 Outer Planet Applications - Jupiter and Saturn

In reference 10, a study was made with Drs. J. A. Slavin and

E. J. Smith of J.P.L. employing the flow field predictive
capability of the present model to provide the theoretical basis



of an examination of solar wind flows past Jupiter and Saturn.
The model was applied to study the mean bow shock shapes and
positions for solar wind flows past these planets. Observations
from Pioneers 10, 11 and Voyagers 1, 2 were used to characterize
the solar wind conditions near the orbits of Jupiter and Saturn
and create pressure corrected models of their bow shock and mag-
netopause surfaces. The present computational model was then
applied to examine bow shock location. The results, based upon
typical oncoming solar wind Mach numbers for the outer solar
system, indicated that the subsolar Jovian and Saturnian magneto-
sheaths are, respectively, 45% and 20% thinner than predicted.
It is suggested that the most plausible cause for this result is
the polar flattening of these magnetospheres which is not

accounted for in the present axisymmetric flow field model.
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ABSTRACT

‘This study uses observations by a number of spacecraft to investigate
the asymptotic behavior -of planetary bow shocks. Toward this end a
single standard method has been used to model distant bow shock position
and shape. Mach cone angles of 13.9 + 2°, 11.4 130, and 8.1 _-i;&o at
‘Venus, Earth, .and Mars, respectively, were determined from the
observational shock models. These cone angles and their decrease with
growing distance from the sun .are generally consistent with downstream
bow shock position being limited by the MHD fast mode Mach number.
Gasdynamic solutions for solar wind flow about Venus, Earth, and Mars
were computed up to 50 ROB (i.e. obstacle radii) behind each planet and
compared with observed bow shock location. In each case the position of
the shock was well predicted up to a certain distance downstream: -4 B
at Venus, -6 Rnyp .at Earth, and -10 Ryp at Mars. Beyond this point the
observed shock position lies farther from the aberrated sun-planet line
-than the gasdynamic model with the discrepancy greatest at Venus and
least at Mars. The better agreement between gasdynamic theory and
observation with growing distance from the sun is attributed to an
increase in the accurancy of the gasdynamic approximation with
decreasing IMF strength. :



Introduction

Previous studies (Fairfield, 1971; Slavin et al., 1983) have shown
that the position and shape of planetary bow shocks forward of about omne
obstacle radius.behind the planet are well predicted by single fluid
gasdynamic theory (Spreiter .et al., 1966; Dryer and Faye-Petersen, 1966;
‘Spreiter «and Stahara, 1980). In these theoretical models the presence
of the interplanetary magnetic field is neglected on the grounds of its
smallness in the sense MAZ»ByV?/(BZIBV)k 100. The flow field is then
completely determined by ‘upstream sonic Mach number, M, adiabatic
exponent, {, and the obstacle shape/position.

While this .approach is mathematically valid in the large Alfven
Mach wnumber 1limit as .an .approximation to the MHD equations, the
requirement ‘that--the ambient -magnetic field be neligible is not .met
-everywhere. For-example, investigations of the regioms just exterior to
the Venus ionopause (Elphic -et .al., 1980), Earth magnetopause (Crooker
et .al., 1979), :and Saturn :magnetopause (Smith et al., 1980; Slavin et
‘al., 1982) have :discovered .a “thin layer of compressed magnetic field -
.adjacent ‘to these -obstacles from ‘which the solar wind plasma has been
lost via field .aligned flows: These layers are not present in
gasdynamic theory, but -were predicted by one dimensional (Lees, 1964)
and quasi-two -dimensional (Zwan and Wolf, 1976) MHD studies of the
stagnation region. o

Another place where the gasdynamic approximation may be a poor
representation is near the distant downstream bow shock. 1In this region
" the characteristic lines start to approach the shock at small angles, as
shown in Figure 1, indicating ‘that the shock is approaching its "Mach
cone" limit (e.g. Landau .and Lifshitz, 1959; Spreiter et al., 1966).
While the effect of the magnetic field on the downstream flow is small
at any given point, the differences between the gasdynamic and
magnetohydrodynamic characteristics can accumulate by the time they
intersect the distant shock. ‘The result is a fast mode MHD Mach cone
that may be significantly larger than the gasdynamic sonic Mach cone.

This study .investigates ‘the asymptotic behavior of -planetary bow
shocks and the ability of gasdynamic theory to describe-it. Spacecraft
observations at Venus, Earth, -and Mars are used to model the shapes and
positions of their distant bow waves. The measured planetary Mach cone
angles .are compared with the -mean sonic and MHD fast wave Mach numbers
at 0.7, 1.0, and 1.5 AU to -assess the downstream influence of the
interplanetary magnetic field. Finally, numerical gasdynamic flow
solutions extending to 50 obstacle radii behind each planet are obtained
and tested against the observed location of the downstream bow shock.

Modeling Bow Shock Position

The bow shocks of Venus and Mars have been modeled using the three
parameter second order method of Slavin et al. (1980) and Slavin and
Holzer (1981). ‘The terrestrial shock was not modeled because  the
techniques applied by Fairfield (1971) have already .been shown to be
largely equivalent to those employed here (Slavin and Holzer, 1981).
The fitting parameters are the surface eccentricity, £ , the semi-latus

A-3
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rectum, L, and the location of the focus along the x° axis, X_.. The
shock itself is assumed to possess cylindrical symmetry about the solar
wind direction which is taken to bg opposite the aberrated planet
centered solar ecliptic x axis (i.e. /|v wl= -X’). All modeling is
performed in the aberrated coordinates using either in situ solar wind
speed or a mean value of 430 km/sec. A more detailed discussion of this

‘modeling method in -comparison with other possible approaches is

contained in Slavin and Holzer (1981).

The near planet bow shock has been found previously to be highly
symmetric about the x’ direction in agreement with the predictions of
gasdynamic for flow about an axisymmetric obstacle (Slavin et al., 1980;
Slavin .and Holzer, 1981; Tatrallyay et al., 1983). Farther downstream
the asymmetric mnature of the MHD fast wave Mach cone may become
significant.  However, the -effect should be small for most solar wind
conditions and there are too few distant shock obervations to model this
region as a function of the upstream IMF orientation. Uncertainties
introduced by our .assumption of cylindrical symmetry for the downstream
shock will be —discussed in a.later section.

The equation for a second order model surface in polar form is (see
Slavin and Holzer, 1981)

= L/(1 + &cose) (1)
where r is radial distance from the focus (i.e. x'=x ) and € 1is measured

about the focus from the positive x° .axis dlrection. When the
eccentricity in (1) is greater than unity, as is usually the situation

‘for studies of the distant .shock, the resultant curve is a hyperbola.

For any hyperbola asymptotes exist which bound its position and
correspond to the shock wave’s Mach cone. They depend only upon the
eccentricity and yield an expression for experimentally determined Mach
cone -angle

0Bs™ tan—l((ﬁz-l)l/z) (2)

This expression can be differentiated to obtain the uneertainty in Mach
cone angle as a function of the .error in the model eccemtricity

S ops= ®F /10112 (3)

Figure 2 displays typical orbits for Venera 9,10 and the Pioneer
Venus Orbiter, PVO, in relationship to an extrapolated near planet model
surface (Slavin et al., 1980). While PVQ provides some excellent
coverage of the forward shock when periapsis is on the nightside, it is
a poor source of information on the location of the distant bow wave
because of its tendency to parallel the shock (Slavin and Holzer, 198i;
Tatrallyay et al., 1983). Small variations in the flare angle of the
shock appear in the PVO observations as boundary crossings at larger or
smaller values of the x° coordinate. The result is a model surface
which tends to follow the spacecraft trajectory. For this reason we
have not used the PVO observations in modeling the downstream Venus
shock. The lower inclination and less eccentric nature of their orbits
make the Venmera 9 and 10 shock crossings (Smirnov et al., 1980) better

A-4 —
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suited for modeling the distant Venus shock. Near planet shock
crossings by Ploneer Venus -were not included because of the solar cycle
variations in the .altitude of the forward Cytherean shock discovered by
Slavin et al. (1979;1980). With the exception of the Mariner 5 and
Venera 4,6 crossings, the Venus bow shock model produced by this study
is based on solar minimum measurements.

In 1/r,cos(8) coordinates centered on the geometric focus, second
order curves become straight lines (see equation 1) and linear least
square fitting techniques may be .applied. Figure 3 displays Marimer 5
(Bridge et al., 1967; Russell, 1977), Venera 4 and 6 (Gringauz et al.,
1970), Mariner 10 (Bridge et al., 1974; Russell, 1977), and Venera 9 and
- 10 (Smirnov .et -al., 1980) bow shock crossings in these '"conic"
coordinates along with a least -square best fit. Despite the goodness of
the fit there 1is a clear .tendency for the .distribution of points to
curve over below cos(svs) = =0.5 and above 4+0.5. The focus location on
the x° axis .was then systematically varied until the root-mean-square
deviation of ‘the crossings measured normal to the best fit surface was
minimized. Figure 4 plots “the Venus crossings in the conic coordinates -
‘again, but -with the ‘foc s ngw 7entered on the optimum x =+0.45 R,. The
rms .deviation in x’,(y’ +z .space is decreased by a factor of 2.6
in going from xo—O_ to x°=0 45 R, - Figure 5 displays the shock crossings
and best fit -model surface in the more wusual aberrated cylindrical
coordinates. The uncertainties in the model eccentricity and semi-latus
rectum .are -approximately 21%Z. This is somewhat less than was found for
the near planet Venera 9,10 .and Pioneer Venus models by Slavin and
Holzer (1981) because the inclusion the downstream observations permits
" less ‘variation in the fitting parameters. The Mach cone determined from
our shock model .and equations (2) and (3) is 13.9°#2°. To test the
sensitivity of our modeling to .data selection and modeling techniques,
we have calculated Mach cone angles from two other Venus shock modeling
studies. Given the results of our error analysis, there is reasonable
agreement between the 13. 9°+2° obtained in this study and the 10.8° and
15.4° cone angles implied by the Pioneer Venus models of Tatrallyay et
al. (1983) .and Venera 9,10 shock surfaces generated by Smirmov et al.
(1980). The next section will compare this result to the -sonic and MHD
Mach cones -expected -on the basis of .average solar wind parameters.

Observations .of the terrestrial bow shock downstream of x’=-60 Re
have been made by only a few missions: Explorer 33 (Howe and Binsack,
1972; Mihalov, 1974), Piomeer 7 (Villante, 1976), and Pioneer 8
(Bavassano et al., 1971). The shock crossings in the better sampled
x'>-60Re region have been modeled by Fairfield (1971) with a second
order method comparable to the procedure employed here. As discussed in
Slavin and Holzer (1981), the Fairfield best fit to the aberrated shock
data was a hyperbola with £ =1.02, L = 22.3 R, and x_ = +3.4 R The
corresponding Mach cone angle is 1ll. 4°+3° (assuming + 1% fitting errors)
or 2.5° less than observed for Venus. The only other model of the
distant shock is that of Howe and Binsack (1972) derived from Explorer
33 and 35 observations up to 120 Re' behind the earth. The modeling
method used in that study was .never fully discussed and the fit to their
data shows a clear tendency to underestimate the altitude of the forward
shock. The result is a 17.7° cone angle which is greater than any of
the other planetary Mach cones derived from surface models. It
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-corresponds to a2 .solar wind Mach number of only 3.3 which is about half
of the smallest solar wind Mach numbers in Table 1. Large cone angles
of about 20° (i.e. Mach numbers of 3) were also inferred from shock
normal studies conducted on the Pioneer 7,8 distant shock encounters by
Villante (1976) and Bavassano -et al.( 1971). However, the determination
of shock normals from the observed jump conditions can be subject to
large errors (Russell et al., 1983), particularly when the shocks are
weak as was the case for the distant crossings of Pioneer 7,8. In
addition, the trajectories of these slow moving spacecraft (i.e.
relative to the size of the downstream shock and time scales for shock
motion) may have favored shock encounters during intervals of lower than
average solar wind Mach number. For these reasons we have chosen to use
the bow shock model and associated cone angle of Fairfield (1971) for
the comparisons to be .made in this study.

‘The Martian bow shock has been observed by the USFEXXP} Mars &B,ﬂht/b/
orbiters, .and the Mariner 4 fly-by (see reviews by Intriligator .amnd
Smith, 1979; Russell, 1979; Gringauz, 1980; Slavin and Holzer, 1982).
Sample trajectories for the three Soviet orbiters are displayed in
Figure 6 .along with the locations at which they crossed the Martian bow
shock. While the Mars 2,3 orbits parallel the downstream shock surface, -
the more perpendicular crossings of Mars 5 at about x’= -5 Rog allow us
to model the distant shock. Mariner 4 also provides an additional shock
encounter at approximately twice that distance (Smith, 1969). Normally,
.a single .crossing .at such .a .large distance would be excluded due to the
great leverage it could exert on the best fit. 1In this case, however,
the differences in eccentricity between the final fits obtained with and
without the Marimer 4 crossings were small.

Figure 7 displays -our best fit to all of the Mars shock encounters
The shape .and location of the model surface is well determined with Z =
1. 01 (*lZ), L= 1.68 RMS (+1Z), and x,=+0.7Ry The Mach cone angle is
8.1 +4 which is 3. 3 less than the Earth vafue and- 5.8° degrees below
‘the Venus result. No other Martian shock model using observations from
all four of these missions has been published. However, comparison with
the Bogdanov and Vaisberg (1975) Mars 2,3 and Mariner 4 model
demonstrates the importance of the Mars 5 crossings. In the absence of
the intermediate distance Mars 5 shock data, their modél eccentricity
was approximately 72 larger .and far more uncertain than determined here.

Mach Cone Angles

Table 1 compares the Mach cone angles at Venus, Earth, and Mars
determined in the preceeding section with conditiones in the
interplanetary medium. In particular, the radial scalings: for solar
wind sonic and Alfvenic Mach number discussed in Slavin and Holzer
(1981) have been adopted and the 0.7, 1.0, and 1.5 AU values listed.
These numbers are average values based on observations made between the
late 1960°s and mid-1970°s. While probably not optimum for all of the
shock models generated in this study, most of the shock and solar wind
observations took place during the "flat" portion of solar cycle 20
which saw little long term variation in the mean solar wind conditions
(e.g. Slavin and Smith, 1983). The uncertainty in these average solar
wind Mach cones is estimated to be 'less than 0.5°.
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The limiting "Mach .cone angle 1in gasdynamic theory is that associated
with the sonic .wave speed

o¢=sin 1 (1/m,) (4)

‘Following Table .1, .as mean :sonic Mach number increases from 6.6 to 7.9
the cone angle .decreases from .8.7° at 0.7 AU to 7.3° near 1.5 AU. While
no general ‘three .dimensionall MHD solutions for flow about a blunt
obstacle have been found (Shen, 1972; Spreiter and Rizzi, 1974), Mach
cone type arguments using the MHD fast wave speed may be applied to
predict asymptotic bow shock position in MHD theory (Michel, 1965).
Unlike the situation for compressionmal disturbances in an unmagnetized
isotropic plasma, fast mode wave speed is a function of propagation
-:direction relative to the :ambient magnetic field. The fast mode
propagates faster perpendicular 'to B than parallel to it. Mach number
based on the perpendicular fast .mode speed is (Spreiter et .al., 1966)

‘ Jem 2am 24172
Mpg = MAMS/<}?A %) / (5)
with an .associated Mach .cone :angle
o =stn~ L, T DY 2 (o)

Since the perpendicular fast mode speed is significantly larger than the
sonic speed, theg{, values .are 2-3° greater than o as shown in Table 1.
The parallel fast mode propagation speed is the greater of the sonic and
- Alfven speeds. ‘Hence, ‘the parallel MHD Mach number, Mms' E is simply
equal to M. -due to the average MA>MS conditions in ‘the solar wind. At
oblique propagation angles the .fast -mode speed lies in between the 0°
and 90° values listed in the ‘table. Thus, for any given M, and MA the
minimum and maximum Mach conme »angles for all orientations of the IMF are
given by %_ .and 05‘

A third MHD Mach number appropriate to intervals when the the IMF
and solar wind wvelocity vectors are aligned also exists . (Dryer and
Heckman; 1967; Shen, 1972; Spreiter .and Rizzi, 1974) -

My = MM /(2 2 - D2 (7

Since the field is everywhere parallel to the flow in this case, the
Mach cone 1is symmetric about the upstream flow direction as in
gasdynamics. In fact, the MHD equations for algined flow can be reduced
to those of gasdynamics and solved using the same techniques (Spreiter
and Rizzi, 1974). Numerically, M, is nearly identical in magnitude to
MTS‘L and will not be considered further here due to the rarity of
aligned flow in the solar wind.

The angle the local shock propagation direction (i.e. the shock
normal) makes with the magnetic field -is function of location on the
shock surface. Both the mean spiral configuration of the IMF and the
three dimensional curved nature of the bow shock contribute to the lack
of symmetry. Over the poles and on the dusk side of the shock surface,
the tendency is toward quasi-perpendicular geometries with limiting
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angles approaching'{L. Quasi-parallel conditions are more_probable on
the dawn side where the cone angle should be closer to &,, . These
asymmetries in the MHD Mach cone were first quantitatively modeled by
Michel (1965). It was his conclusion that the variatioms in MHD Mach
cone angle with respect to the x’ axis are about 1° overall, but
generally less than 0.5° for the regions near the ecliptic where most of
the spacecraft -observations used in this study were made. For this
reason it does not appear that any significant additional errors have
been introduced by our earlier assumption of axial symmetry, given the
2-4° uncertainties in the observational determinations of Mach cone
angle.

The observed Mach cone angles in Table 1 decrease with distance
from the sun as predicted by both gasdynamic and MHD theory although the
variation 1is somewhat larger "than expected. The observed Mach cone
.angles are all significantly greater than the sonic angles predicted by
gasdynamic theory. Given the uncertainties in both the observed and bow
shock and .average solar wind Mach cone angles, there is reasonably good
support for shock location being limited by the MHD fast mode Mach
number. -‘While mnot unexpected, this result does provide another piece of
experimental -evidence for the "applicability of magnetohydrodynamic
theory to high speed flow problems in space plasmas. '

Gasdynamic Models

‘The Spreiter and Stahara (1980; Stahara et al., 1980) gasdynamic
code has been modified to produce solutions up to x =-50 as shown in
Figure 1. Figures 8, 9, and 10 display the calculated bow shock
locations for the Venus, earth, and Mars body shapes determined by the
Slavin et al. (1983) study and sonic Mach numbers of 4 and 8. These two
Mach numbers were .chosen because they bracket the expected Mach number
range from the perpendicular fast mode to the gasdynamic sonic value.
" The ability of the gasdynamic solutions to predict forward shock
position has already been demonstrated (Fairfield, 1971; Slavin et al.,
1983). However, ‘the planetary Mach cones inferred from the shock
observations in the preceeding .section indicate that downstream the bow
-shocks are limited by larger :-Mach cones than predicted by gasdynamic
theory. Below we investigate -where these departures . start and their
.magnitude.

The gasdynamic models of flow past Venus are displayed in Figure 8.
‘The near shock is well represented by the M_=8 theoretical shock forward
of approximately x’'=-4 ROB‘ Farther downstream the bow shock continues
to flare outward until its slope nearly matches that of the M_=4
gasdynamic shock. Figure 9 performs this same comparison with-the earth
shock model of Fairfield (1971). The results are similar, but with the
disagreement between theory and observation being less severe and
starting farther behind the planet near x’'=-6 Ryg- Finally, Figure 10
presents the Mars observatioms. In this case the M_=8 theoretical model
does not begin to seriously diverge from the observational model until
x’'==10 ROB is reached, and then only by a modest amount.
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These results are .gemerally comsistent with both the expected
limitations of the gasdynamic .approximation and the uncertainties in the
-experimentally determined :Mach comes. In all three cases the planetary
bow shocks approach Mach .cones that are greater than predicted by
gasdynamic theory, but by.only a small amount at Mars where®§ TP
The trend .as -a function -of .distance from the sun is much as wouﬂf
~expected :from . Table 1. ,.Gasdynamic theory is more accurate and may be
used farther downstream at .greater distances from the sun where the IMF
is weaker and ‘the Alfvenic Mach number higher. The larger the Alfvenic
‘Mach number the smaller the errors introduced by the gasdynaic
approximation and the closer ‘the agreement with MHD theory and
observation. The implications are that gasdynamic theory will be least
useful at Mercury, but highly accurate for describing the flow of solar
wind about Juplter, Saturn, and other large bodies in the outer solar
8ystem. - - .-~ - o

-Conclusions

The .distant :bow shocks -of Venus, Earth, and Mars have been modeled.
-using -a ‘single -standard:method. -Mach cone angles determined from the
best fit shock models .are .generally consistent with the MHD fast mode -
-speeds measured .in the solar .wind .as a function of distance from the
‘sun. The finding by -earlier studies that gasdynamic theory can
accurately predict the location and shape of the forward bow shock has
been extended and quantified. At Venus the bow shock position and
orientation is poorly represented by gasdynamic theory much beyond x’=-4
Rop- The disagreement‘:is :smaller at the Earth and begins farther
-downstream near Xx’'=-6 « -Finally, .at Mars the gasdynamic bow wave
lies quite close to the .observed shock surface with small discrepancies
becoming evident only downstream of x’'=-10 Ryp- The better agreement
between gasdynamic theory :and observation with increasing distance from
‘the sun 1is attributed to the decrease in IMF strength with distance
making the gasdynamic approximation more -accurate.
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Figure Captions

l. Gasdynamic models of flow about the earth for an adiabatic exponent
of 2 and sonic Mach numbers of 4 and 8 are displayed. Obstacle shape in
the Spreiter and Stahara (1980) numerical cedes is parameterized in
terms a quantity H/R_. The coordinates used are aberrated geo - centric
solar ecliptic (i.e. 8‘ /|Vl=-x ) in units of obstacle radii, Rog-

2. Sample Venera 9, 10 and Pioneer Venus orbits are shown in Venus solar

-ecliptic coordinates relative to the bow shock.

3. Mariner 5, Venera 4, Venera 6, Mariner 10, and Venmera 9, 10 bow shock
crossings are displayed in planet-centered 'conic" cooridnates along

-with a linear best fit.

4. The same as the preceeding figure, but with the conic focus moved to

x6=+0.45,Rv to improve the fit.

‘5. The Venus bow :shock .crossings and best fit are displayed in aberrated

-planet centered -solar ecliptic coordinates.

6. Sample Mars 2, 3, .and Sworbital trajectories are plotted in relation

to the observed crossings of the bow shock.

7. Mariner 4, Mars 2, Mars 3, and Mars 5 bow shock crossings are plotted
in planet centered solar ecliptic coordinates. The best 3 parameter
second order least -square fit to the boundary is also displayed.

8. The observed location of the Venus bow shock is compared with two
gasdynamic models .of flow .about the planet.

9. The terrestrial bow shock model of Fairfield (1971) is compared with
two models of flow about the earth.

- 10. The observed location .of the Mars bow shock is compared with two
‘models of flow about the planet.
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Abstract

Models of the'magnefospheric and magnetosheath magnetic fie]ds are used toi
deterhine-the re]afive orjentations.of the two neaf the dayside magnetopause fof~
the purpose of locating potential ﬁerging'sitesf Areas on the magnetopause-witﬁ “
various degrees of aﬁtiparal]e]neés fok‘different interp1anetafy f%é]d oriéntétibn§ '
- are displayed as contour diagrams For southward and- GSE-Y 1nterp1anetary f1eldh
'the patterns obtained are cons1stent with those. envisioned by Crooker in an ear11er4
ana]ysws wh1ch used s1mp]1f1ed representations for the magnet1c erld qeometry
'Here the app]1cat1on of rea]1st1c mode]s shows the 1ocat1ons of areas where’ any
antiparallel component occurs. - Merging ‘sites for radial 1nterp1anetary fields are
also 111usurated The results suogest that the geometr1ca] conf1gurat1on of the :\
f1e1d is su1tab1e .or ﬂ—rg]ng over a large fraction of the maonetopause “for 1nter-
planetary fields tha;-are~e1ther prvmarv]y southward, GSE-Y, or radial (GSE-X)

in direction.



Inthoduction

: There is. considerab]e interest in the question of where reconnectioh or magnetic‘
field merging occurs 1n the magnetosphere (cf. Russell, 1976). Several yeahs ééo*‘
Crooker (1979) presented a qua11tat1ve model of the sites of magnetic field merg1nq'
- on the naqnetopause Th1s ana]ys1s was based on a conceptua] picture of the magne-
topause and & suoerposed overlying uniform f1e1d perpend1cu1ar to the earth- sun -
1ine, wh1ch was taken ‘to reoresent the maqnetosheath f1e]d at . 1ts inner boundary
ti’The 1atter was rotated to mimic the effect of-d1fferent 1nterp1anetary f1e1d ‘. b
" directions. Reconnect1on or merg1ng lines were defined as the ]ocus of points for
wh1ch these appr0x1mate magnetosnher1c and nagnetosheath fields were antiparallel
:;when prosected onto a p?ane (the GSE Y-Z plane). The mdjor point arising from this
ana]ys1s was the role of the cusp in ]ocatlnq potent1a1 merg1ng sites. ‘ HoWeveh, the
- author also_gua]1f1ed the resu]ts by-po1nt1ng out that merging can occur.where only
components ‘of the:twO-fields are.antiparallel (cf. Cewley, i976);1ahd that the
dhaping,geemetry,of the.magnetosheath field over the magnetopause is hot neéesséri]y
we]i represented.by‘asunifohm field in the GSE Y-Z p?ane proaected onto the magneto—
pause. The present s;udv extends- the ideas put forth in this ear11er effort by
emn]oy1nq realistic models of the magnetospher1c and magnetosheath fields to 1ocate
antiparallel fields at their magnetopause interface. The new aspects of th1s
enalysis include the Tocatfen*of fie]ds with oh]y components that are antiparallel,
and the treatment ef radja] (GSE-X) interplanetary fields which were not‘considered

previously.

. Description of the Model" -

The Hedgecock and Thomas model (cf. Malker, 1976)‘was selected to represent the
magnetospheric field.at the dayside.magnetosheath because it has a fairly realistic’
tusp geometry. . This hbde] also has north-south asvmmetries caused by the uneven

- distribution of the data that went into its construction, rather than by true
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asymmetry - 1t was therefore assumed that the more heavily eamp1ed northern section
was the more accurate and a mirror imaqge of the model. north of the equator was
used to represent the sduthern magnetosphere. Possibly real dawn dusk asymmetr1es
in this ndrthern'sectton-Were retained. 'The dipole axis of_the model was assumed
to coincide with the GSE-Z axjs for this study. -A]thaugh'the seasonal vahiation'of
the dipole tilt with respect to_this axis.will modify theumagnetosphehtc field at-
the magnetbpause; the-complicatfon*introduced by the use of a ti]tedhmodel precluded
B :the.study'of thisheffect;- G | I e
-~ The magnetdéheath'tie?d_wae modeled using the assumption that the'tnterp]anetary
field is“frozeh intoAthe‘medium in the 1gasdynamic treatment of sdpersonic flow
. around an axisymmetric obstac]é (cf. Spreiter and Stahara, 1982), The shape of the “
:4cbstac]e was presdmed to fol]ow:the shape of the Hedgecock. ahd Thomas'model nagne—:'
topause—ﬂn the noon-m.dn1ght mer1d1an " For the puroose of the present ana]ys1s,
the abe“rat1on of the solar wind f]ow was neg]ected A free stream son1c Mach
nunber of 6.0 was used - in the gasdynamic code, w1th wh1ch magnetosheath f1e1ds at
a d1stance of approxwrc ely .5 earth radii from the surface of the obstac]e were '
-computed for 2 variety of 1nterp]anetary“f1e1d or1entat1ons (The. fleld determ1ned
) w1th the gasdynamic code becomes itnaccurate near the stagnat1on stream11ne that
bathes ‘the obstacle surface ) |

-The angle between the two modeled f1e]ds was found over the surface of the
days1de magnetopause at the grid points shown.in Figure 1. Contour d1agrams.of the
cosine of this angle were then constructed to ddsh]ay the regionsfof different
) degrees 6f_antipara11e]hess as viewed from the Sun. |
Results |

Figure 2 contains the contouh'diagrams described above for various interp1anetary _
magnetic field orientatiqns (ie. magnetosheath models). The shaded areas, representing

fields that are within 10° of being antiparallel, are roughly consistent with
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Crooker's:(]979) meréfng 1ines‘fer-interplanetary field orientations_perpendicd]ar
fo the solar wind velocity. New sifes arise when there is a substantial GSE-X or |
radial component_o%Athe_interplanetary field. As expected, the southward directed.
interplanetary field prdduées'the 1ergest_area of near]yﬁéntipara11e1 fields on the
magnetopause, th1e the‘northward interplanetary field ﬁrddutes the'smalTest.area.

. Howerer, the regions for which there is .some component of the maqnetoéohere and
magnetosheath f1e]ds ant1para11e1 cover a large region ofﬂthe magnetopause for most

-

1nterp1anetary field or1entat1ons

" Discussion and Conc1u51ons

| ‘For 'several reasons, the. patterns shown in F1gure 2 must be considered with -

'Some measure of.caut1on when ;ompar1ng with observations at the magnetopause.: F1rst;
the interp}ahetary field is fypica]]y variable on the_fime scale of plasma convection |
.through'the daysjde magnetosheath. - Except under circumstances of eXceptionai1y
§teady fnterblanetarv fiefd orientation, the actual pattern of.aeripara11e1 fields _
preaecbed on the PagnetOuause must be pred1cted from the field observed 1n the so]ar
w1nd at earlier t1m°$. (The convect1on t1me is several’ m1nutes from the subso]ar

shock to the.nose cf the megnetopause.) Second, currents near the magnetOpause and
MHD effects such as that descr;ib-ed by Zwan and Wolf (1979) will affect the field
Qeometry at that bodndary. Th%rd, the bossib]e deeendence of the meréing rate'oh'
vthe ]oca]>p1asma Qe]ocity' hésﬁhot.been folded inte these patterns. If $1owlf]ow

is necessary for_merging.then those regions near fhe subéo]ar stegnatioh peint Wf]1 be
favored. Similarly, the ppé;ibie.ro]e of the field magﬁitudes was.neg1ected here.
.Finally, reconnection itself may cause the reconnected field lines to be pulled

over the magnetopause, disrupting any pattern imposed purely by the magnetospheric
and magnetosheath fields. (The boendary layer may be a manifestation of the latter
process.) Yet, the paéterhs shown in Figure 2 may provide a picture of the initial

conditions set up by a sudden change in interplanetary field orientation.
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Recent stétfstiee] etudies of the-spatia] distribution of flhx tranefer events
near the nagnetopause (Berchem and Russe]] 1983) show a double- banded distribution
which flanks the equator These authors have argued that their results are con—
sistent w1th the preferred occurrence of reconnection at the equator where quas1— e
steady merg1ng has been predicted for southward interplanetary f1e]d (Dungey, 1961,
Sonnerup, i976). However, their distributions are also consistent wjth a super; ‘
bosition of the patterns for southward field and for GSE-Y fields as shown in
FiQure 2. In fact: in their study, some events occurred fh associatfqn;with préc%iéh
céﬁ1y GSE-Y directed fields. Also, because the highest geomagnetic 1atitudes were“"
" not covered in their semp1e,'ihe.merging poTewarq-of fhe cusps predi;ted for north;
ward directee fields (see Fig. 2).eou16,not have Beenzobserved.. Stif1,-separetiehi;
of their data into‘events.associatedeWith steady,.primarily southwardigﬁferp1aneiery
fields and GSE-Y fiefds may produce the dist%ncfi&e patterns éhOW? in Figqure 2 for
=these two_ceses.. One'weuld expect the GSE-Y fields to produce.evente‘in opposing
corners_a.ong a diagonal through the subsolar point, while southward ffe]ds would
'.produce~a broad latitudinal ‘band including the eduator. | ’ | |
in conclusion, the present analysis represents the extent to which one_can'_i
practically go in using Static'magnetic field mode]s to understand thekgToba] piceure
of reconnection sites on the magnetopause..,Time—depehdent,-3—djﬁensiona] MHD models
"~ of the solar wind interaction with the magnetosphere,'SUCH as that.deveToped by-_‘

Wu et al. (1980) and Fedder et a]! (1981) will, of ceurse, be the ultimate tool for

‘the investigation of ‘merging sites.



Figure Captions

Fiqure 1. A view, in the GSE X-Z plane, of the agrid points on the Hedgecock-
Thomas model magnetopause at which the dot-product of the magnetospheric
field model and the gasdynamic magﬁetosheath field mode1 vas computed in
this analysis. Also shown are the magnetospheric model field lines in the
noon meridian.

Figure 2. Contpurs on the magnetopause (viewed from the sun, i.e., fhe GSE Y-Z
plane projection) of équa] value of the cosine of the angle between the
magnetospheric and magnetosheath model fields. -OnIy contours with negative
values, implying some antiparallel component, are shown. Values at the
contours, starting with the contour filled with shading, are -.98, -.95, -.9,
-.8, -.7, -.6, -.5, -.4, -.3, -.2, -.1, 0. The interp]anefary field
orientations are as follows: (a) radial (+X-directed), (b) southward, (c)
Y-directed (toward dusk), (d) Parker Spiral toward, (e) northward, (f)

. Parker Sbira] away, (g) equal Y and Z components, no X-component, (h) equal
X, Y, and Z components, (i) equal and opposite Y and Z components,ﬂno X-

component.
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Absfract

The earth's bow shock is frequently cited as an example of an asfronhysica]
shock where particle acce]eratidn is observed. However, because’ enerqet1c part1c1es
observed upstream of the bow shock may be accelerated w1th1n the magnetosnhere,
it is 1mportant to understand the propertwes of the magnetospher1c source Ai
first order~p1cture-of=the spat1a1rd1str1but1on of magnetospheric part1c)es in
tbe magnetosheath and upstreamiiegebtained‘by mapping'those magnetic field liﬁes
“which drape over the:magnetopause fhrough the bow shock. Subsets of these field
‘lines that connect to potential sites of megnetic merging on the magnetopause are
also traced 1ﬁ‘the event. that 1eekage occurs pfeferential]y where norha] cqmponents
of the field areepresent across that boundary. The results c;n be used to determihe
whether the so-called "diffuse" part1c1es observed upstream are accelerated 1oca11y

or-within the magnetosphere



Introduction

The energetic particles that are obserQed in interplanetary space are attribgted
to a variety of sources, both nonlocal dnd local. Thé primary non]oca] sourcesla;e
the as yet'uncerfain sources of the ga]aétic coshic.rays, wﬁi1e the ‘more numerous
Tocal sourées include sb]ar flares, corotating interaction-regidns,'interﬁ]anetéry
.shocks,.and p]anefary bow shocks. In recent years, much attention has heen focussed
~on the m50 keV ions detected upstream of the earth's bow shock because of their
1mp11cat1ons for shock acceleration of 0a1act1c cosmic rays in the 1nterste1]ar
med um (cf. Axford, 1981). While the question of the contribution of magnetospheric
particles to this pobu]ation has been addressed by a number of authOFS'(i.e., Scholer
et al., 1981), it is still-a re]ative]& unsettTed issue. 'Yet, if planetary bow
- shocks are to be used as astrophysical 1aboratories,»it.is important to undefstand
the nature of the magnetospher1c source. | )
| Ions and e]ectron beams with energies..a few times that of so1ar w1nd Dart1c1es
haQe been traced back to the quasiperpendicular bow shock (cf. Gosling et al., 1981).
The origin of these few keV partié]es is most 15ke1y reiéted to the reflection of
a small fraction of the incident solar wind frbm the bow shock as first suggested by
" _Sonnerup (1969). Tﬁesé beams are probably also responsible for the generation by
Aa béam-piasma instability 6f the_MHD waves that are observed 1nw£he samerﬁpstream
region ’Barnes 197 Gérv, 1981- Russe11‘and Hoppe, 1983). A'more~energetic, ‘
(>50 keV) 1ess c.reptcd popu]at1on the so-called "diffuse" part1c1es Jh1Cﬂ are
observed downstrezm of these beams (cf. Ipavich et al., 1981; Anderson, 1981,

- Mitchell et al., 1983) has been explained as beam particles which afe stochastica]]y
acce]erated:by the Fermi process in the regions where the upstream magnetic field
fluctuations produced by the beém are convected against the shock-(cf..Jokipii, 1967
Lee, 1982).~ Indeed, both MWest and Buck (1976) and Crooker et al. (1981) found an

. energetic ion popu]étion.in the magnetosheath that appeared to be convected, together
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with fluctuating magnetic fields, along p]asma'stream lines from the region of the
bow shock where the diffuse particles are observed upstream;
On the other hand “very energetic (MeV).Jovian electrons. observed in the thtere
planetary med1um have been attr1buted to a magnetospher1c source (McDona]d et a].,
]975), and Zwickl et a]. (]981) found heavy ions of unmistakably magnetospher1c
origin 1n the upstream part1c]es near Jup1ter St111, it may be arqued that the
_ region of space near the p]anets is contamwnated by cold planetary ions which are
‘then accelerated at the p]anetary bow shock as proposed for the earth s upstream
d1ffuse part1c1es
.These-thjhgs.considered,'it ishrelevant‘to review what has been observed near'
the_terrestria] magnetopapse thhough which the particles must exit the magnetpsphere.
w111iams et al. (1981) have e*amined the behavior of energetig.partic1es.at the
magnetopause bopndary. ‘These authohs demonstrated that bite-outs -occur in the
| trapped pitch angle distributions at large pitch angles, which is'what one expects
it\some of the drifting trapped population is lost to the magnetosheath. Also,
West and Buck (1976), Asbridge et al. (1978) and Bieber and Stone (1981) have all
reported observationstof layensbof ehergeticlparticles'in the magnetosheath’hear the
magnetopause. Scholer et al. (1981) showed that the flux in the magnetosheath is |
comparable to the 90° trapped flux which is feeding .the ]eaka§e¢ At least some of
these partic]es-observed near the magnetopause must end up in internlanetary space.
The distinction betweeh magnetospheric particles and those accelerated upstreah
of the terrestrial bow shock-wa5~attempted experimentally by Schoter et al. (1981)
who argued that magnetospheric jons are more energetic and are accompanied by
electrons. In another observational study; Bieber and Stone (1981) pointed out‘that
upstream magnetospheric electron events usually occur'in conjunction with geomaénetic
.activity on the ground: Yet it seems that some of the confusion surrounding this
matter of magnetospheric sources can -be cleared up most effectively by a model that
descrtbes whehe those part%cles which are observed to leak out of the magnetopause ao.
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A global picture of the magnetospheric particle source can be expected to
exhibit certain characteristics. The particles are presumably accelerated within_
the magnetosphere either in the routine manner of the nermanently trapoed outerfzone-
population, or in'transient eventé in the magnetotail. Proceeding outward, thene
~are two mechanisms' by wh1ch these particles can exit the magnetopause based on the
current understand1ng of its structure One poss1b111ty is that a turbu]ent
boundary layer (cf. Russe]] and Greenstadt, 1983) can scatter an ad1abat1ca]]y
drifting trapped magnetospheric particle onto magnetosheath field lines. Provided
that the boundary 1ayer is large in area1 ‘extent, this type of 1eakaqe wou1d occur
_over pract1ca11y the ent1re magnetopause, w1th perhaps -a preference for dawn and
dusk where ‘the sunward dr1ft1ng-e1ectrons~and protons, respect1ve1y, cross the |
terminator;:.ATternetively,'the particles may 1eak'6nt'preferentie11y.at arees onf
the magnefganSe where‘merging of the magnetospheric andimagnetosheath fields occure
(Crooker, 1979; Luhmann et al., 1983) because there normal components of the'magnetic
field allow adiabatic motion. from one region to the other (Sbeiser et al., 1981;
Daly, 1983)

Next, one must trace the particle motion through the mégnetosheath from the
NA magnetopause fo the bow shock. Here there is a queétion of whether the parfic]e’
motion is adiabatic or diffusive. If aloeng its néth a particle“enconntersAmagnetic
fluctuations. of substantial amplitude which satisfy the condition for gyroresonance
when Doppler shifted to the particle's reference frame (cf. Jokipii,'1967), it wf11
be ecattered by the Tluctuations. In this case the magnetospheric particles will
- "diffuse” outwards towards the shock. Moreover, if theimagnetic‘f1nctuations have
some net motion, say in the directjon of the convecting magnetosheath plasma, the.
isotropized particles ni]] exhibit a similar bu]k‘motion. If the scattering is

strong, few magnetospheric particles will be able to reach the upstream region.’



Rather, they will be carried antisun@erds along the flanks of the magnetopause with

the magnetosheath plasma in which the magnetic fluctuations are embedded. However,
if the magnetic-fluctuatione~are in a frequency range that does not affect the o
particles of interest, or if the.magnetie.fie]d is fair1y-uﬁdisturbed, fhe gyro;
centers of the enérgetie.partic]esxwi11 approximately follow magnetosheath field:-
Tines through the bow shock tb {nterp1anetafy space. Nﬁile displacement of the‘
qyrocenters from the field I;nes will be caused by the motional (VXB) electric f1e]d
dr1ft assoc1ated w1th ‘the convect1on of the magnet1zed magnetosheath and so]ar
wind plasma, this can probably be neg]ected for >50 keV 1ons_(cf. Anderson, 19813
Mitche]i et al.,‘]983). Thqs, fieid Tine tracing from the magnetopause through' the
magnetosheafh'wi]],,dnder'eondi;ions’of nearly adiabatic particle motion, giQe
information (to within a gyroradius) about the volume that should be populated with
magnetospheric part1c]es |

thile some comb1nat1on of diffusive and ad1abat1c behav1o" is Drobab1y a more

rea11st1c descr1pt1on of the part1c]e mot1on in the magnetosheath, -several stud1es
(1. e., Palmer, 1981) suggest that the mean free path for scatter1ng in the magneto-
sheath can be‘]ongﬁ In this paper emphasis is p]éced on the characteristics of

the magnefospheric sonce that would be exneeted for adiabatic'behavior of -the
part1c1es within the magnetosheath, although some discussion of ‘the effects of:
'magneeosheath turhu7ence is included in the f1na1 section. Toward this end, magne-

~

Losheatn magnetic-Tield lines that either pass within ~l Re (~1 particle gyroradius).
of the magneteeause (for modeling widespread leakage) or at poteniia] sites of :

_ magnetopause reconnection where the maonetosheath and magnetosphere fie1ds are
antiparallel, are traced outward to interp]anetary space. The maqnetosheath field

model used here is derived from the aasdynam1c treatment of the so1ar wind flow

around the magnetosphere (Spre1ter and Stahara, 1964, 1982). In this model, the



magnetic field cdnfﬁguratipn is calculated on\the assumption that the interpnlanetary
magnetic field is frozen in the diverted solar wind plasma. Thus, the "beams" of
magnetospheric particles are found to have distinctive shapes and locations that :

depend on the interplanetary field orientation.

Description of the Model |
'The gasdynamie magnetdéheath‘magnetit field model has been described e1sewﬁefe
by its originators (Spreiter’and-Stahara, 1964, ]982) -‘As mentionegeabove, tais |
-mode] assumes that the 1nterp]anetary magnet1c f1e1d is frozen in the flow.
‘ Although few compar1sons of this mode] with observations have been carr1ed out for
the earth (cf Fa1rf1e1d 1976), several detailed ana]yses have been done for the
Venus nagnetosheath (Snre1ter and Stahata 1980). ‘The fact that the Venus 1onospher1c
obstac1e is much 1ess compress1b1e than the earth 5 magnetosphere and is scaled -
much sma]]er, is an advantage for comuar1sons with the steady state model. - The
“.t1me scale for var1at1ons in the 1nterolanetarj field 1is tyo1ca11y short compared
" to the time (several hours) it takes a spacecraft to travel through the dayside
magnetosheath at the earth. But ‘the interplanetary field can be quite steady during
the tfmevintertai of the Pioneer Venus orbiter traVérsa] of the Venus magnetosheath
“(~.5 hr). The_magnetosheath,magnetic field model based on gasdynamics agrees quite
 we11 with the‘obseryed:magnetic‘fie]d at Venus;' ATthough here:the object Qf interest
- is the less well-behaved earth, it is toasidered that an idea of the magnetosheath
fié]d line geometries can be obtained from an examinatﬁon of conetant scale models
with constant‘interp1anetary fields.. A sonic Mach number of 6 and a magnetopause
~ shape derived from tﬁe Hedgecock and Thomas magnetosphere model (ct.'waiker, 1976) -
were used in the gasdynamic calculation to produce the magnetosheath fields used here.
To'determine the ]ocations«of'magnetjc merging on the maqgnetopause, the maéneto-
spﬁeric field at‘the'magnetopause was presumed te be aiven by the Hedoecock and

~ Thomas (cf. Walker, 1976) model. As described elsewhere (Luhmann et al., 1983) the"
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locations where this interna] field was within m10° of éntibaral]el to the magﬁeto-
sheath field were then aefined as merging sites.

| Routes for maghefospheric narticle ]eakagé are approximated by magnetosheaﬂH{ .
field 11hes~which-either drape against the dayside magnetbpause, forAthe caﬁe o%
'wfdespread 1eakage, 6}'by'fie1d_1ines which-ofiginate at the magnetobause at'thé
aforementioned mergihg*sites.>

Figures T.énd 2 illustrate the results of fhe mode]ing in the same format for

the cases of widespread}]eakage'and 1oca]izedireconnection site leakage, respective1y;A
'Thése-figUrés display projected views of"the_three-dimeﬁsﬁona1'magnetosheath field
Ifne-configuration fqrfdjfferent_interplanetary field orientations. The under1ying
magnetosheath drqpinQ‘ié shown as fine lines. fhese field 1ines start at 49-poihts
in'interplanetary space on a square grid oriented pefpendfcu]ér to the interﬁ]ahefary
field. *The'hgavy lines in Figure 1 are projected'vigws ofAfie]d«Iines which.pass
‘within ~1 earth.radius"bf the magnetopause at the terminatofvﬁia;é at equigpaced
iﬁ%erva]s:of'&10°.'.These produce. a threé-dimensibnal picture of tﬁe volume of
f]u* tubes which would beApopﬁiated.b}_magnetosphericTpaftiéfes if the particles
leak out over a large area of -the dayside magnetopause. The 5hapes of the voiumes
are notably différentlfbr each interplanetary field configuratjon, appearing as
sheets fdr.interplanetary fields perpendicular to the flow, andvés a cy]indrica1
tube for radial magnetic field. Subsets of these volumes are connécted to meraing
sites, as defiﬁed abcve, on the magnetopause.' The heavy lines in Figure 2 identify
groupé of field Tines which originate near those sites, which are.shown on tHeA
. magnetopauée‘from the viewpoint of fhe sun in Figure 3.  Figure 2,111ustrates the
importance of southward interp1aﬁetéry field in obfaining 1§rge amounts of magngto—
spheric_paftig]e leakage if merging at the magnetopause is a necessary»factOY.
Fina]]y;'Figure 4'show§ the cross=sections of several of the volumes of flux tube;

from Figures 1 and 2 at various planes in interplanetary space. This diagram gives
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a feeling for the sizes of the volumes of magnetospheric paftic]es that a spacecraft
might traverse while located beyond the bow shock.

Discussion and Conclusions - -

In the introductory section the;effects of scatterjng of the particles by i
'magnetfc fluctuations and of drifts produced by the.motiona] electric fie]d
(E = VXB vhere V = plasma ve]ocity;_s = mégnetic fie]d)erre mentioqfd; Anaérson
(1981) has giQen a comp]eté description of trajectory d{spersion by the VXB~ffe1d- l
in,interplénetary space where V énd B ére-uniform. " However, the drift'effects in |
the hégnetosheath are not so simp]y.déscriped bécausé of the cbmp]icated magneto- -
sheath veTocity field and fhe magnétic~fje}d,,whifhEVaries With thé_interplanétahyi'
- field oriéhtafibﬁ.“FiQUre 5 shows' several examples of bartjc]e trajectories
‘originating'near'the subso{ér magnetobause, drifting in thé'VXE;anH E;fie1ds'from
the gasdynamic magnetosheath model. As discussed byvAndersohv(J981) for the upstream -
‘region, the partﬁé]é éyrocenter trajectories are diﬁﬁéfséd antisdﬁward from magneticﬁ
field ]{nes.according:to.fheir-bara11e1 (to(@).velocitiés.‘iParticles with small
parallel velqﬁities are'éwept into the flow, in the‘lim{t'df zero péra1]e1 ve}ocity"»
theif gyrocenters following stfeam1ines.' At thé opposite extreme, paréic]es with |
i large parallel ve]oéities have gyrotenter:paths tﬁat Tie practﬁca]]y a]ong~mégﬁetic
field ]ine§; Most observations are of particles Qith.intermediaie'behavior. Thus, -
some spatial dispersion of particles of dffferent energiés'in the maghetoshéath
and upstream regicns is to be expeéted. The anticibated spatial grédients, with
. low energies mostiy antisunward, should be considered in interpretfngtdeléys in
the onsets of fluxes at successively higher enerqie§ as observed from spacecraft
moving from daﬁh toward noon. This spreading of ‘the magnetospheric beam will diétort
the spatial distribution5~suggested by FigureSYI-Z for particles with Tow parallel
velocities. However, for energies >50 keV and pitch ang]es‘>45° fie]d—a]igned

. gyrocenter motion is probably a fair approximation.
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On the subject of scatter1ng, 1t has been established that maqnet1c f]uctuat1ons
Gpar+
- 1in the magnetosheath Afrom the turbu1ent boundary layer near the magnetopause

(Hones, 1983), are conf1ned to stream11nes of maqnetosheath p]asma f]ow that are
connected to the,quas1para]]e] bow shock_(Greenstadt et a]., 1983, Russel] and
' Luhmann;'1983) : Fiéure 5'511ustrates how sections of the trajectories'of the
-magnetospheric oart1c1es 1ntersect the reg1ons (shaded) of fluctuattng maqnet1c
f1e1ds beh1nd the quas1para11e1 bow shock on the1r way through the magnetosheath

The spectrum of the. magnetosheath f1e]d f]uctuat1ons, which has been stud1ed by
»Greenstadt.et a1 (1983) is s1m1]ar in shape, and at least equ1va1ent 1n power, to
the spectrum of the waves uostream from the bow shock The latter has been shownvs'-
by-Lee (1982) to often 3ust1fv the use of the d1ffus1on equat1on in descr1b1nq the
tranSport of upstream energet1c part1c1es The upstream patterns for maqnetospher1c
part1c1e ]eakaqe shown in Figures 1 and 2 will under. such c1rcumstances be smeared
'out by the d1ffus1ng reg1ons in the magnetosheath. However, some propert1es of the
']eakage patterns, such as the- 1oca1 time sector of the transmitted population, may
be rough]y preserved. An 1nportant point in connectwon w1th this geometry is that’ _
the upstream leakage frequent1y occurs through the reg1on of the ouas1para11e1.bow
shock, where the so-~ ca]]ed "d1ffuse" part1c1e popu1at1ons cons1st1ng of near1y
isotropic energet1c ipns, are observed (Ipavich et al., 1981, Paschmann et a] , 1981,
Bonifazi and Morenc » 1981). The present results suggest that caution. shou]d be
exerC1sed when 1nteroret1ng these d1ffuse popu]at1ons as ions locally acce]erated

in the.upstream region. Other propert1es of the observed energetic diffuse ions

" that a magnetospheric source would explain are the apparent limitinag fluxes, which
are similar. to the'trapped flux near the magnetopause, the time constants for Flux
buildup after a- sudden change in the interp]anetary fie]d, which-may be the leakage

and travel times to the upstream observing point, and the Kp dependence of the



gnergetfc upstream population (West and Buck, 1976),'§ince the trapped population
at the'magnetopause as well as the rate of leakage thfough reconnéction sites
(i.e., the areal extent of merging~regidns) will be greater_under the conditions
that produce high Kp.' The observedAfrequent absen;e of energetib upstream e]ectranA.:=
together with the diffuse ions can be attributed tobleakage'efficiencies and |
propagation differences for the two species, parf]y due to-their very different
gyroradii. | | | o

One obvwous test that cou]d be performed to determ1ne the effec1ency of upstream
. aé&e]eratvon w1thout contam1nat1on by the nagnetospher1c source is to measure .
energet1c part1c1es upstream of the bow shocks of p1anets with weak 1ntr1ns1c flelds
like Venus and Mars. However, a]though magnetic field measurements are ava1]ab]e :
for these planets, energet1c part1c]es were not measured on tbe soacecraft m15510ns
to them. In any case, the present stpdy suggests that 1n.1nterpret1ng observat1ons.
»of\energetic pérticles near planetary bow shbcks, Qhe must cdnsider-not.on1y vihether
the local magnetic field lines connect to the bow shock, but also whether they - ’
connéctlto the magnetdpause. . |
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Fiqure Capfions

Figﬁre 1. Projections (in the GSE coordinate system) of magnetosheath field 1ine§,
(fine 11nes) and: f1e1d Tines pass1nn within ~1 Re of the magnetopause in
the term7nator plane (heavy lines) for various interplanetary f1e1d or1entat1onsifé
(a)'northward or 'southward (Z-directed), (b) dawn or dusk (Y-directed), (c) i
Parker Spiral (45° to X and Y axes, paraT1e1 to X-Y plane, (d)lkadial
(X-directed). - The gyrocenters o% energetic part{cles which'leék out of the
.mégnetosphefé oVer:a'iarge;a%ea of thé magnetopause will follow paths fddgh]y"
within the vo]umes'defined by the heavy-1ines. |
Figure é-- Same aé'FigUre 1, but here the heaQy fihes Oriqinate near'potential
merqging sites on the magnetopause (see F1g 3), and the 1nterp1anetary f1e1d
. (a) southward, - (b) northward, (c) Y d1rected (d) rad1a], (e) and (f)
Parker Spira]»toward and away, .resnectively. | '
Figpré 3. Projection of the ﬁagnetopause Surface {in the GSE Y-Z plane) showing
X where tﬁe magnetospheric'and magnetosheath model fields aré wifhin 10° of
antiparallel ét the magnetopaﬁse. Reconnection or‘merging is presumed fo
occur between the two.fieﬁds at- these sites. Merging produces normal cohpohents
of the field on the boundary, é]]owing the adiabatic motion of particles from .
* the magnetosphernlto.the magnetosheath. The field or1entat1ons are (a) rad1a1
(b) southward, (c) Y-directed, (d) Parker Sp1ra1 away, (e) northward, (f)

h} & m s

Parker spiral toward.



Figure 4. Cross-sections of some of the volumes defined by the heavy lines in
| Figures 1 and 2 at various planes parallel to the.GSE coordinate axes. The .
1ight shading shows the areas within which widespread leakage (see Fig. 1).
would be observed, while the dark shading shows these areas for localized, -
reconnection site leakage (see Fig. 2). The X, Y, or Z positions and inter-
planetary field orientations are indicated in the upper right.

Figure 5. Examples of paftic1e‘traje§fories in the model magnetosheath mégnetic
and electric (VXB) field. On the left, the interplanetary fié]d is pefpendic—
ular to.the flow. The light Tines-show the streamline and background field
Tine geometry in théAp1ane of symmetry. The particles 1auhched near the
subsolar magﬁefobause with 45° pitch angle, have energies of‘]AkeV,-S key
and 50 keV from left to right. The shading shows where maénetosheath turbulence,
whi;h can scatter the particles, is expected behind the quasiparallel §hock.
On-the right a similar diagram illustrates 1 keV and 5 keV pértit]es for a

Parker Spiral interplanetary field.



(b)

(a)







A-48



01>

OlL-

0¢- -

(0]

(Aeme) |euids g

e

G'l2- = A
| | | |
“ “ “ "
pojosup A g
G'lZ = A

0é

ol Ol- 0c-
_ | 0¢c-
—{0L-
" 0]
= 1]
yinos g
G'le=2Z
074
I I 0c-
Hol1-
} ; 0
-0l
lelpel g
S'LL=X

0c

A-49



Z—————— 02~

=
< AN ~ //alljl
N \
N N\ A
< < < —
Se———= — \
T!/ B — — — \C
X AN DN =]
/V // N\ q VAV Ry
< < AN < AN
N < AN N AN
N\ I AN N BN AN A N

A-50 |



MAGNETOPAUSE MERGING SITE ASYMMETRIES

N. U. Crooker
Department of Atmospheric Sciences
University of California

Los Angeles, California 90024

.J. G. Luhmann
Institute of Geophysics and Planetary Physics
University of California

Los Angeles, California 90024

J. R. Spreiter
Department of Applied Mechanics
Stanford University

Stanford, California 94305
S. S. Stahara
R M Associates, Inc.

Lafayette, California 94549

March 1984



Abstract

Regions whére a draped model magnetosheath magnetic field :_Ls nearly
antiparallel to a model geomagnetic field are shown to be asymmetric for
an inte_'rplanetar'y magnetic field (IMF) at the gafden hose ahgle, as
suggested by Heelis. When the IMF has a southward component, the
asymtﬁetry favors the dawn region for both IMF polarities.  The dusk
regiqn is favored wher_l the IMF has a northward component. If the
regions of antiparallel fields are assumed f.o be sites of maximum
magnetic merging, then the asymmetry is consistent with observed
seasonal variations of geomagnetic activity and with dawn-displaced
magnetospheric phenomena. In the alternate merging geometry of a line
pgssing through the subsolar region, the asymm’e.try is preddminan;ly
north-south rathér than dawn-dusk. Merging line geometry is consistent
with the seasonal variations but not with the dawn-displaced phenomena.
However, in view of available direct observations of merging'signatures
in the subsolér regi;)n, it is suggested‘ that merging sites may be
determined by some combination of thé antiparallel and merging line

hy potheses.



Introduction

In a series of papers, Aoki [1977], Hakamada et al. [1980], and
Murayama et al. [1980] show that the level of substorm activity in the
northern hemisphere depends upon the y compoﬁent (GSM coordinates) of
the interplanetary magnetic field (IMF) and the angle X between Earth's
dipole axis and the z axis in a manner not predicted by theory. Similar
effects also were demonstrated by Friis-Christensen and Wilhjelm [1975]
and Matsushita and Xu [1981 a,b]. Figure 1, reproduced from Murayama et
al. [1980], shows the pattern for the westward auroral electrojet index
AL, normalized by én ad justed product of the southward compoﬁent of the
IMF and the square of solar wind speed.: When y is large énd positive,
during northern hemisphere summer, normalized AL is about twice as higﬂ
for la?ge negative.By as for large positive By; As y decreases to
negative vélues, the difference in normalized AL for negative and
positive By decreases and then revefses. Fog large negative x , during
northern hemisphere wiﬁter, normalized AL is about twice as high fo?
large positive B_ as for large negative By. Also, there is an overall
decrease in normalized AL from positive to negative x. -

The variations in Figure 1 can be explained as a direct result of a
dawnward displacement of the stagnation point in the magnetosheath flow
pattern, uﬁder-the assumption that energy transfer by magnetic merging
is ordered in a coordinate system rotated from the GSM system so that
its x-axis passes fhrough the displaced stagnation point (Maezawa and
Yoshizawa, unpublished manuscript, 1981). The required angular
displacement is on the order of‘ 15 (T. Murayama, private

~communication, 1981). Although magnetohydrodynamic effects can produce
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a displacement of this size [Russell et al., 1981], and magnetosheath
flow direction measurements support its occurrence for a single case
[Crooker et al., 1984a], the condition under which it is predicted and
observed is the infrequent condition of low Alfven Mach number. It is
clear from the statistical amnalysis of Crooker et al. that there is no
average dawnward displacement of the stagnation point of t.he'size
required to cause the variatioms in Figure 1.

An alternative -explanation was offered by Murayama et al. [1980].
The variations in Figure 1 also would follow if merging was favored on
the dawn side of the dayside magnetopause. Under the assumption that
the merging rate is highest where the magnetosheath and\ geomagnetic
fields are antiparallel [Crooker, 1979], the merging rate wi.ll be
highest on the dawn side when By is negative during northern hemisphere
summer, when the dayside is dominated by the northern cusp regiomn.
These con&itions correspond to the highest values of normali?ed AL at
the top left in Figure 1. The remaining variations may be explained’ by
the same line of argument, excert for the overall decrease from top to
bottom, which can be attributed to decreasing ionospheric conductivity.
What the expla'nation lacks is ‘mechanism for preferred dawns:_i.de merging.

Recently Heelis [1984] proposes just such a mechanisr; in order to
interpret observations of high latitulde ionospheric convection. The
mechanism takes into account the effect of the x component of the IMF.
Neglecting the draping of the IMF against the magnetopause, Heelis notes
that an IMF with a southward component spiraling at the usual garden
hose angle (By and Bx of opposite sign) ig more nearly aligned with the
magnetopause surface over the dawnside region of antiparallel fields as

compared to the duskside region, both for IMF sectors pointing toward
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and away from the sun. Similarly, the dusk side is favored for a
southward IMF directed at the ortho—-garden-hose angle. But since the
garden hose spiral is the most common IMF orientation, it is the
dawnside merging regions that are favored most often.

The purpo;e of the present paper is to test whether drapiné of the
IMF against the magnetopausé alters the effect described above, as might
be expected, since draping is the process of forcing field lines to lie
parallel to the magnetopause surface, regardless of the differential in
the size of the cémponent normal to the surface introduced by the
presence of an x component far away from the surface. The problem is
illustréted And.analyzed in the.next section. ‘Also included is an
analysis of the problem in terms of the alternative merginé geometry in
which only components of the IMF and geomagnetic field merge along 5
line passing through the subsolar region [Nishida and Maezawa, 1971;
Sonnerup, 1974; Gonzalez and Mozer, 1974; Yeh, 1976]- In the third
sectioﬁ, fhe degiee to whicﬂ the x component of the IMF is able to

affect asymmetries is discussed, and the merits of the antiparallel

region and merging line geometries are compared.
‘Analysis

Figure 2 is a schematic drawing of merging geometries for garden
hose IMF orientations with southward components and X components
pointing toward and away from ;he sun, as labeled. The view; are from
the sun looking toward the dayside magnetopuase. The shaded areas in a
and b éxtending from the cusps represent regions where the y and z

“components of the IMF, transverse to the Earth-sun line, are most
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antiparallel to the y and z components of Earth's field at the
magnetopause [Crooker 1979]. The solid vectors in each view indicate
the projected direction of the magnetic field.

Figure 2a illustrates how the undistorted IMF projects against the
magnetopause. If for simplicity the shape of the dayside magnetopause
i1s assumed to be a hemisphere, then a linear IMF will be tangent to the
surface along .a great circle across the hemisphere, as indicateé by the
~dashed lines in the fi,‘gure. For a toward sector the dawnside shaded
region is in the northern hemisphere, and the dashed line passes through
most of its le-ngth. In the southern hemisphere the dashed line passes
through a smaller portion of the duskside shaded region, far from the
subsolar area. For an away sector, the dawn and dusk shéded regions
‘reverse hemispheres, but the dashed line changes its orientation so that
it ..still passes through most of the length of the dawnside region, in
this case in the southern hemisphere. Since the IMF and Earthl's field
are nearest to Being antiparallel where the dashed lines overlap the
shaded regions, it follo;vs that more merging will occur on the dawn side
for both sector polarities, under the assumpiion that the me.rgi-ng rate
is' greatest where the fields are nearest being ant;'parallel.

However, if the IMF is draped against the magnetopause, it is
tangent not only along the dashed lines in Figure 2a but across the
entire surface, and the above argument is not applicable. Figure 2b
illustrates how the dawn side remains the preferred site of merging even
under conditions of draping. The parallel pairs of vectors represent
IMF 1lines with no x-component. Whevn they drape against the
magnetopause, they acquire some curvature directed outward from the
center; but the curvature is minimal [Crooker et al., 1984b] and is
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symmetric with respect to the intersection of the lines with the shaded
regions and is neglected here. The effect of adding an x component to
the IMF is to cause the draped field lines to ;:adiate from a point
{Kartalev and Mastikov, 1982; Crooker et al.,1984b]. As the ratio of
the x component to the transverse component increases from éero, the
point from which the lines radiate woves radially inward from infinity,
along the airection of the projected IMF. Thus, neglecting curvature,
draped field lines change from being parallel for no IMF X component to
being directed radially away lfrom the subsolar point for no IMF
transverse component [Spreiter et al., 1966]. The effect of adding an x
-co'mponent is 'to change the orientation of the magnetic field within the
surface which lies tangent to the entire dayside mégnetopause.

The sense of change is shown in Figure 2b for field limes which pa‘ss'
through the shaded regions. The pairs of field vectors radiating from
points represent IMF lines with southward components at the garden hose
orientation, draped again-st 'the magnhetopause (neglecting curvature).
Compared to the parallél vectors for an IMF with no x component, the
radiating vectors are directéd more southward in the dawngidé shaded
region and more northward in the duskside region for both toward and
away polarities. The effect of thisvasymmetry is an enlargement and
displacement toward the subsolar point of the dawnside re‘gion of
antiparallel fields, and a corresponding shrinking and displacement away
from the subsolar point of the dﬁskside shaded regions.

The resulting asymmetry of the regions of antiparallel fields for
the draped IMF in a garden-hose-spiraling toward sector is shown in
Figure 3d. The pattern has been determined quantitatively by means of

“the computer model developed by Luhmann et al. [1984}. Results for the
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away sector are not shown but are mirror symmetric about the equator.
The shaded regions are areas where the Hedgecock-Thomas geomagnetic
model'fiekld (R. J. Walker, unpublished manuscript, 1979) and the
Spreiter-Stahara gasdynamic draped magnetosheath model field [Spreiter
and Stahara, 1980] are within 10° of being antiparallel. The
orientation of the transverse component of the IMF input to the
magnetosheath model is indicated by the arrow at the center- of the
~diagram. The x componént of the IMF input is positive, as required for
the garden hose orientation, and its magnitude is equal to the magnitude
of the transverse component. The asymmetry predicted as a result of
considering the geometry in Figure 2b is clearly shown in Figuré 3d.
The dawnside region of antiparallel fields is larger and n.earer to the
~subsolar point than is the duskside region.

Figures 2 and 3 represent configurations for equinox. The ‘seasonal
variations in Figure 1 follow from the dawn preference demonstrated for
equinox under the assumption that the summer hemisphere merging site
dominates the winter hémisphere site, as the summer hemisphere cusp
region tilts eqdatorward.

The regions of antiparallel fields for less southward 'i;;rie‘ntations
of the the transverse component of the IMF are shown in Figures 3a-c.
In each case the magnitude of the x component of the IMF is equal to the
magnitude of the transverse component and is directed toward the sun.
As the 2z component shifts from southward to northward, the regions
become smaller, as noted previously [Luhmann et al., 1984]. What is
more relevant to the present discussion is that the asymmetry shifts
from a dawnside to a duskside preference, although the duskside

preference for a northward component in Figure 3a is not as pronounced
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as the dawnside preference for a southward component in Figure 3d. The
' fact that the asymmetry switches from dawn to dt._lsk as the IMF rotates
from southward to northward does not affect the argument which requires
a dawn preference to explain Figure 1, since most if not al} of the
energy transferred to the magnetosphere by merging occurs when the IMF
has a .southward component.' On the other hand, the favored dusk merging
for northward IMF may affect the pattern of polar cap convection and
polar cap arcs (Chiu et al., paper in preparation).

To consider the effect of the x'component of the IMF on the
alternative geometry of a mergingvline, we return to Figure 2. 1Imn 2c
the curves across the magnetopause represent pro jected separétor lines
in the maénetic configuration of a dipole field superpésed upon a
uniform field [e.g., Stern, 1973]. The separator has the form of a
.circle in this simple geometry, tilted with respect to the equatorial
plane of the dipole. Two neutrgl points form when the uniform and
dipole fields are antiparallél. They lie along the qircle and are
separated by 180°. The dayside neutral point is indicated by an
encircled N in each view. . Yeh [A1976] identified the separator line with
the merging line in an analysis of the dependence of its t11t on the
orientation of the transverse componenAt of the IMF, and Cow;zley [1981)
noted that such a merging line would lie north of the dipole equator
across most of the dayside for an IMF directed toward the sun and south
of the equator for an IMF away from the sun. The separator merging
lines in Figure 2c resemble the dashed lines in 2a. Both sets are
pro jected circles, but the tilt angle of the separator lines is about
half that of the dashed lines, and they illustrate completely different

~concepts. The separator merging line wmodel was chosen for consideration
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from among the several cited in the introduction because it is the only
one which specifies the location of the line with respect to global
features. Most other(models simply assume, at least implicitly, that
the merging line passes through the subsolar or stagnation point, in
which case no asymmetries arise.

The obvious asymmetry in Figure 2c is the dawn preference for the
location of the neutral point. However, this is exactly the location
‘ Qhere the‘merging fields are antiparallel. 1If it is assumed that
merging occurs preferentially near the neutral points [Stern,

1973), then the ﬁodel becomes an ‘antiparallel merging model, and thé
same reasoning given above fér explaining the variations in Figure 1
applies. On the other hand, if the merging rate is assumed to be
-highest in the region nearest the subsolar point, then there is ﬁo dawn}
preference. But the seasonal variations in Figure 1 follow as a result
of the north-south displacement of the merging line. During northérn
hemisphere summer, the subsolar point moves above the dipole eqdator,
nearer to fhe merging line for the toward sector. Thus the merging rate
and substorm .activity should be highest for negative By, ?F observed.

The opposite conditions hold during northerm hemisphere winter.
Discussion

It has been argued that the x component of the IMF should have a
- negligible effect on the pattern of ﬁagqetic field orientation at the
dayside magnetopause (V. M. Vasyliunas, discussion at the Cha pman
Conference on Reconnection, Los Alamos, 1983). Solar wind plasma that
comes closest to the dayside magnetopause crosses the bow shock very
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near the stagnation streamline in the gasdynamic model.of magnetosheath
flow [e.g., Spreiter et al., 1966]. 1In this region of the bow shock,
only the transverse component of the IMF is amplified, by up to a factor
of four, as the solar wind passes through the shock. Thus in any radial
cross section of the dayside magnetosheath, the ratio of the x component
to the transverse componentl decreases upon approach to the magnetopause.

The effect of the decreasing influence of the x component on the
pattern in Figure 2b is that for a given ratio of IMF x to transverse
components (or given cone angle), the point from which the field lines
radiate moves outward upon approach to the magnetopause. In an example
given by Kartalev and Mastikov [1982], for a cone angle of 106 the point
moves from a radial distance of ~ 3 Rg to ~ 10 Rg as dist:;mce from the
magnetopause decreases from about a third of the distance to the bow>
shock to essentially zero.

The magnetic field patterns useu to generate the asymmetric merging
site patterms in Figure 3 are on a inagnetdpause—shape_d surface with a
nose radius 1 Rg larger than the model magnetopause. Examples of
patterns on this surface for different IMF cone angles .are given in
Crooker et al. [1984b]. At this distance from the magnet—:':pause the x
component clearly is effective in producing asymmetricd patterns, as
Figure 3 illustrates. On a surface closer to the magnetopause, the
asymmetries would be less pronounced.

At this stage no method exists for gquantifying how large the
asymmetry in the patterns in Figure 3 must be in order to produce the
observed magnetospheric asymmetries. Thus the appropriate distance from
the magnetopause in the model <cannot be specified. However,

" observational evidence suggests that conditions at the magnetopause are
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represented reasonably well by the gasdynamic model at distances of 0.5
= 1 Rg outside the model magnetopause [Crooker et al., 1984b]. Also,
flux transfer events, which .are interpreted as signatu;es of magnetic
merging, have a scalé size on the order of 1 Rg [Saunders et al., 1984].
Therefore it seems reasonable to assume that the X component of the IMF
produceés asymmetries as large as those shown in Figure 3.

With the above‘quglifications, it has been shown that the seasomnal
. variations in Figure 1 can be explained by either of two hypothesés:
The merging rate on the dayside‘magnetopause is highest either where the
fields are most éntiparaliel or where a merging line passes closest to
the subsolar point. A distinguishing feature between the two hypotheses
is that the antiparallel hypothesis predicts a dawn preference for the
-merging site whereas the merging line hypothesis does not. A dawn
preference seems to be required by Heelis [1984] to explain the dawvn
displacement of the throat region in the high latitude iomnosphere where
convection initiates,land thus his results favor the antiparallel
hypothesis;‘ Consistent with Heelis' observations is the pattern of
Birkeland currénts and electric fields in the high 1atitudéliOnosphere.
Theory predicts that the pattern of currents should be ;otated with
respect to the pattern of electric fields in such a way that if the
currents are aligned with the noon-midnight meridian, as observed, the
electric fields should be rotated toward dawn [e.g., Harel et al.,
1981]. | Other magnetospheric phenomena which can be explained by a dawn
preference for merging are discussedlby Russell et al. [1981].

Direct observations at the magnetopause have not been definitive in
distinguishing between the two hypotheses. HMerging signatures of plasma

acceleration [e.g-, Sonnerup et al., 1981] and flux transfer events
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[Rijnbeek et ;al., 1984; Berchem and Russell, 1984] have been observed to
" occur relatively uniformly across the dayside magnetopause by the ISEE 1
and 2 spacecraft, which were confined to latitudes equatorward of the
cusps. This distribution favors the merging line hypothesis, since
magnetosheath flow would carry flux tubes which have merged 'near.: the
subsolar point wuniformly away from the region. Furthermore,
antiparallel merging predicts a minimum of merging at the subsolar
point, which is not observed. On the other hand, flux transfer events
display half-wave rectifier.behavior: they occur for southward but not
northward external field orientations [Rijnbeek et al., 1984; Berchem
‘and Russell, 1984]. Half-wave réctifier behavior is a feature of the
antiparallel hypothesis but not the merging line hypothesis {Crooker,
1980}: When the IMF is northwatd, no flux transfer obccurs because no
regions of antiparallel fields exist on closed field lines, equatorward
of the cusps. Half-wave rectifier behavior is not a feature of the
nerging line hypothesis, since flux.transfer occurs for nearly all IMF
orientations because there is nearly always some compbnent of the IMF
that is antiparallel to the closed dayside field linmes. Also, an
estimate of the voltage associated with the observed fl_.u;c transfer
events yields a value which is at least a factor of ten lower than
observed [Rijnbeek et al., 1984}. Although the estimate represents only
a lower limit, it may be that more flux is transferred near the
antiparallel regions in the vicinity of the cusps at latitudes not
covered by the ISEE spacecraft.

Since both slow plasma speed characteristic of the subsolar region
and antiparallel fields are conducive to high merging rates {e.g., Quest

~and Coroniti, 1978, 1981], it seems reasonable to expect that the
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location of merging sites on the magnetopause are governed by some
combination of both factors. Merging may occur more easily in the
subsolar region than elsewhere for a given finite angle between the
fieldé. The separator merging line in the simple dipole-plus-uniform-
field geometry incorporates both factors if it is assumed éhat the
merging rate varies .along the line and peaks both at the neutral point
and at the subsolar point. However, the magnetic field énd flow
distortions near the dayside magnetopause required by this simple model
are unrealistic [Stern, 1973]. Observations [Crooker et al., 1984 a,b]
show that flow and field more-negrly follow the predictions of the
hydrodynamic model incorporated in the antiparallel region diagrams in
Figure 3. Perhaps a superposition of the contours in the &iagrams with
concentric éircles centered on the subsolar point would produce a more
accurate picture of merging sites. Further refinement may be. achieved
by taking‘into account the magnetic field strength and plasma-densiry,
which in classiﬁal merging ﬁheory control the merging rate [e.g.,

Sonnerup, 1974].
Conclusions

Regions on the dayside magnetopause where the transverse component
of the IMF is antiparallel to the geomagnetic field are located
syumetrically about the subsolar point, one in each hemisphere in
opposite ﬁuadrants- The addition of an x component to the IMF causes
asymmetry in the pattern. For an IMF with a southward component and x
and y components of opposite sign giving the usual garden hose

orientation, the sense of the asymmetry favors the dawnside region both
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for toward and away sectors. This asymmetry was noted by Heelis [1984]
to result from contact between wundistorted IMF 1lines and the
magnetopause. It has been shown here that the s;me asymnetry develops
for drapéd field lines but for different reasoms. 1In the case of
undistorted IMF lines, the addition of an X component causes ésymmetry
in the component normal.to'the magnecopause; in the case of draped field
lines, the IMF x component causes asymmetric changes in the orientation
of the component tangent to the magnetopause. A dawn preference for
flux transfer through magnetic merging can account for a.wide range of
observations. For northward IMF at the garden hose anglg, when no flux
'transfer occufs in the antiparallel merging model, it hqs'been shown
that the asymmetry favors the dusk side.

Asymmetries which develop as a consequence of the x component of the
IMF in the alternate ‘geometry of a merging line passing th;ough the
subsolar region also are considered. No dawn preference emerges, but
direct observations of merging signatures at the magnetopause suggest
that the location of merging sites is determined by somé éombihation of
the slow flow speed characteristic of the subsolar region and the degree

PP

to which the merging fields are antiparallel.
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List of Figures

Figure 1. Dependence of the AL index of substorm activity on the
dipole tilt angle y and on the y component of the IMF. The AL index is
normalized by an adjusted product of the southward component Bg of the

IMF and the solar wind speed V [from Murayama et al., 1980].

Figure 2. Views from the sun of the dayside magnetopause, for IMF
orientations at the garden hose angle pointing toward and away from the
sun, as indicated. The plus sign marks the subsolar point for equinox,
and the minus signs mark the positions of the cusps. The shaded areas.
.in (a) and (b)‘indicate regions where ﬁhe transverse components of the
IMF (solid vectors) a;e most nearly antiparallel to the geomagnetic
field. The schematic drawings demonstrate how asymmetries develop for
a.) antiparallel region.s and undistorted IMF lines, b.) antiparallel
regions and draped IMF lines, and c.) subsolar merging lines which are
separator lines in the dipole-plus-uniform field superposAi;Eién model.
The encircled N along each merging line marks the location‘-OEf a neutral

point.

Figure 3. Views of a model dayside magnetopause showing contc;'urs of
the degree to which the geomagnetic field and the draped magnetosheath
field are antiparallel, after Luhmann et al. [1984). The shaded areas
indicate regions where the fields are within 10° of being antiparallel.
The blank areas cover regions where no component of the two fields are
éntiparallel. The orientation of the transverse component of the IMF
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input to the model is shown in the center of each diagram. The



orthogonal x component is equal in magnitude to the transverse component

and points toward the sun, such that the IMF spirals at its normal

garden hose angle.
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Abstract

Interplanetary magnet»ic fields observed upstream of Earth's
magnetésphere at ISEE 3 form input for a gasdynamic model of magnetic
field draping in the dayside magnetosheath. Model results neari the
magnetopause are compared with .appropriately lagged observations. at ISEE
1. In 16 of 24 cases, the angle between the transverse component of thé
model and observed fields is 1less than 20‘°. The agreemént is
surprisingly good in view of the uncertainty introduced by the large
distances between ISEE 1 and ISEE 3. The results indicate that
magnetohydrodynamic and energy transfer processes at the magnetopause do
not cause iarge distortions of the magnetosheath magnetic .field. 1In
alddition,- a comparison between observed and model field magnitudes
indicates that immediately outside the magnetopause the observed field
behaves like the model field at a distance of ~ 0.5 Rg from the
maénetopause, outside the region where magnetohydrodynamic effects make
the gasdynamic model in-applicable. Patterns of model magnetic field

orientation at the magnetopause are presented for practical ‘_a'pplication.



Introduction

Knowledge of the orientation of the magnetic field in the
magnetosheath near ghe magnetopause relative to its orientation in the
solar wind is important not only for underéﬁanding the dynamics of
magnetosheath flow but also for understanding the process of enmergy
transfer across the magneﬁopause. Theoretical progress in this area has
been reviewed briefly by Crooker et al. [1984a]. Here we compare
observations to the predictions of the simplest magnetosheath model in
' thch the magnetic field is convected to the magnetopause by gasdynamic
flow [Spreiter.et.alm, 1966; Alksne, 1967]. Forces produced by the
magnetic field on the flow are not taken into account.

Similar Sut qualitative comparisons have been made -by Fairfiela
[1967] and Behannon and Fairfield [1969]. They show that there is large
scale distortion of the magnetic field throughout the magnetosheath.
‘The pattern of distortioﬁ is a draping of the field lines'over the
déyside magnetosphere, as predicted by the hydrodynamic models. ’The
field line§ become nearly tangent to the magnetopause surface as they
convect along it.

Recent improvehents in the gasdynamic wmodel allow direc;,éomparisons
wgth data to be made relatively easily [Spreiter and Stahara, 1980a,b;
Russell et al., 1984}. 1In this paper, magnetic field orientations are
compared for the twenty~four cases of ISEE 1 data just outside the
dayside magnetopause, which have been studied previously for magnetic
field compression [Crooker et ai., 1982] and plasma flow deflection

[Crooker-et al., 1984a], with the aid>of data from ISEE 3 in the role of

solar wind monitor. Also, as a supplement to the compression study, the



observed and model magnetic field magnitudes are compared. 1In addition
to the data comparison, patterns of model field orientation at the
magnetopause are presented for various orientations of the

interplanetary magnetic field (IMF).:
Data Analysis and Results

The times and ISEE 1 spacecraft coordinates at the magnetopause for
the tweny-four cases are listed in Table 1 of Crooker et al. [1982].
Also listed are the geocentric solar ecliptic (GSE) components of the
appropriately lagged IMF values measured at ISEE 3. The latter were
used to rotate the observed ISEE .1 GSE magnetic field components, the
ISEE 1 GSE spacecraft coordinates, and thé IMF components themselves
into geocentric interplanetary medium (GIPM) coordinates [Bieber and
Stone, 1979]}. 1In this system the IMF lies parallel to the x-y plane.

The GIPM y-z components; of the magnetic field observed at ISEE 1 are
shqwn as solid vectors in Figure 1.. They are grouped according to the
IMF azimuth angle A = tangl(—By/IBxl), where By and By are the GIPM x
and y components of the-IMF. " The use of GIPM coofdinates insures that
the IMF points toward or away from Earth in the +x,-y quaglr-ént, in the
"normal"” spiral configuration, and A is defined to be the angle between
the x axis and the IMF in that quadrant, regardless of the polarity of
the field. The base of each vector is plotted at scaled y~z coordinates
of the spacecraft location at the time of the magnetopause cfossing.
The scaling is to a coumon magnetopause surface, specif'ied by the
gasdynamic model, with a nose radius Ry = 10 Rg.

The dashed vectors emanating from the same spacecraft coordinates in



Figure 1 are the y-z components of the model field. 4'I-‘1-1Ae GIPM IMF
components for each case were used as input to a model flow fieid with
average solar wind parameters of Mach number eight and polytropic index
two. Although solar wind parameters measured at ISEE 3 were available
for each case, the flow field was not changed accordingly because of the
orders of magnitude more computer time which would be required. This.
constraint has a negligible effect on the resultant magnetic field
orientations but does affect the field magnitude, as discussed later.
The model vectors in Figure 1 represent the magnetic field a small
' &istance away from the magnetopause, on a magnetopause-—shaped surface
with Ry = 10.5 Rg. Values close to the boundary were not used in order
to avoid the regi'on of rapidly increasing magnetic field magnitude upon
épproach to the magnetopause which is unrealistic but inherent in the
gasdynamic model [e.g., Alksne, 1967].

. Figures 2 and 3 summarize the results. The angular separations
between the observed and model vectors in the y-z plane in Fighre 1 are
pfesented in histogram form in Figure 2. The angles range from Od to

1800, but two-thirds of the cases have angular separations of less than

20°.

The observed and model field magnitudes, B, and‘ By, r"‘e"spectively,
ar.e plotted against each other in Figure 3. The model values have been
adjusted by a factor of (IO/RM)E;/2 in order to umatch the size of the
»maghetosphere for each observed case, following the results of Crooker
et al. [1982], where Ry is given by equation (3) in that paper. The
dashed line is not a fit to the points. It is included simply to
indicate where the points would fall if the model were a perfect

predictor. The correlation coefficient between the By and B, values is

0.84.



Model Magnetic Field Patterns

In order to better understand the expected variation of magnetic
field vector pattern with angle A bLetween the IMF and the x axis in
Figure 1, model patterns across the face of the magnetopause have been
constructed. They are shown in Figure 4 in order of increasing A from
top to bottom. The order is the same as in Figure 1 except thét the
increments of increase are somewhat different. The patterns show the
y-z components of the draped field on a surface with Ry = 11 Rg, outside
the model magnetopause with Ry =10 Rg. The radial extent of th‘e
patterns in the y-z -plane is 15 Rg. The lengths of the short lines
forming the patterns are proportional to field strength within each-
>pattern, but the proportionality factor changes from pattern to pattern.
For exam;;le, a line of a given length in the 90°-diagram is 4.4 times
stronger in field magnitude tha.n a .'_Lir_le of the same length in the 0°-
diagram._ This difference reflects the greater degree of compression for
an IMF oriented perpendicular to the Earth-sun line.

The main feature of the patterns which changes w1th A is the
loca;ion of the point from which the short lines radi_ate. For A = 0°,
this point is at the center of the diagram, on the stagnatibn stream-—

line. Projected to the magnetopause, at the stagnation point, it is the

point where the magnetic field vanishes. As A becomes finite, the point

moves rapidly away from the dayside, to the left in the figure, for the
usual garden hose spiral ang.le. For A = 15° the point is just at the

edge of the pattern, a distance of 15 Rg from the center. The

b
t
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pro jection of the ;;oint to Qheré the fieid vanishes at the magnetopause
is even further from the center of the figure. [See Kartalev and
Mastikov, 1982, for a more detailed analysis ofv the behavior of this
point.] For A = 90°, the point is at infinity, and the pattern becomes

symmetric across the noon meridian.
Discussion

The compreséion between the observed and model field orientaﬁions in
~ Figures 1 and. 2 tests‘not only the ability of the model to predict the
observations but also the ability of IMF measurements made comnsiderably
upstream of the magnetosphere to be representative of conditions in its
immediate vicinity. 'Statistical-results indicate that 75%Z of the time
the IMF orientation at the sunward-libration-point orbit of ISEE 3 is
~within 30° of its orientation measured near Earth after a lag time equal
to -the solar wind advection time (I. J. Kelly et al. ,v ‘paper in
preparatioﬁ, 1984). 1In the present analysis extra care was takem to
determine the best lag time between ISEE 1 and ISEE 3 by matching
magnetic features in tﬁe two data sets, at least within a few hours of
the ISEE 1 magﬁetopause crossing.A Still it is likely that a .substantiall
fraction of the spread in the. histogram in Figure 2 is "t"ge result of
changing field orientation ‘between ISEE 3 and the near-Earth
environment. In the case of the largest value in the histogram, it is -
clear. ﬁhat a solar wind discontinuity which occurred very near the
chosen time interval was responsible for most of the angular difference.

In view of the uncertainty introduced by using ISEE 3 IMF input to the

model, the results in Figures 1 and . are remarkably good. They suggest



that conditions at the magnetopause are well-represented by the
gasdynamic model slightly away from the magnetopause.

A similar conclusion may be drawn from the comparison of magnetic
field magnitudes in Figure 3. Although fhé dashed iine is not a good
fit to the points, at least theré is a clear correlation between the
valués; Perhaps a better fit would be obtained if the flow field were
ad justed according to the solar wind Mach number for each case. But
even without improving‘the fit, again it seems that the model values
outside the region where the field increases unrealistically are not
unreasonably far from the values observed directly outside the
magnetopaﬁse.

On the otber hand, for practical purposes, the empirical formula for
ﬁagnetic field strength outside the magnetopuase determined by Crooker
et al. [1982] gives more accuracy than the gasdynamic model, at leas;
for thevaverage solar wind Mach number flow field used here. A plot of
the empirical formulé values .against the model values (not shown) is
similar to Figure 3 except ;hat the scatter is somewhat less and the
slope of a iine fit to the points ié clearly steepef_than the dashed
line. Since the empirical fqrmula valges represent sﬁoothed observed
values, it appears that a systematic difference exists between the model
and observations. It is.appareﬁg even in Figure 3 th;: the model
predicts values that are too low when the observed values are low and
too high when the observed values are high. This systematic difference
could be the effect of not taking the solar wind Mach numbér‘into
account in the model flow fields if the sonic Mach number, used in the
model, varies in phase with the Alfven Mach number in the solar wind.

The model patterns in Figure 4 differ from previously published



patterms such ;s those of Alksne [1967] and Luhmann et al. [1984] in
that they give the vector orientation of the portions of field lines
which come nearest t§ the magnetopause rather than distortions along the
entire léngth of field lines passing through the magnetosheath. The
field liné distortions tend to give the false impression that the'draped‘
'pattern against the magnetopause has more curvature than shown in Figure
4. The lack of substantial curvature in the y~z plane is consistent
with the fact that ﬁodels whiéh do not take field line draping into
account nevertheless are reasonably successful in predicting the
.mégnetosbheric responsé to IMF-orientation dependent energy transfer
[e.g., Gonzalez and Mozer, 1974; Crooker, 1979].

The pattérns in Figure 4 are similar to the vector plots of Kartalev
and Mastikov [1982] for a comparable gasdynamic model except that their
plots are on bow-shock-éhaped surfaces in the magnetosheath‘rather than
-On a2 magnetopause surface. The Firure 4 plots should be useful for
magnetopause studies which require knowledge of magnetosheath field
orientation at the dayside magnetépause, except for A < 159, Qhen the
location of the point from which the field lines radiate is highly
vafiable wifh distance from the magnetopause as well as with A [Kartalev

and Mastikov, 1982]. Since all field directions are present within a

small distance of this point, comparison with observations in its
vicinity can result in large uncetainties. Part of the success of the
field orientation comparisons in Figures 1 and 2 is that A > 15° for all
cases.

Because A is large for the cases studied here and also because the
curvature of the model draped field pattern is small, the y-z component

of the IMF could be substituted for the model field in the orientation
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comparison and the results would not be significantly different. The
20° - 30° width of the peak of the histogram in Figure 2 is comparable
. to or larger than the angular differences between the IMF and draped
field orientations. On the other hand, angular deviations of this size,
directed opposite from each other in opposite hemispheres, are large
enOugh. to account for some pronounced magnetospheric asymmetries

[Crooker et al., 1984b].
Conclusious

1. The magnetic field-in the magnetosheath measured within a few
minutes of a spacecraft crossing of the magnetopause does not appear td
be significantly distorted by boundary processes. Its observed
orientation is relatively consistent with the predictions of simple
"gasdynamic theory. This conclusion does not imply that
magnetohydrodynamic‘aﬁd energy transfer processes do not occur at the
magnetopause [see, for example, Crooker et al., 1984a], but only that
théy do not cause large magnetic field distortions.

2. The -magnetic “field strength. as well as its orientation
immediately outside the magnetopause is predicted within a’fﬁctor of two
or better by the gasdynamic model parameters for an averaéé flow field»
at a distance of . 0.5 Rg from the model magnetopause, outside of the
region where the model field strengﬁh increases rapidly and clearly is
not applicablé. More ‘accuracy may be achieved by adjusting the flow
field according to solar wind Mach number.

3. The pattern of magnetic field draping against the magnetopause

in the plane perpendicular to the Earth-sun line has little curvature.
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Thé main variation in patﬁern occurs for decreasing come angle A
(incréasing ratio of X to t;ransverse component). The variation is
gradual except for A decreasing frem . 15° to 0°. In this range the
pattern shifts from a nearly uniformly c.lirecte'd field in the subsolar
region to a pattermn in which.all field directions are present [see,

also, Kartalev and Mastikov, 1982; Crooker et al., 1984b].
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List of Figures

Fig. 1. Comparison between observed (solid) an& model‘(dashed)
‘magneﬁic field vectors in the plane perpendicular to the Earth—sun line,
grouped according to the cone angle A between the observed IMF input to
the modei-and the Earth-sun line. The views are froﬁ the sun in GIPM
coordinétes, in which the IMF lies parallel to the x-y plane and A is

its azimuth angle, which always lies in the +x,-y quadrant.

Fig. 2. Histograms of angular separations between observed and

model vectors in Figure 1.

Fig. 3. Observed magnetic field magnitudes B, plotted against
model magnitudes Bnos which have been adjusted according to the size of
the magnetosphere for each case. The dashed line indicates where the

. points would lie if the model were a perfect predictor.

Fig. 4. Model 'magnétic field patterns against _Ehe dayside
magnetopause in the plane perpendicular to the Earth-sun line, covefing
a circle of radius 15 Rg centered on the subsolar point, for a range of
iMF cone angles A indicated in the left margin. The views and

coordinates are the same as in Figure 1.
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ABSTRACT

On January 21, 1972 the ﬁars-3 spacecraft observed a variation in
thé magnetic field during its -periapsis passage over the dayside of Mars
that was suggestive of entry into a Martian maénetOSphere{ We have
obtéined the 6rigina] data and trajectory (Sh. Sh. Dolginov, personal
cdmmunication,‘1983),_and have attemptéd to simulate thé'obsefved
variation of the magnetic field Qsing a gasdynamic simulation. In the '
gasdynamic model we first ‘generate a flow field aﬁd then use this flow
fieid_to ﬁarry‘the interplanetary magnetic field through the Martian
magnetosheath.. The independence of:the flow field and magnetic field
calculation allows hs to converge rapidly on an IMF orientation which
would result in a magnetic variétibn similar to that observed by Mars-3.
.Thére éppears.to be no need to invoke an entry info a Martian magnetosphere

to explain these observations.



. Of the magnetic fields of the four terrestrial planets, the'mégnetic
field of Mars is least understood, even though Mars has been visited by
many spacecraft. " The reason for this gap in our understanding is that
of the many U.S. spacecraft to Mars, only the first, Mariner 4, in 1965,
carried a magnétometer; and on this mission the flyby distance was so
great that only brief enéounters with the planetary bow shock and magneto-
sheath were observed (Smith, 1969). At 1eést three Soviet Martian orbiters
have carried,maénetometers, but none of these spacecraft have provided Tow
altitude (<1000 km) data or méésurements directly behind the planet. Never-
theiess, some of these measurements have been interpreted as indicative of’
the existence of an intrinsic planetary magnetic fie]d. Thé Mars 5 measure-
ments behind, but not directly behind, the planet have been interpretgd as
indicating a tail (Dolginov et al., 1976). The Mars 2 measurements have
beén interpreted as indicating a dipole moment with its axis in the equatorial
plane (Smirnov et al., 1978). The Mars 3 measurements have been interpreted
‘to indicate, on one occasion, an enfry into a Martian magnetosphere (Dd]ginov
et al., 1973; Gringauz et alﬁ, 1974). However, for thfs interpretation to be
correct, the dipole moment would have to be aligned with the spinAaxiS.
Finally, the Soviet measu%ements have recently been re-in;;rpreted'in terms
of an eroded magnetosphere in which the dipole axis is antiparallel to the
Martian spin axis (T. K. Breus, personal communication, 1983).

These interpretations have been criticized on several couhtsf The size

of the magnetic moment consistent with the reported Mars 5 tail encounters
is smaller than that reported from the dayside Mars 3 entry (Russell, 1978a).
Further, the "putative tail entries are suspect because of the direction of

the field in the region inferred to be "tail". The Mars 2 inferences are
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inconsistent with the Mars 3-inferencés, but are consistent.with the magneto-
tail being due to draped interplanetary magnetic field lines (Russé]l, 1981).
We note that.Vehus has no discernible intrinsic field, yet still has a
magnetotail formed from the interplianetary magnetic field (Russell et al.,
1981a). Fina]]&,'the.Mars 3 measurements have been interpretéd as passage
through a magnetosheath, rather than a magnetosphere (Wallis, 1975; Russell,
1978b). Wallis (1975) suggested that the region that Dolginov et al. (1973)
had"idéntified as magnetosheath could equally well be intefpfeted as the
foreshock region. Russell (1978b) suggested that the putative magnetospheric
field had the draping pattern of magnetosheath field lines. At that time -
there was no convenient means tovtest the hypothesis. However, code deve16p—
ment since that time now permits a re]ative]y.simple test of this hypothesis,
and it is the purpose of this note to perform such a test.

We note that the subject of Martian magnetism is cohtroyersia1. A
synopsis of the various arauments has been presented by S]aVih-and/Ho]zer
(1982). ‘It is not the purpose of this.paper to'address all the points raised
in that paper. Herein we address only the question of whether the claimed
entry of Mars 3 into a Martian magnetosphere has another equally plausible
. explanatfon. Similar fields may have been observed on Mars 2 but the lack of
orientatiqn information about the solar direction has .precluded the interpre-
tation of these fields in terms of an intrinsic Martian magnetic moment |
(Dolginov, 1978a).

GASDYNAMIC MODELING

Numerical models of the solar wind interaction with planetary obstacles
have now been in use for nearly two decades (cf. Spreiter et al., 1966).
Code developments and technological change since that time have decreased

the cost and increased the speed and flexibility of the models (Spreiter
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and Stahara, 1980a, b), and provided the capability of intercomparing
observations and models along actual spacecraft trajectories. A feature of
the gasdynamic model makes the model easy to use for the task at hand.
Because of the assumption of high Alfvenic Mach number inherent in the model,
the determination of the magnetic field is decoupled from that of the flow
field. ~Once the flow solution is calculated, the magnetic field can ‘then be
~ subsequently determined by solving the remaining equations involving the
magnetit field, employing the same values for density and velocity, previously
determined from the flow solution. The magnetic field thus determined does
nof interact back on the flow. The flow solution depends upon oncoming Mach
number, the'fatio of specific heéts, vy and obstacle shape but is independeht
of the IMF.

We use this magnetic field independence in our investigations below in A
the following manner. First, we calculated the flow field around the obstacle
for a given Mach number, vy, and shape. We choose a magnétosonic‘Mach number
of 7.7 as being appropriate for average solar wind conditions at Mars (Rdsse]]
et al., 1982b), and use this value as the analogous Mach number in the gas-
dynamic code. For an obstacle shape we use a Venus shqpe with an ionospheric
scale height of 0.025. The solution is quite insensitive¢t6 this latter
quantity as long as it is smaller théh ébout 0.1. The choice of y, the ratio
of specific heats is not a simple matter. Fairfield (1971) and Zhuang and
Russell (1981) both deduced that a value y = 2 gives the best fit to the
terrestrial magnetosheath thickness. Slavin et al. (1983) havé found good
agreement for the Mars shock location using y = 2. Tatrallyay et al. (1983) -
have found that y = 1.85 provides the best fit for shock jumps at Venus.

Howéver, Tatrallyay et al. (1983) also find an Alfvenic Mach number dependence



for the value of y and that the best fit value of y is 1.6 above an Alfvenic
Mach number of 7. One explanation for these differences is that the most
appropriate Qé]ue for v in the Rankine-Hugoniot MHD equations and the most
appropriate y for the gasdynamic code for siﬁu]ation of bow snock location
are different. Thus, it may not be possible to simultaneously simulate the.
proper shock jump and shock location. We have chosen to optimize our
parameters to reproduce the shock location and not to reproduce precisely the
jump. Thus we have Qsed a Mach number of 7.7 and a y -value of 2.

After the flow field solution is obtained, we can calculate the
magnetic field a1oh§ the trajectory of the spacecraft as if the magnetic
field lines were dye lines in a fluid flow. This éa]cu]ation fs.rapid and
can be repeated at small cost in computing time.‘ Thus, it is feasible
to hunt for a suitable IMF direction, flow observation angle,.or obstacle
- size.

Previous ‘work has used the gasdynamic simulation to determine whether
the bow shock 16cation of Mars implies an obstacle of the size of the planet
plus ionosphere or somewhat larger (Russe1l, 1977; 1970; Slavin et al., 1983).
Once that obstacle siie is determined, one has the further problem of whether
" the ijonosphere is strong enough to stand-off the solar wiﬁa (Intriligator and
Smith, 1979; Slavin and Holzer, 1982). In this study, we use the gasdynamic
simulation in a different way. We wish to examine whether we can replicate the
Mars 3 magnetic field observations, which were c]ajmed to indicate a magneto-
spheric entry, with a trajectory passing solely through the magnetosheath. This
argument has been made in the past (Russell, 1978b), but not as quantitatively

as is now possible.



CALCULATIONS

The magnetfg'fie1d observations that we are attempting to model are
shown in Figﬁre 1. Panel (a) shows the time series and panel (b) shows the
field vectors and trajectories projected into the Y-Z plane. The field
Va]ues and fhe trajectbry have been supplied in tabular form by Sh. SH.
Dolginov. (personal communicétion, 1983) to whom we are very gratéfu]. "The
trajectory is very similar to that originally derived by Russell (1978b; 1979).
Howe&er, use of investigatof—supp]ied values removes tﬁe uncertainty
associated with the origina]-interpo1ation'process and a possible source of'
error. - Tab]e.l Tists the position of Mars-3 at selected times. The magnetic
- fie]d values also c]ose]y'resembied those pub]ished by Grjngauz et al. (1974)
and Russell (1978b; 1979) as well as those in the early publications by
Dolginov and coworkers. However, there is ambiquity and inconsistency in the
various descriptfoné-df the coordinate system used .to disp]ay~the Mars-3 magnetic
~fie1d»data. We use herein the latest definition (Dolginov, 1978) in which
“the direétion of the Y-component ishin the direction of planetary motion. As
we show below this definitibn}of coordinates provides internal consistency
in the behavior of the data. We emphasize that we must jnge consistency in
terms of the variations in the data, since the zero ]eve]g'of the Mars-3
magnetometer are not known. Our modeling provides an estimate of these
uncertainties and they prove to be large. ' .

If we aséume that the Mars-3 magnefometer's zero levels remained unchanged
during its,periabsis passage on 1/21/72, we can use the field variations to
initialize our simuiafion effort. 1t is both our hypothesis and Wallis' (1975)
that an inbound shock crossing occurred af_i829 + 2 (across an unfortunately |

timed data gap of 4 minutes duration) and an outbound crossing occurred at 1959.
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The latter time was also given as the outbound shock crossing by Dolginov et al.
(1975). However, there is little change in the vector field direcfion there.
This fact suggests that the outbouhd shock is a quasi-paraliel shock, i.e.,

the IMF is parallel to the shack normal at this point. The inbound shock has

a more rapid increase, as if it were a quasi-perpendicular shock.

Table 2 1lists the median magnetic field vectors from'1815 to 1845 Universal
Time across the feature we interpret to be the inbound shock crossing. The
Mars 3 magnetometer returnec 8 values of the'magnetic field in rapid succésSion
every 2 minutes only some of which were successfully recovered. ' The right;
hand column labeled N 1ists the number of values available at each recording
interval. Assuming that the noise on the measurements, both due to the ambient
medium and due to the spacecraft, were randomly positive and negative, we
used the median values in each telemetry interval as our best‘estimate.
Medians have béen used because mean values are sensitive to occasional very
inaccurate values whereas medians are not. '

For our first esfimate of the IMF field, we take the jpmp in field across'
. the inbound shock divided by.three.and assume this to bé'tﬁe'IMF value. As
shown in Table 2, the upstream values are "noisy". However, since we are
merely attempting to determine a starting value we will simply use the value
at 1827 as the upstream value and the value at 1831 as the downstream value.
One-third of this difference is (-1.5, -4.5, 0.9) which provides our first
estimate of the upstream fie]a corrected for zero level errors. Figure 2
panel (a) shows the time series derived using this vector as input and an
jonopause altitude of 430 km., The altitude of 430 km was chosen so that the
shock occurred at the correct location after aberration was included. This
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is consistent with the estimate of Wallis (1975) of the altitude of sianificant
atmospheric interaction. While the shock location is in fact quite sensitive
to the chosen altitude of the ionopause, the actual solar wind conditions for
1/21/72 are unknown and possible MHD effects on magnetosheath thickness are
also unknown. The important point is that the required é]titude of the iono-
pauée to fit the data is at a p]ausib]e altitude for the ionopause.

Thg inbound shock cfossing occurs about 8 minutes early and.the outbound
shock about 22 minutes early. If we rotate the flow 9° in the direction of
aberration expected from planetary motion, we obtain the time series shown in
Figure 2 ﬁane] (b). A g° aberratjoq-ang]e is only about 5° larger than that
expected dué to Mars' orbital mofion transverse to the solar wind flow and well
within the known amplitude of solar wind directional variétions. We note that
other flow directions will also reproduce the observed shock ]ocationsAfor
exémp]e a total aberration angle of 7° and a flow from the south of 4° will
do as well.

The model time series df Figure 2 resemble the variations seen in
Figure']; "However, tHe model variations are smaller than the observations,
éspecia]]y in thé BZ componeﬁf, Further, the jump in the magnetic field at
the outbound shock seems larger in'the models than in the”Héta. -Hence we
need to make the IMF larger, more‘negétive a]onglthe Z-direction énd more
aligned with the outbound shock normal. Figure 3 shows the results of using
an input value of (-4, ~4.5, -3) nT and an aberration of.7 degreés with the
flow coming from 4° below the ecliptic plane. The panel on the right showé
the mbdel and on the left the observations with the baselines corrected so
that the average IMF readings agree. The qualitative behavior of each of the .
corresponding traces agrees. The magnitude of the variations are equal but
the traces differ in the exact timing of the peaks and the rapid variations
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in direction. There are many possible reasons for such differences. There
are questions of the appropriate choice of y and MMS for this day and of the
accuracy of the gasdynamic simulation of an MHD problem. We may not have
made the best choice of the IMF orientation. Further, it is certain thét
the IMF did not remafn steady during the Mars flyby, as assumed in the
simulation.

In.order to determine whether our solution is, in fact, a reasonable
one, Figures 4, 5 and 6 compare individual vectors from the 6bsérvations and
model. Figure 4 shows the solar ecliptic plane projection. The field wvectors
to the riéht-and left of Mars agree quite well. Only during the subsolar '
passage is there a major disagreement. There is cértain]y no hint in these
data that a magnetosphere has been entered. Figure 5 shows the vectors
projected in the dawn-dusk plane. There is very good agreement in this
.prdjection except near the inbound shock crossing, where there_is some
apparenf temporal variation. Finally, in Figure 6, wé show the two solar-
cylindrical projections. Again, the.agreement is very good, except for
obvious temporal f]uctuations and in a region neér closest approach. This
latter distortion is a pulling of the field toward the antisolar direction
. as'if there were some drag on the flow in this region. Sdéh a drag could be
provided by mass-loading such as proﬁosed originally by wa11fs (1975).
However, calculations suggest that mass-loading is weak at Mars (Russell et al.,'
1983). If, indeed, mass-loading is responsible for tﬁis distortion, then our
present atmospheric model requires revision.

Earlier, we speculated that the inbound shock was a quasi-perpendicular
shock and the outbound shock was quasi-péra]]e]. This is, of course, implicit
in the solutions we have derived, but it is of some interest to check this

assumption. We can use the coplanarity assumption to derive the shock normal
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from the moae1 field values. These normals are (.144, -.624, -.442) and
(.618, .705, .347). Since the IMF value input to the model was (-4, -4.5,
-3), these correspond to gBN va]qes of 77° and 1é°, respectively, for the
inbound and outbound shocks. These values are those of a quasi-perpendicular
shock and a quasi-parallel shock, as we origiﬁa]]y assumed. » |

" DISCUSSION AND CONCLUSIONS

The model values do not perfectly replicate the data. Part of the
differénces are certainly due to temporal variations in the interplanetary
magnetic field. Some of the difference may be attributable to non-gasdynamic
effects, §uch as magﬁetic forces .and mass-loading. In view of thé existence
of so many reasons why there should be differences, the observed agreement- |
is heartening. We have found a magnetosheath magnetic field along the
Mars 3 trajectory which resembles the Mars 3 observations. Thus, the Mars 3
data do_not provide'uﬁambiguously evidence for an intrinsic Martian magnetic
field. Our best fit obstacle size is also quite consistent with an iono- |
' ~.spheric obstacle. Not on]y'is the solar wind muﬁh weaker at Venus than at
Mars, but also the Mars gravitational field is weaker! Hence, the upper
atmosphere .and ionosphere of Mars will have muéh greater scg]e heiohts than
at Venus, all else being'equa]. On the other hand, in sitl measurements of
both tﬁe field and plasma of the Martian ionosphere will be necessary before
the exact nature of the ionopause is determined. This study says only that
any planetary field did not extend much above 400 km on 1/21/72, and certainly
not to 1,200 km, the 10Catibn of Mars-3. We note that these conciusions agree
with Dubinin et al. (1983) based on analogy with laboratory data. However,
they feel there may be evidence for an intrinsic field in the tail data of-

Mars §.
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Finally, we have shown that the gasdynamic simulation provides a powerful
tool for interpreting magnetic measurements obtained in planetary magneto-
sheaths. In the past this important capability has not been fully exploited.
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Table 1. Mars-3 Trajectory

Universal Time - XSE | YSE o ZSE
1801 - =0.177 Ry, . -2.788 R, ‘ ;-0.747 Ry
183] ~ 0.659 , -1.313 - -1.042
1901 "~ 0.956 0.758 ‘ "~ -0.639
1931 0.240 © 2.198 0.499

2001 - =0.641 . 2.927 ' 1.557

g
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Table 2. Median Magnetic Field Vectors

Universal Time
1815
1817
181¢
1821
1823
1825

-1827
1829

1831
1833
1835
1837
1839
1841
1843
1845

+
Zero levels unknown

BX SET
-0.6
-2.4
-2.3
-2.0
2.6

-3.9 .

-3.9

—

. -8.4

S -9.1

-11.0
-10.4

©-10.4
-10.4

-10.4

- =8.1

BY SE .

3.3 -

3.9
3.9
4.5
5.5
7.8
5.2

-8.4
-10.4
-13.0°
-13.0
-12.6
-12.3

-8.4.

-5.2.
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BZ SE
-6.2
-7.8

-6.2
-=5.2
-7.8
-7.8

5.2

-7.8

-9.1
-13.6
-16.9
-20.2

-23.4,

-22.1

mt W 0O 0 0o O

—

oo N w O



Figure 1. Magnetic field observed by the Mars 3 spacecraft on 01/21/72.
(a) Time series in solar ecliptic coordinates.

(b) Vectors along the trajectory projected into the Y-Z solar ecliptic
plane. No zero level corrections have been applied.

Figure 2. Magnetic field calculated along Mars 3 trajectory using a
ratio of specific heats, y, of 2 a mannetosonic Mach number
_ of’7.7, and an iononause altitude of - .430km, with an IMF of
| (-1.5, -4.5, 0.90) nT. ' .
(a) Model A with no aberration of the solar wind.
(b) Modé] B with a 9° aberration of the solar.wjnd in the direction of
the average expected solar wind observation.

Figure 3. Magnetic field along the Mars 3 trajeétory

(a) Panel on left shows observations corrected so that average IMF is
 same as IMF in model C. | |

(b) Panel on right shows model C. All parameters are the same as in

models B, except IMF has been changed to (-4, -4.5, -3), and flow is
aberrated 7° in ecliptic plane and 4° from the South.

Figure 4. Ecliptic plane projection of magnetic field along Mars 3
- ‘trajectory. o

(a) Corrected observations. e

(b) Model C.

Figure 5. Dawn-dusk plane projection of magnetic field along Mars 3
trajectory.

(a) Corrected observations.

(b) Model C

Figuré 6. Solar-cylindrical projection of maanetic field along Mars 3
trajectory. '

(a) Corrected observétions.

(b) Model C.
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ABSTRACT

Pioneer 10,11 and Voyager 1,2 observations are used to study global
aspects of the solar wind interaction with Jupiter and Saturn. Upstream
solar wind measurements and scaling laws are used to characterize the
relevant flow parameters, Pows Po/Psw’ Mg, My, and IMF spiral angle near
the orbits of these two planets. Bow shock and magnetopause position
are found to vary as the fourth root of dynamic pressure at Jupiter and
the sixth root at Saturn with average solar wind stand-off distances of
68 R, and 19 R_, respectiv.i‘g‘y. In shape, the Jovian bow shock and
magne%opause sur%aces are similar to their terrestrial counterparts, but
with a magnetosheath that is about 45% thinner than predicted by
axisymmetric gasdynamic theory. This result 1is interpreted as further
evidence for strong polar flattening at Jupiter relative to the other
known magnetospheres. The Saturnian magnetopause and bow shock
boundaries are significantly more .flared than at the earth with a
subsolar magnetosheath that is 207 thinner than predicted by
axisymmetric gasdynamic theory. The very blunt magnetopause may be due
in part to the decrease in P /Psw with increasing distance from the sun
and its effect on flaring an:ld0 tail diameter. Comparison with gasdynamic
theory at Saturn produces better agreement than at Jupiter and suggests
that the amount of polar flattening at Saturn is intermediate between
Earth and Jupiter. Finally, a gasdynamic model of solar wind flow past
Titan during the 1% of the time when it’s orbit 1is wupstream of the
Saturn bow shock is presented.

:Introduct jon

The flow of solar wind about the planets is determined by upstream
parameters and the nature of the interaction which deflects the incident
plasma. Being a fundamental problem in solar-planetary physics, the
subject has recieved considerable attention in the literature (Spreiter,
1984; Russell, 1984). Due to the many sucessful U.S. and U.S.S.R.
missions to Mercury, VenusaEarth, and Mars during the 1960’s and 1970’s,
the emphasis of these studies has been on the inner planets (Breus,
1979; Russell, 1979; Siscoe and Slavin, 1979; Fairfield, 1979; Gringauz,
1981; Slavin and Holzer, 1982). The interaction with géch planet is
somewhat different and that difference is manifested in- the pattern of
solar wind flow about the body. The near total absorption of the
incoming solar wind by the Moon results in no upstream bow shock and a
wake containing little plasma (Siscoe et al., 1969). At Venus the
electrically conducting ionosphere diverts most of the solar wind and
gives rise to a relatively strongbow shock (Slavin et al., 1980), but
neutral atmosphere interactions and ionospheric dissipation result in
1-10% absorption, a thinner than expected magnetosheath, and the pick-up
of 0F (Slavin et al., 1980; Intriligator, 1982; Cloutier, 1984). Fewer
observations are available at Mercury and Mars, but their small dipole
moments are expected to make surface/interior conductivity at Mercury
and ionosphere/atmosphere characteristics at Mars important factors in
their response to various solar wind conditions (Siscoe et al., 1975;
Slavin and BHolzer, 1979; Suess and Goldstein, 1979; Intriligator and
Smith, 1979; Slavin and Holzer, 1982). '
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The purpose of this study 1s to extend certain aspects of the work
that has been done on the terrestrial planets to Jupiter and Saturn. In
particular, the Pioneer 10,11 and Voyager 1,2 observations near Jupiter
and Saturn are used to characterize the relevant upstream flow
parameters at 5 and 9 AU, model bow shock/magnetopause position as a
function of dynamic pressure, and compare the overall results with the
predictions of gasdynamic theory. The results are found to have
significant implications for both solar wind interaction modeling and
our picture of the Jovian and Saturnian magnetospheres.

Solar Wind Parameters

The radial gradients in the solar wind (Smith and Wolfe, 1979; Burlaga
et al., 1982; Gazis, 1984; Slavin et al., 1984a) result in major
variations of the mean flow parameters across the orbits of the planets.
Tables 1 and 2 display average interplanetary conditions and derived
parameters based upon the scaling laws and 1 AU values adopted by Slavin
and Holzer (1981). Over the 30 AU distance separating Mercury and
Neptune the total changes .in Vews Tes T, B, and N are factors of 1, 5,
2x101, 3x102, and 104, respectively. In Table 2 these values have been
used to cadlculate the flow parameters that are most relevant to our
study. For gasdynamic descriptions, the flow is completely determined
by the obstacle boundary -conditions and sonic Mach number with an
appropriate adiabatic exponent (Spreiter et al., 1966; Dryer and
Heckman, 1967). The full ‘MHD treatment yields the flow field for a
given set of obstacle boundary conditions, sonic Mach number, Alfvenic
Mach Number, and the upstream magnetic field orientation (Spreiter and
Rizzi, 1974). Two additional parameters, solar wind dgnamic pressure,
P2w={‘V2, and the ratio of static to dymamic pressure, LB /8[+nk('1‘i+Te)J/
,V , have been included because they determine magnetopause radius and
shape respectively (Coroniti and Kennel, 1972).

The greatest changes are in the dynamic pressure and static to dynamic
pressure ratios which change by factors of 10" and 10* over 30 AU. For
a given planetary -magnetic moment, the results are larger, more flared
magnetopauses with increasing distance from the the sun as a result of
the usual pressure balance arguments (Coroniti and Kennel, 1972). Both
sonic .and Alfvenic Mach numbers increase by about a factor of 3 over the
orbits of the planets. ‘The expected results will be more strong,
supercritical bow shocks with slightly thinner magnetosheaths and
smaller Mach cones as distance from the sun increases (Spreiter et al.,
1966; Slavin et al., 1984b). In addition, the increased MA values
should result in improved agreement between MHD and gasdynamic theory
with increasing distance from the sun- as the IMF weakens and the
magnetic terms tend toward zero (Spreiter and Rizzi, 1974). Finally,
the IMF shifts from being nearly aligned with the solar wind flow at
~Mercury to perpendicular by the orbit of Jupiter. The main effect of
the spiral angle variation will be in the planetary foreshocks and
regions of the shock surfaces which are quasi-parallel and
~ quasi-perpendicular (Greenstadt et al., 1984).
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In order to validate these models, hourly averaged merged plasma and
magnetic field data sets for Pioneer 10 and 11 near Jupiter and Saturnm,
respectively, were assembled. Histograms of Mg and M, for intervals
when the spacecraft were outside of the shock and within 0.1 AU of the
orbits of each planet were calculated. As shown, the time each
spacecraft spent near the planet corresponded to several solar rotations
and probably provided a good measure of conditions around those points
in the solar cycle. The mean sonic Mach numbers were M_=9.9 at Jupiter
and 1l1.1 at Saturn. The Alfvenic Mach numbers were 16.9 and 18.1,
respectively. Hence, it appears that at least during the Pioneer epoch
the sonic Mach numbers were well predicted, but the absolute values of
the Alfvenic Mach numbers and their gradient may be underestimated.

Bow Shock and Magnetopause Models

Jupiter and Saturn have now be visited by a total of 4 and 3
spacecraft, respectively. Thus, we have more boundary crossings than at
Mercury where there were just the two rapid Marinmer 10 fly-bys, but
-fewer than at Venus, Earth, or Mars. Figure 3 displays the Pioneer and
Voyager trajectories in planet centered cylindrical coordinates. A
single average shock and magnetopause crossing per inbound or outbound
leg based upon encounters confirmed by both the plasma and magnetic
field groups (Wolfe et al., 1974; Mihalov et al., 1975; Wolfe et al.,
1980; Smith et al., 1974; 1975; 1980a,b; Bridge et al., 197%9a,b; 198];
1982; Ness et al., 1979a,b; 1981; 1982) is plotted for comparison. At
both planets the scatter without solar wind pressure corrections 1is
- considerable. In particular, the Voyager 1 and 2 Saturn outbound
encounters stand out as examples of copression and rarefaction events to
be discussed later. '

The trajectories in Figure 3 indicate that we have boundary crossings
clustered ‘in the subsolar, terminator, and downstream regions. When
fitting these measurements, our intention is to study the dayside solar
wind interaction. For this reason the downstream passes, Voyager 1,2 at
Jupiter and Voyager 1 .at Saturn, will not be considered. Inclusion of
downstream boundary crossings would force the model fits to be
hyperbolas for the bow shocks and blunted cylinders for the
magnetopauses independent of the actual shape of the dayside boundaries
(Slavin et al., 1984b). This data selection decisions also make it
possible to directly compare the Jupiter and Saturn results to those
obtained previously for the inner planets using similar criteria (Slavin
and Holzer, 1981).

For modeling the Jupiter and Saturn boundary surfaces the three
parameter second order method which Slavin and Holzer (1981) have
applied to the inner planets will be used. The shock and magnetopause
surfaces are assumed to be symmetric about
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the aberrated planetocentric orbital x axis (i.e. szllvswl=-f') over
the low latitude band sampled by these spacecraft. The equation for the
model surface is

r = L/(1 +gcos8) (1)

where r 1s radial distance from the conic focus at x'=x_, & is the
surface eccentricity, and L is the semi-latus rectum. As discussed in
the papers by Slavin and co~workers, linear least squares techniques may
be applied to (1) for determining the best X, &, and L values.

In Figures 4, 5, 7, and 8 the bow shock and magnetopause crossings at
Jupiter and Saturn are modeled in aberrated coordinates both with and
without corrections for upstream pressure. The many multiple crossings
recorded per pass due to boundary motion were averaged together when not
separated by intervals of about 10 hours or more. This procedure
eliminates weighting of the fits toward passes with large numbers of
crossings due to boundary waves (Slavin and Holzer, 1981). Actual
upstream solar wind speeds were used in aberrating the points, when it
was available, and 430 km/s was assumed when it was not.

The top panels of Figures 4, 5, 7, and 8 display the crossings and
best fits in the absence of any corrections for upstream dynamic
pressure. The fits are all reasonably good, but the rms deviations
normal to the curves is large. Using these shapes, the individual
crossings were extrapolated down to the stagnation 1line, =0°, and
plotted against the observed upstream dynamic pressure in Figures 6 and
9. In the case of the magnetopause crossings, the external pressure was
inferred from the state of compression of the magnetic field just inside
of the magnetopause using the method of Slavin et al. (1983). As noted
in the figures, a simple Newtonian pressure balance is assumed using
minimum variance magnetopause normals determined by previous studies
(Sonnerup et al.; Smith et al., 1980b; Ness et al’;, 1979a,b; 1981;
1982). The resulting measure of dynamic pressure, Py » 18 equal to the
actual -dynamic pressure only if the plasma pressure just inside the
magnetopause is small, as will be discussed later.

The Jovian shock position in Figure 6 varies as the ~1/4.0 power of
dynamic pressure while the magnetopause responds as ~1/4:4 power of the
inferred dynamic pressure. Since the two surfaces must on average move
together, this vresult suggests effect of magnetospheric plasma on
magnetopause pressure balance must not have changed greatly over the
temporal and spatial intervals covered by these crossing. Assuming a
-1/4 exponential dependence, the bow shock and magnetopause crossings at
Jupiter have been scaled to their average pressures and modeled in the
bottom panels of Figures 4 and 5. The result is a 25-55% decrease in
the rms deviations with only slighlty altered shapes.

Figure 9 shows the results when the same procedure 1is applied to
Saturn. Again, the pressure dependences for the two different methods
and surfaces are similar with exponents of -1/5.1 and -1/6.1. Assuming
the -1/6 power pressure dependence, the bottom panels of Figures 7 and 8
display the pressure corrected Saturn bow shock and magnetopause
surfaces. The. model surface shapes show a large change due to the
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corrections associated with the low external pressures during the
outbound Pioneer 11 and Voyager 2 passes. The pressure corrections
produce 30-40Z reductions in the normal rms deviations.

In Figure 3 it pointed out that the Voyager 1 downstream boundary
crossings, which were excluded from our study,- occurred mcuh closer to
the x° axis than would be expected from the general location of the
Pioneer 11 and Voyager 2 encounters. Some studies (e.g. Behannon et
al., 1983) have gone so far as to suggest that the Voyager 2 crossings
included in our study were at unusually great distances due to the

immersion of Saturn in Jupiter’s tail, Fortunately, the pressure
corrections 1n Figures 7 and 8 have taken into account these low
external pressures, regardless of the cause. An equally important

question that does not appear to have been addressed in the past is
whether or not the downstream Voyager 1 crossings corresponded to high
solar wind pressures. Due to the downstream nature of the crossings
either high dynamic or static pressure could depress the magnetopause
Jocation. While the complete plasma and magnetic field data sets and
- minimum variance analyses for these boundary encounters have not been
published, Slavin et al. (1983a) did note unexpectedly high tail
magnetic fields, based upon typical 9 AU solar wind conditions such as
in Table 2, just inside the Voyager 1 outbound magnetopause crossing.
Without a minimum variance analysis it is not possible to ‘determine the
relative effects of dynamic and static pressure and make a rigorous
pressure correction. However, an upper limit has been set in Figure 10
by assuming that the balance only involved static solar wind pressure
and lobe magnetic fields. Under this situation the diamter of the tail
varies as the square root of the tail field, B_, relative to the
terminal field derived from the static pressure in Table 2, B e (e.g.
Coroniti and Kennel, 1972). Based upon ISEE-3 experience at the Earth
(Slavin et al., 1983c), the downstream distance at which this is
strictly true at Saturn may be on the order of 10 to 12 solar wind
stand-off distances, or 200-340 R;. For this reason the triangle in
" Figure 10 marking the pressure corrected Voyager 1 magnetopause crossing
is only an upper limit. However, comparison with the extapolated Saturn
dayside magnetopause model indicates that the actual pressure correction
might produce good agreement. This is particularly true when it is
remembered that while we only modeled the forward magnetopause, the the
surface must eventually turn over and become cyclindrical: 1In terms of
modeling the entire magnetopause, a 2nd order fit is generally used up
to an obstacle radius or so downstream and then straight lines are
assume as in Fairfield (1971). The alternatives are 1less flexible
asymptotic functions (e.g. Howe and Binsack, 1972) or ackward, less
physical higher order polynomial expansions. :

The pressure normalized dayside boundary models for Jupiter and Saturn
produced by this study are compared with the results from other planets
in Figure 11. The bottom panel plots magnetopause location in units of
the distance to the subsolar point (i.e. obstacle radii, B)' As
discussed earlier, the Saturn and Jupiter models are based upon low
latitude observations of a three dimensional surface which may exhibit
significant polar flattening. For Earth, the observations extend over a
greater range of latitude on a surface which possesses only a small
amount of flattening. As shown, the Jupiter magnetopause is slightly
blunter than that of the Earth, but much less than at Saturn.
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The top panel of Figure 11 displays bow shock location at Venus, Mars,
Earth, Jupiter, and Saturn in units of planetocentric distance to the
nose of the shock, RS . The models for the inner planets come from the
work of Slavin and Holzer (1981) which used the same modeling
techniques and data selection criteria as were applied to Jupiter and
Saturn in this study. As shown, the Jupiter and Earth surfaces are
again quite similar in shape, but with the Jupiter shock the less blunt,
perhaps due to ‘the higher Mach numbers at 5 AU. Saturn again possesses
the most flared surface shape. This ordering is in reasonable agreement
with that of the magnetopause surfaces in the lower panel. Hence, there
is general consitency between the two sets of boundaries. As discussed
by Slavin et al. (1983b), the bow shocks at Venus and Mars are less
blunt than at Earth due to their lack of strong intrinsic magnetic
fields and limited solar wind-nmetural atmosphere interactions. Under
these conditions the obstacle tends to follow the circular shape of the
planet with little flaring.

Finally, in Figure 10 the Jupiter and Saturn magnetosheath boundaries
are compared with the Earth results of Slavin and Holzer (1981).  For
this purpose it is necessary to scale the bow shock and magnetopause -
models to a common dynamic pressure and hence make a reasonable
assumption concerning the relationship of Pew to P - - In the case of
Jupiter, a beta of 1 inside the magnetopause appears consistent with the
Voyager particle measurements (Krimigis et al., 1981). The actual
dynamic pressure would then be twice the P, value inferred from the
magnetic field alone. This assumption also appears reasonable in that
it makes the average dynamic pressure during the shock crossings in
_ Figure 4 nearly equal to that during the magnetopause encounters in
Figure 5. At Saturn plasma was also detected within the magnetosphere,
but beta appears to have been generally of order 10°°, or less, near the
magnetopause (Lanzerotti et al., 1983). Due to both the Voyager results
and the near sixth root pressure dependence in Figure 9, we have assumed
Pew=Psw for the purposes of this study. Finally, the bow shock and
magnetopause surfaces for all three plamets have been plotted in units
of magnetopause nose distance from the center of the planet termed the
obstacle radius, ROB‘

The surfaces in Figure 12 display two interesting results. At
Jupiter, the subsolar magnetosheath appears to be much tliinner than the
earth despite the similar shapes for their low latitude magnetopause
magnetospheric boundaries. The ratios of subsolar shock to magnetopause
radius are 1.41, 1.25, and 1.53 at Earth, Jupiter, and Saturn,
respectively. In the case of Saturn the magnetopause appears to be more
flared than at the earth or. Jupiter, but with a magnetosheath that is
only 1little thicker than its terrestrial counterpart. While the
limited amount of coverage provided by the Pioneer and Voyager Missions
may have had some influence on these results, both findings appear to be
experimentally significant and potentially important. In later sectionms
these effects are investigated with gasdynamic flow calculations and
contrasted with other observations on the solar wind interaction with
these planets. ‘
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Solar Wind .Stand-0ff Distance

Using the magnetopause models and Pioneer data sets described earlier,
we have examined the distribution of solar wind dynamic pressure and its
effect on the distance to the nose of the magnetosphere, R,. As shown
in Figure 13, the range in solar wind stand-off distance at Jupiter
appears to vary from about 40 R; to 110 Ry with a mean near Ry=68 Ry. A
larger solar wind data set covering more of the solar cycle would
increase these overall limits, but the predicted distribution appears to
agree well with the observed magnetopause locationms. In the case of
Saturn, Figure 14 indicates that the range is less than at Jupiter due
to its earh-like compressibility. The bounds are about 12 and 24 Rg
with a mean of 18.8 R.. Again, the observed Pioneer and Voyager'
magnetopause crossings agree well with the predicted distribution.

As would be -expected due to its immense size, the variability in
magnetospheric diameter size at Jupiter will almost never extend down to
the major satellites and expose them to the solar wind. The situation
at Saturn 1s quite different as has been recognized by many other
studies (e.g. Wolf and Neubauer, 1982). 1In particular, Titan’s 20.3 Rg
orbit places it just beyond the average 18.8 R; subsolar diameter of the
Saturnian magnetosphere. Hence, Titan usually spends a portion of its
orbit in the magnetosheath. About 1% of time, when Ry<{l4 R,, part of
Titan’s orbit will take it out into the solar wind upstream of Saturn’s
bow shock. While not common, this situation is similar in probability
to the terrestrial magnetopause being pushed down to geosynchronous
orbit; an infrequent, but well observed phenomenon. Finally, it is
noted that the E-ring is near the limits of how far the Saturn
magnetopause might be depressed. Under intervals of extreme solar wind
pressure, the electromagnetic environment of the outermost ring
particles might be be influenced by the solar wind. ‘

- Gasdynamic Modeling

Single fluid axially symmetric gasdynamic calculations have proved
quite useful in the study of solar wind flow past the inner planets.
For our best observed case, the Earth, gasdynamic theory is able to do a
very good job of predicting bow shock position and, other global

‘characteristiecs of the flow (Fairfield, 1971; 1979; Slavin et al.,

1983). At Venus, where the .atmosphere forms .2 distributed source
interacting with the solar wind, comparison of the observations with
simple gasdynamic calculations of flow about a thin tangential
discontinuity has made it possible to identify perturbdtions due to the
charge exhange and photoion pickup (Slavin et al., 1980; 1983b).

The gasdynamic approximation states that the MHD equations reduce to
the simpler gasdynamic equations for weak magnetic fields in the sense
of large M, 2 ,V /(B2/8ﬂ9 (Spreiter et al., 1966). Inspection of Table
2 and Figureg 1,2 shows that gasdynamic theory should be least
applicable at Mercury and most useful at Jupiter and beyond. Given the
good agreement at 1 AU, the expectation would be that gasdynamic theory
should yield a very accurate description of the flow about Jupiter and
Saturn.



Figures 15 and 16 compare the predictions of the Spreiter and Stahara
(1980; Stahara et al., 1980) gasdynamic code with our observational
models at Jupiter and Saturn. The tangential discontinuity obstacle in
their code is axially symmetric with shape given by the parameter, H/Ro.
As shown by dashed lines in the two figures, we have selected H/Ro
values which give excellent agreement with the forward magnetopause
surfaces at both planets. The differences between the observed and
assumed obstacle surfaces behind the terminator only influence the very
distant downstream flow (Slavin et al., 1984b). Based upon Table 2 and
Figures 1 and 2, sonic Mach numbers of 10 and 12 were used to represent
average conditions at Jupiter and Saturn. The final parameter needed
for the gasdynamic model is the adiabatic expoment, ¥. On the basis of
previous studies (Slavin et al., 1983b), the value of 2. was used.
Itoprovided the best agreement between theory and observation with
regard to .shock position and average flow characteristics at 1 AU.

In Figure 15 the observed location of the Jovian bow shock is much
lower than predicted. The actual thickness of the Jovian magnetosheath
is only 45% of the wvalue predicted by the gasdynamic model. This result -
is well outside the fitting error bars and much larger than the expected
- sampling uncertainty based 'upon the 5 passes through the subsolar region
shown in Figure 3. For Saturn, Figure 16 displays better agreement
between the gasdynamic model and observation, but with the predicted
subsolar magnetosheath about 20% too thin. The poorer sampling at
Saturn may have contributed to the discrepancy through the observational
model, but the overestimate of magnetosheath width for both cases
. suggests a common cause pecular to the Jovian and Saturnian
magnetospheres. :

In Figure 17 we suggest that the poor agreement between observation
and the gasdynamic code, relative to past terrestrial experience, stems
from its assumption of axial symmetry. At the Earth, both theory and
observation indicate that the eccentricity of the magnetospheric cross
section in the terminator plane is small,Es 0.2 (Holzer and Slavin,
1978). While the higher latitudes at Jupiter and Saturn have not be
examined in situ, theoretical models of the Jovian field (e.g. Engle and
Beard, 1980) suggest considerable polar flattening, & ~ 0.8, ultimately
due to the large amount of plasma within the magnetosphere and its rapid
rotation rate. Saturn is presumably intermediate with a high rotation
rate and more magnetospheric plasma than at Earth, but less than at
Jupiter (Krimigis et al., 1983; Maclennan et al., 1983; Lanzerotti et
al., 1983).

In terms of our comparison, the Pioneer and Voyager observational
models are based upon moderate to low latitude observations. For flow
about a non-axially symmetric body, streamlines cease to be axially
symmetric with mass flux being channelled from longer paths about the
broader body sections toward the shorter paths—about the less blunt
sections. The result is a net transfer of mass flux from the low
latitude magnetosheath, thereby reducing its width, to the high latitude
magnetosheath which grows in width relative to the axisymmetric case.
Hence, the application of an axially symmetric model to only polar
measurements would produce a theoretical magnetosheath that was thicker
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than observed, while the opposite is true for the equatorial study in
Figures 15 and 16. The magnitude of the discrepancy caused by the
assumption of axial symmetry increases as the amount of polar flattening
increases. Hence, the smaller disagreement at Saturn supports the idea
that Saturn’s magnetosphere exhibits properties which are intermediate
between the earth and Jupiter in terms of the importance of rotation
rate and internal plasma sources.

As was reported in the preceding section, Titan’s orbit will 1lie
upstream of the Saturn bow shock about 1% of time. During these
occassions Titan will sometimes find itself interacting directly with
the solar wind. If it is sufficiently magnetized, then a small
intrinsic field magnetosphere will form. Alternatively, the solar wind
may impinge directly upon the ionosphere/atmosphere as at Venus. In
either event, the interaction may be unique due to Titan’s thick
atmosphere, low gravity, and large neutral atmosphere scale heights
resulting in cometary .amounts of photoionization and charge exchange
(Hartle et al., 1982).

Figure 17 presents a qualitative picture of the Titan interaction just
upstream of Saturn’s bow shock during an interval of high solar wind
pressure. The flow about Titan is represented by a M =12, Y= 2,
H/R,=0.8 gasdynamic model with the nose of the obstacle being 1.5
from the center of the body (i.e. near the exobase). The gasdynamic
model does not explicitly take into account the neutral atmosphere
interaction, but the conceptual picture should be correct unless the
mass loading is sufficient to do away with the bow shock by gradually
slowing and absorption of the flow (Wallis, 1973). Depending upon
upstream IMF orientation, an interesting mutual foreshock region might
be created with seed particles from Titan’s bow shock influencing the
much larger Saturnian foreshock. Otherwise, the Saturnian bow shock
should be relatively unaffected by the Titan interaction. Even on
streamlines adjacent to the Titan tail may reach solar wind speeds a few
. obstacle radii downstream depending upon the strength of mass loading
effects. The portion of Saturn’s bow shock which stands in the Titan
magnetosheath is termed a secondary bow shock. Small transverse
gradients in the Titan magnetosheath may slightly alter its shape, as
shown, but unless strong mass loading occurs over a large region the
strength of the secondary bow shock will be almost that gf the rest of
Saturn’s shock. Finally, Titan’s tail is depicted as an analogue of the
Venus tail (Russell et al., 1982). For the Titan location relative to
the Saturn magnetopause chosen in Figure 17, Titan’s tail will fail to
form a tight bundle downstream of the Saturn bow shock due to the slow
flow speeds near the stagnation region. If the solar wind pressure were
ever strong enough to place Titan upstream of the flanks of Saturn bow
shock, then a much longer tail could form in the super-sonic,
super-Alfvenic Saturn magnetosheath away from the stagnation region.

Discussion and Summary
In this study we have used to the Pioneer and Voyager observations to
characterize the solar wind conditions near the orbits of Jupiter and

Saturn, create pressure corrected models of their bow shock and
magnetopause surfaces, and compared the results with the predictions of
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gasdynamic theory. Previously, some examinations of boundary location
and response to pressure have been conducted for individual missions
(e.g. Smith et al., 1980; Smith et al., 1981; Bridge et al., 1982; Ness
et al., 1981; 1982), but none performed a2 comprehensive study using both
the Pioneer and Voyager data sets.

Our study of the boundary surface pressure dependences produced
reasonable agreement between the magnetopause and bow shock observations
at each planet. This finding supports the general validity of the method
and assumptions used to infer solar wind dynamic pressure from the
magnetopause measurements. More importantly, the overall results
confirm the approximate fourth root and sixth root dependences of
boundary position on dynamic pressure that have been determined for
Jupiter and Saturn, respectively, by earlier studies (e.g. - Siscoe et
al., 1980; Smith et al., 1981; Bridge et al., 1982).

Magnetopause flaring at the earth has been well studied both
theoretically and experimentally (e.g. Coroniti and Kennel, 1972; Slavin
et al., 1983c). The flaring angle, , is determined everywhere by the
pressure balance condition : '

(§Vgu sin’h + B) oy = (BZ/BW + k(T AT D)y (2)

where szzsinz\l‘ is the normal component of the dynamic pressure and P
is the  static pressure in the solar wind. The right hand side describes
the internal pressure just inside the magnetopause. The presence of the
bow shock .may be ignored here because it does mnot change the total
. pressure on the left hand side -and the ratio of static to dynamic
pressure in the magnetosheath rapidly moves toward solar ‘wind values
with increasing distance from the stagnation region (Spreiter et al.,
1966). In the subsolar region the flaring angle is large and the
dynamic pressure dominates the external pressure. However, at large
distances downstream the flaring angle descreases to zero and the tail
reaches its terminal configuration where solar wind static pressure
alone balances internal pressure.

Based upon this pressure balance model, two ways of increasing the
magnetopause flaring angle have been suggested which may explain the
bluntness of the Jovian and Saturnian magnetopause surfaces. When
equation (2) is solved iteratively to arrive at an actual obstacle
surface (Spretier and Stahara, 1980), the shape of the surface is
moderately sensitive to the internal pressure dependence upon radius
(i.e. its compressibility). The weaker the pressure dependence (e.g.
fourth root at Jupiter versus sixth root at Earth and Saturn), the
greater the outward displacement and flaring along the flanks as
decreases. This effect could produce the slightly increased flaring at
Jupiter relative to the Earth, but it would not apply to Saturn. -The
second possible cause of enhanced flare angles was suggested in
reference to Saturn by Slavin et al. (1983a). As the flaring angle
decreases toward zero, the external pressure in (2) becomes simply the
static pressure. The terminal diameter of the tail, which ultimately
determines the total bluntness of the magnetopause and its overall
flaring, is therefore only a function of the external static pressure
and the internal magnetic flux content of the tail lobes (Coroniti and
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Kennel, 1972). As the ratio of P, to P, decreases with increasing
distance from the sun, there is a trend toward larger diameter tails and
therefore blunter dayside magnetopause surfaces. In the case of Jupiter
the effect will be offset by the small size of the Jovian polar cap
(Behannon et al., 1981) compared to those of Earth and Saturn (Ness et
al., 1982). Hence, while further study is needed on this subject, there
does exist a mechanism for producing the stromg flaring at Saturn and
weak flaring at Jupiter appear in our boundary models.

Finally, comparison of our observational results with gasdynamic
calculations based upon typical Mach numbers for the outer solar system
determined that the subsolar Jovian and Saturnian magnetosheaths are 45%
and 20%Z thinner than expected. We have suggested that the most
plausible cause for this result 1is polar flattening of these
magnetospheres not included in the axially symmetric gasdynamic code.
Previously, polar flattening at Jupiter has mnot only been predicted
theoretically, but it has also been invoked to explain some aspects of
the Jovian magnetosheath by other studies (Lepping et al., 1980). Our
findings support the results of these previous investigations and
present evidence that Saturn may be intermediate between Jupiter and
Earth with respect to polar flattening.
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Figure Captions

1.

2.

Histograms of sonic and Alfvenic Mach number based upon Pioneer 10
measurenents near Jupiter encounter.

Histograms of sonic and Alfvenic Mach number Eased upon Pioneer 11

. measurements near Saturn encounter.

10.

11.

12.

13.

14.

15.

Pioneer and Voyager spacecraft trajectories at Jupitér and Saturn
encounter in cyclindrical planetocentric coordinates.

Fits to the Jovian bow shock crossings with and without corrections
for upstream dynamic pressure.

Fits to the Jovian magnetopause with and without corrections for
external pressure.

Subsolar location of the Jovian bow shock and magnetopause as
functions of upstream dynamic pressure.

Fits to the Saturnian bow shock crossings with and without
corrections for upstream dynamic pressure.

Fits to the Saturnian magnetopause crossins with and without
corrections for external pressure.

Subsolar location of the Saturnian bow shock and magnetopause
as functions of upstream dynamic pressure.

Upper and lower limits on the location of the outbound Voyager .,
1 magnetopause crossing at Saturn after correction is made

for external pressure. Dashed line is the extrapolated best
fit to the pressure corrected dayside magnetopause surface.

A comparison of the shapes of all planetary bow shock and
magnetopause surfaces determined thus far.

A comparison of magnetosheath boundaries at Earth, Jupiter,
and Saturn.

Histograms of Pioneer 10 solar wind dynamic pressufe measurements
near Jupiter encounter and the corresponding magnetopause positions
relative to the Galilean satellites.

Histograms of Pioneer 11 solar wind dynamic pressure measurements
near Saturn encounter and the corresponding magnetopause positions
relative to the major satellites and the E-ring.

Observational models of the Jovian bow shock and magnetopause
are compared with the predictions of high Mach number gasdynamic
theory (dashed lines).
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16.

17.

18.

Observational models of the Saturnian bow shock and magnetopause
are compared with th predictions of high Mach number gasdynamic
theory (dashed lines).

A conceptual representation of magnetopause shape in the
terminator plane based upon observations at the Earth, theoretical
magnetic field models at Jupiter, and interpretation of gasdynamic
modeling results for Saturn.

A conceptual picture of the solar wind interaction with Titan
when it is directly upstream of Saturn based upon a gasdynamic
of the Titan flow pattern.
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TABLE 1. INTERPLANETARY CONDITIONS

PLANET  R(AU) Vg, (km/s) Np (eMm™3) B (N Ty (10%°K) T (10%°K)

MERCURY 0.31 430 . /3. L6. 17. 22.
- 0-47 430 32. 21. 13. 19.
VENUS 0.72 430 14. 10. 10. 17.
EARTH 1.0 430 7.0 6.0 8.0 15.
MARS 1.5 430 3.1 3.4 6.1 13.
JUPITER 5.2 430 0.26 0.83 2.7 8.7
SATURN 9.6 430 0-076 0. 44 1.8 7:1
Uranus  19-1 430 0.019 0.22 1.1 5.6
NEPTUNE  30.2 430 0.0077  0.14 0.82 . 4.8
SCALING  ---- RO R-2  (2R-242)1/2/2R  R-2/3  R-1/3
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E 2. FLOW PARAMETERS
-8 PSW ) AL
PLANET R(AU) 107° (DYNEs/cM?) Py /Pgy (Z) Mg Ma £
MERCURY 0.31 26 4.9 5.5 3.9 17
0.47 11 2.9 6.1 5.7 25
VENUS 0.72 5 1.9 6.6 7.9 36
EARTH 1.00 2.5 1.5 7.2 9.4 45
MARS 1.52 1.1 1.2 7.9 11.1 57
JUPITER 5.2 0.092 0.78 10.2  13.0 78
. SATURN 9.6 0.027 0.-65 11.6 13.3 84
URANUS 19.1 0.0069 0.57 13.3  13.3 87
NEPTUNE 30.2 0.0027 0.52 14.6 3 88
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POLAR FLATTENING HIERARCHY
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