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ABSTRACT

Magnetopause crossings observed during the ISEE-1 and -2 mission show that the size of the magneto-
sphere depends upon external factors, while the influence of internal factors is minimal. The solar
wind dynamic pressure and the direction of the interplanetary field are two such external factors and
the level of intensity of the ring current is one such internal factor examined. This study indicates that
the magnetopause position varies as expected with solar wind dynamic pressure, and is closer to the
earth as the IMF becomes increasingly southward (though it is not noticeably further from the earth for
increasingly northward IMF). The magnetopause stand-off position is not observed to change as the
strength of the ring current increases.

1. INTRODUCTION

Qualitatively we know which factors control the size of the dayside magnetosphere. The size is deter-
mined to first order by the dynamic pressure of the solar wind. The southward component of the inter-
planetary magnetic field (IMF) (in geocentric solar magnetospheric coordinates) controls the transfer
of magnetic flux to the magnetotail. Thus the IMF also has a role to play in the size of the dayside
magnetosphere. Several authors have attempted to quantify these effects [Fairfield, 1971; Maezawa,
1974; Formisano et al., 1979; Petrinec et al., 1991; Sibeck et al., 1991]. However, we feel that studies
to date have been incomplete because none of them included all the principal factors governing the lo-
cation of the magnetopause, and several have been affected by implicit assumptions, such as the time
scale for magnetospheric response or the correlation time of interplanetary parameters. It is the objec-
tive of this paper to provide a quantitative measure of each of these factors, and to avoid some of the
pitfalls of earlier studies.

A new look at the influences on magnetospheric size is also warranted because previous large statisti-
cal studies may not have addressed properly the question of the orbital biases and because earlier nor-
malizations by the solar wind dynamic pressure employed either rather limited data sets [Holzer and
Slavin, 1978} or were not performed in a satisfactory manner [Formisano et al., 1979]. This latter
study attempted to normalize the magnetopause data set used by Fairfield [1971], along with magne-
topause crossings observed by OGO-5, HEOS-1 and HEOS-2. Unfortunately, magnetopause crossings
within +4 Re of either the equatorial or meridian planes were flatly projected into these planes. Instead,
such crossings should have been mapped into these planes along a surface that approximated the aver-
age shape of the magnetopause. This, along with the use of a normalizing solar wind dynamic pressure
that was not representative of the median pressure of the magnetopause crossing set led to the erro-
neous conclusion that the normalized subsolar position of the magnetopause was substantially closer to
the earth than was the unnormalized position (8.8 Re versus 11.0 Re). A more accurate normalization
would keep the average stand-off position constant, while reducing the variance in the crossing posi-
tions. Lastly, care must be taken in studies where more than one solar wind monitor is used. Such in-
struments should be intercalibrated to assure that a uniform set of data is used. Thus, we felt that it was
important to repeat earlier studies of the position and shape of the magnetopause and its dependence
on both external and internal factors.

Magnetometers on board the ISEE-1 and -2 spacecraft have allowed us to observe the magnetopause

many times throughout the ISEE mission (1977-1987). We have thus been able to assemble a data
base of magnetopause crossings (1146 total), with the median position and time used for cases in
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which multiple crossings were observed [Petrinec et al., 1991]. Magnetopause crossings were checked
with the plasma data from the FPE instrument on ISEE-2, when such observations were available.
Influenced by the earlier work of Fairfield [1971], an ellipse with the earth centered at one focus is as-
sumed to approximate the average magnetopause shape. From the ISEE crossing set, we had earlier
obtained an average magnetopause stand-off position of 10.0+0.3 Re, and an average eccentricity
0.4520.07 [Petrinec et al., 1991]. This derived shape allows us to map each magnetopause crossing to
the subsolar region, according to the equation:

L _Itex
° 1+e

(1)

where 1 is the stand-off distance of the magnetopause, r is the radial distance, x is the distance along
the aberrated earth-sun line (the azimuthal direction of the solar wind velocity is used to determine the
aberration angle, when available; otherwise, an average 4° aberration angle is used), and ¢ is the eccen-
tricity of the ellipse.

In previous work we have discussed the shape of the magnetopause, the solar cycle variation of the
size of the magnetosphere, and how the location of the magnetopause during solar cycle 21 compares
with that seen in earlier solar cycles [Petrinec et al., 1991]. We have also shown how the size of the
magnetosphere, as estimated by magnetopause crossings mapped to the subsolar region, is controlled
by the solar wind dynamic pressure and the north-south component of the IMF, as well as the influ-
ence on magnetospheric size as determined by the intensity of the ring current [Petrinec and Russell,
1993]. In this paper we extend those latter studies to show how they can be used in quantitative predic-
tive studies and discuss the statistical accuracy of these relations.

It should be noted that no matter how precisely the solar wind parameters or magnetopause positions
are measured, there will always be a certain amount of scatter involved in these studies. For example,
the magnetopause is known to oscillate about its average position with an average amplitude of 0.16
Re when the IMF is northward, and 0.51 Re when the IMF is southward [Song ef al., 1988]. In addi-
tion, the shape of the magnetopause is only approximated by an ellipsoid; its actual shape is probably
more complicated, and is influenced by the orientation of the earth's dipole [Spreiter and Briggs,
1962], especially in the meridian plane. However, this effect should not be a major concern in this
study, because of the primarily equatorial orbits of ISEE-1 and -2.

2. SOLAR WIND DYNAMIC PRESSURE

It is well known that the greatest contribution to the pressure of the solar wind is the ion dynamic pres-
sure (pvz). However, within the magnetosphere the magnetic field makes the largest contribution to
the total pressure. As the solar wind flows through the bow shock, the stream lines diverge about the
magnetosphere, reducing the dynamic pressure imparted against the magnetosphere by approximately
12% [Spreiter et al., 1968]. In addition, the direction of the solar wind flow and the nature of the ter-
restrial dipole field act to give the magnetopause its observed shape, and increase the magnitude of the
magnetic field just inside the subsolar point by a factor of 2.44 [Mead and Beard, 1964; Tsyganenko,
1989]. The pressure balance equation can then be written as:
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where By = 30574 nT-Re3, 1 is the stand-off distance in Re, pv2 is in units of nPa, and K = 6.77x10°

(corresponding to an f2/k value of 1.69, where f is the increase of the field within the magnetosphere
due to the curvature of the magnetopause, and & relates to the flow divergence around the magneto-
sphere, as determined by Schield {1969]).
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A restricted subset of the 1146 magnetopause crossings above has been used for this more compre-
hensive study. Magnetopause crossings beyond x = -5 R are not used because the ellipsoidal model
above becomes inappropriate far down the tail, causing large errors in the mapped stand-off position.
In addition, since the magnetic field along the magnetotail does not fall off as /=2, we cannot expect the
mapped crossing positions to vary as the inverse one-sixth root of the solar wind dynamic pressure.
The data set has also been restricted such that each pass of the ISEE spacecraft observed only a single
or triple crossing of the magnetopause. We have been able to determine the upstream solar wind dy-
namic pressure using observations from either the LANL electrostatic analyzer on board ISEE-3, or
from the Faraday cup on IMP-8. In performing this determination, the time delay between the solar
wind monitor and ISEE-1 and -2 was assumed to be equal to the solar wind cenvection time (plasma
observations of 5 minute resolution were used in this study). When solar wind observations by both
ISEE-3 and IMP-8 were available, the IMP-8 values were used, since this spacecraft was closer to
ISEE-1 and -2. The helium ion content was incorporated into the mass density calculation for each
case. The crossings were also segregated according to the direction of the interplanetary magnetic
field, as measured by the solar wind magnetometers. This was done because southward fields act to
erode magnetic flux from the dayside magnetosphere, reducing the size of the dayside magnetosphere
(Aubry et al., 1970]. The mapped crossings are shown in Figure 1. The dashed line represents the
theoretical result from Equation 2, and solid lines are linear regressions to the individual data sets.
Despite the scatter of mapped magnetopause positions (especially when the IMF is southward), the re-
gression slopes are very similar to the theoretical prediction. The regression for northward IMF cross-
ings is seen to have larger rq values than for southward IMF crossings by approximately 0.5 Re at the
same dynamic pressure, as reported earlier by Petrinec et al. [1991]. Table 1 displays the number of
points in each data set, calculated values of the slope, intercept and correlation coefficient, and the
probability that the slope of the regressionline 1s non-zero.
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Fig. 1. The magnetopause stand-off position for cases in which solar wind dynamic pressures are ob-
served by either IMP-8 or ISEE-3 for (a) northward IMF cases and (b) southward IMF cases. The
dashed line represents the theoretical dependence, and the solid lines represent linear regressions of the
mapped magnetopause crossings. Units are in R, along the vertical axis, and (Pa)-1/6 along the
horizontal axis. Error bars reflect the uncertainty of the subsolar position due to the assumed average
magnetopause shape (€ = 0.45120.07).
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Table 1. Statistical Results of Figure 1

# slope intercept _correl. coeff. | (1-(p-value)) %
Theoretical -—-- .369 0 — —-
Northward IMF | 95 .35+.02 48+.68 .83 > 99
Southward IMF | 97 | 3504 | -02+.97 71 >99
3. EFFECT OF IMF B,

Using a solar wind dynamic pressure of 2.10 nPa (the median dynamic pressure for the crossings in
this data set), we are able to normalize the mapped magnetopause positions according to the formula:

510 -1/6
("0)11 = ’-0(_—_‘——j (3)

pvz(nPa)

It has already been mentioned that the direction of the IMF plays an important role in determining the
size of the magnetosphere. Therefore, we can examine in a quantitative sense the influence of the B,
(GSM) component of the solar wind field, utilizing the ISEE-3 and IMP-8 spacecraft observations,
with the appropriate time delays. Although we expect the erosion process to be a time-integrated effect
(cf. Aubry et al., 1970), this approach should be reasonably accurate. The result of this exercise is il-
lustrated in Figure 2. The stand-off distance (normalized by the solar wind dynamic pressure) is plotted
along the vertical axis, while the magnitude of the B, component of the magnetic field, observed by
the ISEE-3 magnetometer, is plotted along the horizontal axis. For southward IMF, the normalized
stand-off position is found to decrease with decreasing B;. In contrast, there essentially is no change in
position with increasing B for the northward IMF cases. The correlation coefficient is only -0.057,
with a 58% chance that the correlation is not real. This suggests that the magnitude of B, does not
affect the magnetopause position when the IMF is northward. This result differs from the Sibeck et al.
[1991] study, in which it was shown that the magnetopause increased in size even when the IMF was
northward. One possible reason for this discrepancy is that the solar wind parameters used by Sibeck et
al. were hourly averages, and that crossings that were assumed to occur during northward IMF may
actually have had intervals of southward IMF for some time during the hour-long average.

Table 2. Statistical Results of Figure 2

# slope intercept correl. coeff. | (1-(p-value))%
Northward IMF |95 | -.012+.021 10.22+.11 -.06 42
Southward IMF | 97 .16£.03 10.32+.12 45 > 99
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Fig. 2. The magnetopause stand-off position, normalized by the median solar wind dynamic pressure,
versus the IMF B, magnitude (GSM) observed by ISEE-3 or IMP-8 at the (convected) time of the
magnetopause crossing. Error bars are normalized by the solar wind dynamic pressure as well, but may
not be precise because no account of errors in dynamic pressure are included.

4. DST INDEX

The magnetosphere contains energetic plasma, particularly in the equatorial ring current, which con-
tributes to the energy density within the magnetosphere. We would expect that the more intense the
ring current, the larger the effective magnetic moment of the earth, which in turn would alter the size
of the magnetosphere. A theoretical estimate of the expected position of the magnetopause stand-off
position as a function of the intensity of the ring current can be made. Assuming that a Dst index of 0
nT as measured at the surface of the earth corresponds to the nonexistence of a ring current, then we
find that the magnetopause stand-off position lies at 10.0 Re for a solar wind pressure of 2.52 nPa
(Equation 2). If we also assume that the ring current can be approximated by a filamentary circular
loop with radius 5 Re, then the magnetic field in the plane of the current loop can be calculated as
[Jackson, 1975]:

1904,
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A Dst index of -100 nT measured at the earth is then produced by a ring current that would perturb the
magnetic field in the equatorial plane at 10 Re by 2.5 nT (neglecting for the moment the effect of the
electrically conducting interior of the earth on the ground station magnetometer measurements). The
ring current then increases the effective magnetic moment of the earth by approximately 8%, which
would increase the magnetopause stand-off distance by 0.25 Re. The internal conductivity of the earth
acts to increase the measured field due to external sources by ~50% [Russell et al., 1992], such that a
33% smaller ring current would be required to produce such an effect, and the field due to the ring cur-
rent would only be 1.7 nT at 10 Re.

The Dst index as measured at the surface of the Earth, however, does not consider changes in the solar
wind dynamic pressure. Increases in the solar wind dynamic pressure act to increase the magnetic field
observed at the earth's surface, and this is not necessarily due to an increase in ring current intensity.
The effect of solar wind dynamic pressure on the Dst index is documented in [Russell et al., 1992]. We
can eliminate this effect according to the following relation:

Dst* = Dst - 16.5 \ pv2(nPa) )

For northward IMF subsolar positions normalized by the solar wind dynamic pressure, we find no in-
dication that the position of the dayside magnetopause, and hence the size of the dayside magneto-
sphere, increases as the ring current becomes more intense (Figure 3a). For southward IMF cases
(Figure 3b), we find a slight trend opposite to that expected. However, the effect of erosion during
southward IMF is statistically correlated with the strength of the ring current (through the strength of
the southward component of the IMF [Burton et al., 1975]), and this effect may be the reason for the
slight correlation observed. We use the linear regression line from Figure 2 to try to account for the ef-
fect of magnetospheric erosion. As can be seen in Figure 3¢ and Table 3, once the effect of southward
fields is taken into account, we find no dependence of the ring current intensity on the size of the mag-
netosphere. The remaining scatter, however, prevents any strong conclusion of this aspect of the study
from being drawn. The large amount of scatter remaining also indicates that the effect of magneto-
spheric erosion is not easily removed, and we suggest that the history of the IMF 1s important.

Table 3. Statistical Results of Figure 3

# slope(x10-3) intercept correl. coeff. (_1__—___P_U—value))%
Northward IMF T .131+3.48 10.18+.17 .0037 3
Southward IMF 97 5.98+2.76 10.07+.19 22 97
South. IMF (corr. by B;) | 97 -1.9212.68 10.21+.18 -.073 52

5. CONCLUSIONS

The size of the magnetosphere is set to zeroth order by the magnitude of the solar wind dynamic pres-
sure, but it is influenced also by the direction of the IMF. Linear regressions of the magnetopause
stand-off position as a function of solar wind dynamic pressure finds good agreement with theory for
northward IMF cases using the ISEE-3 and IMP-8 monitors. When the IMF is southward, the magne-
topause stand-off distance is calculated to lie approximately 0.5 Re closer to the earth than for north-
ward IMF, consistent with the concept of reconnection for periods of southward IMF.

Normalized ISEE crossings of the magnetopause reveal that on average the boundary decreases in size
by 1 Re for every 6 nT of southward B,. There appears to be no trend for northward B;. This result is
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Fig. 3. The magnetopause stand-off position (normalized by pv2) versus the adjusted Dst index for (a)
northward IMF crossings, (b) southward IMF crossings. and (¢) southward IMF crossings, corrected
by the instantaneous value of IMF B,. Error bars may not be accurate because it is assumed that dy-

namic pressure and IMF B, values are absolute.
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