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ABSTRACT

New models for the size and shape of the Earth’s magnetopause and bow shock are derived, based on a criterion for selecting
the crossing events and their corresponding up-stream solar wind parameters. In this study, we emphasize the importance of
accurate interplanetary parameters for predicting the size and shape of the magnetopause and bow shock. The time lag of the
solar wind between the solar wind monitor and the location of crossings is carefully considered, ensuring more reliable
up-stream solar wind parameters. With this database new functional forms for the magnetopause and bow shock surfaces are
deduced. In this paper, we briefly present the preliminary results. For a given up-stream solar wind dynamic pressure D,, an
IMF north—south component B,, a solar wind S and a magnetosonic Mach number My,g, the parameters that describe the
magnetopause and bow shock surfaces ry and a can be expressed in terms of a set of coefficients determined with a
multi-parameter fitting. Applications of these models to extreme solar wind conditions are demonstrated. For convenience, we
have assumed that 7y, B. and D, retain their units, except in equations where they are normalized by 1 Rz(Earth radius), 1 nT
and 1 nPa, respectively.

INTRODUCTION

The magnetopause (MP) and bow shock (BS) play an important role in protecting the Earth from the harmful effects of the
solar wind. Generally speaking, subsolar points of the MP and BS are located at about 10 and 15 R, respectively, from the
Earth under normal solar wind conditions. Chapman and Ferraro [1931] first suggested the existence of an MP boundary.
Subsequently, many MP models have been proposed [Fairfield, 1971; Holzer and Slavin, 1978; Sibeck et al., 1991; Petrinec et
al., 1991; Petrinec and Russell, 1993, 1996; Roelof and Sibeck, 1993; Shue at al., 1997, 1998; Kuznetsov and Suvorova, 1998;
Kawano et al., 1999]. Most MP models use either a general equation of an ellipsoid with two parameters (the eccentricity and
standoff distance) or a general quadratic equation. Cairns et al. [1995] discussed the limitations of using an elliptic equation.
Recently, Shue et al. [1997] presented a new function to fit the size and shape of the MP:
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where 7y and o are the standoff distance and the level of tail flaring, respectively, and (r, @) are polar coordinates in the
ecliptic plane with the origin at the Earth’s center and the axis along the Sun—Earth line. The model is derived from crossings
near the ecliptic plane. Thus, the model may not be suitable for use with high-latitude crossings. For high-latitude crossings,
the model of Boardsen et al. [2000] can be applied. In the present study, we use the same functional form as Shue et al. [1997].
However, the database differs from that of their model by using a more accurate time shift of the solar wind propagating from
IMP 8 (or ISEE 3) to the Earth. So that the database can be used for extreme solar wind conditions, the MP crossings by
geosynchronous satellites are included. We will discuss the possible bias due to the satellite’s particular orbits and how it can
be minimized in our model.



The study of the large-scale size and shape of the Earth’s BS has a long history [see for example Beard, 1960, 1962; Midgley
and Davis, 1962; Spreiter et al., 1966; Dryer and Heckman, 1967; Gosling et al., 1967; Russell et al., 1968; Behannon, 1968;
Binsack and Vasyliunas, 1968; Egidi et al., 1970; Fairfield, 1971; Formisano et al., 1971, 1973; Formisano et al, 1973,
Spreiter and Rizzi, 1974; Villante, 1976; Russell, 1985; Formisano, 1979; Slavin and Holzer, 1981; Slavin et al., 1984,
Greenstadt et al., 1990; Farris et al., 1991; Nemecek and Safrankova, 1991; Cairns and Grabbe, 1994; Farris and Russell,
1994; Cairns and Lyon,1995; Cairns et al., 1995, 1996; Peredo et al., 1995; Lepidi et al., 1996; Russell and Petrinec, 1996;
Slavin et al., 1996; Bennett et al., 1997, and references therein]. On the theoretical side, the studies are mainly based on
numerical simulations using gas dynamic and hydromagnetic approaches [Spreiter et al., 1966; Dryer and Heckmann, 1967,
Spreiter and Rizzi, 1974; Cairns and Lyon, 1995; Song et al., 1999]. Much attention has been given to the fitting and
empirical modeling of the BS boundaries. The purpose of those works was to test and refine theoretical models of the solar
wind flow about the magnetosphere. This boundary is readily identifiable and the observed position and shape can be used to
validate theoretical predictions. In addition, the development of empirical models can meet operational needs and the
contributions of such models may improve our understanding of the solar wind/magnetosphere coupling which is important for
space weather studies. For our BS model we use a similar functional form to that used by Shue et al. [1997] for the MP (i.e. the
same form as Eq. 1). The parameters r, and « that describe the BS surface are functions of B., D,, 5 and M,,, determined
with a multi-parameter fitting. In the following sections we describe our derived models of the MP and BS.

A MAGNETOPAUSE MODEL

We have improved the database of MP crossings used by Shue et al. [1997, 1998] based on the following considerations. In the
old database, the time shift of solar wind propagating from IMP 8 (or ISEE 3) to the Earth is assumed to be constant for
simplicity (10 minutes for IMP 8 and 50 minutes for ISEE 3). However, the speed of the solar wind can change substantially in
a 10-minute (or 50-minute) interval and hence the transient time can vary by a large amount. This transient effect appears to
be very important especially for those MP crossings that occur near the Earth. Since these crossings are associated almost
exclusively with sudden changes in the solar wind speed and density, using only a default time delay would lead to solar wind
conditions different from the actual enhancements. Therefore, we use the actual satellite positions and the measured solar
wind speed to estimate a more accurate time shift for the database. In the flank region of the magnetosphere, the BS is so weak
that it cannot be detected easily. Thus, the data from IMP 8 could have been taken incorrectly as the solar wind values when the
satellite was in fact in the magnetosheath. Such a situation is eliminated in the new database.

Finally, 552 crossings have been selected. The ranges of the solar wind parameters are — 15 <B.<15nTand 04 <D, <9
nPa. All crossings have been corrected for aberration in the GSM coordinate system. Our model has the same functional
form as that of Shue et al. [1997], but the way in which r and o depend on B. and D, is different. The predicted errors in our
model are approximately 10% less than those in the Shue et al. [1998] model. In order to distinguish magnetopause
responses under normal and extreme solar-wind conditions, the dependence of ry is derived separately. Those observed
crossings with » > 6.7 R and » < 6.7 Ry are used to derive a relationship for normal and extreme solar-wind conditions,
respectively. Then these relationships are used as the models for normal and extreme solar-wind conditions with ry > 7.0
Ry and ry < 6.4 R, respectively. The reason for choosing ¢ > 7.0 Ry as the boundary of normal solar wind conditions is
somewhat arbitrary. Since all three models under consideration can predict the magnetopause crossings very well for ¢ >
7.0 Rg , we use one model to describe this region. Because the r, vs D, dependence is very different in the regions » > 6.7
Ry and r < 6.7 Rg, we choose r( < 6.4 R as the boundary for extreme solar wind conditions. This choice is obtained through
an iterative procedure, described in the latter part of this section. A continuous and smooth variation of ry is required
between 6.4 and 7.0 Rg. It is found that if we assume In(ry) vs D, is linear in the region 6.7 < ry < 7.0 Rg, but ry vs D, is
linear in the region 6.4 < r < 6.7 Rg, then we have a continuous and smooth transition such that both 7, and dr(/dD, are
continuous functions of D,, while dry/dD, is always negative from normal to extreme conditions. The total errors from the
best fit with interpolation are found to remain the same as that without interpolation. Then, our model is obtained as
follows:
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In deriving our model, the following three assumptions have been made. First, the functional forms in terms of D, and B, for
normal and extreme conditions are assumed to be the same, except that the coefficients are different. Second, the subsolar
distances 7o for B. > 0 depend only on D, with a power index equal to —1/a,, where a, can differ between normal and
extreme conditions. Third, the coefficients a,, a5, d,anda, do not change between normal and extreme conditions. With
these assumptions, we derive the coefficients a, = 11.646,a,= 0.216, a, = 0.122,a,= 6.215,a;= 0.578,a,=- 0.009 and
a,= 0.012 for the normal solar wind conditions (i.e. o> 7.0 Rg). The standard deviation (SD) from the best fit for the



normal solar wind conditions is 1.14 R. It is also found that the coefficients for extreme conditions (i.e. 7y< 6.4 Rp) are a,=
11.646, a,=0.169, a,=0.158, a,=6.800, a;=0.578, a,=-0.009 and a,=0.012, with SD = 0.55 R from the best-fit
procedure. For B. > 0, the function for region 6.7 < ry < 7.0 R is In(r) — In(7) = Cy(D, — C;), where C; =-0.003 and C, =
23.7. The function for 6.4 <ry < 6.7 Rgis ro— 6.4 = C3(D, — C,), where C;=- 0.015 and C, = 58.6 calculated from the first
equation of Eq. (2). As for B, <0, the coefficients C; C, C; and C, can also be calculated from the other equations in Eq. (2)
which have a B, dependence.

In deriving the model for the extreme solar wind conditions, the MP crossings observed by geosynchronous satellites are taken
into consideration. The possible bias due to the satellite’s particular orbits may be minimized in deriving a model for ry = 6.6
Rj if we use the following procedure. Figure 1 shows the predicted contour plots of ) = 6.6 Ry for various MP models. The
models of Shue et al. [1998] and Petrinec and Russell [1996] are shown as dashed and dotted lines, respectively. The solid line
between the dashed and dotted lines is the prediction of 7y = 6.6 Rz from our model for the normal solar wind condition. The
crosses in the figure are the interplanetary D, and B. values associated with those crossings that were observed by GOES
satellites, implying that these MP have already moved inside the geosynchronous orbit. By inspecting the positions of these
three contours with respect to the crosses, it is apparent that the predicted 7y = 6.6 Rz contours are slightly outside the
boundaries of the crosses. Ideally, the contours should be as close as possible to the outer edge of the crosses.

Intuitively, a better model may be obtained if the contour 7y = 6.6 R is moved toward the boundary of these crosses. So that
the model does not over-predict and a false alarm can be minimized, we need the contour of ry = 6.6 Rg to be well inside the
outer boundary of the crosses. Once the location of ry = 6.6 Ry is determined, we anticipate that our model will cover the
region ry> 6.4 Rg. In deriving the model for the extreme condition (i.e. 7o< 6.7 Rg), we first require that the contour ry = 6.6
Rp is as close as possible to the boundary of the crosses. Secondly, we require a smooth transition from the normal to extreme
conditions of 7;in the region (7.0, 6.4) in which a linear In(r,) vs D, relationship is assumed for the interval (7.0, 6.7), but a
linear ry vs D, applies in interval (6.7, 6.4).  This procedure requires iteration.

We have a model covering the ranges of both the normal and extreme solar wind conditions. Since there were no crossings
available for (< 6.4 Ry in the derivation of our model, the extreme solar wind condition cannot be applied for regions much
less than r( = 6.6 R;. Hence, our prediction is not reliable in the region ry< 6.4 R;. The contour r, = 6.6 Rzthus obtained is
shown in Figure 1 as the solid line on the far right-hand side. The prediction of our model is now quite different from that of
the other two models. However, under normal solar wind conditions, all three models predict very similar values of ry. Note
that no change of the a coefficients for & is assumed from the normal to extreme conditions

The contours of ryand a for the normal and extreme solar wind conditions are given in Figures 2(a) and 2(b). Under extreme
solar wind conditions, Yang et al. [2001] have shown that our model predicts more accurate geosynchronous MP crossings, as
given in Table 1, where the three parameters are defined: probability of prediction (PoP), probability of detection (PoD) and
false alarm rate (FAR). These parameters quantify the forecasting capability of a model. Higher PoP and PoD values with a
lower FAR imply a better forecasting model. It is evident that our model gives a better prediction.

The models of Petrinic and Russell (1996) and Chao et al.

Table 1. Comparison of prediction capabilities for three models (1997) predict that a larger southward value of B. can push

from 1986-1992(unit: %) the magnetopause further closer to the Earth regardless how
large the value of the negative B, is. On the other hand, the
Model PoP PoD FAR models of Shue et al. [1998] and Kuznetsov and Suvorova
[1998] suggest that the value of the negative Bz has a limit.
Yang et al. [2001] 79 96 69 In addition, the sheath encounters shown in Figure 6 (pluses)
of Yang et al. [2001] seem to suggest that the negative B,
Shue et al. [1998] 67 93 3 cannot further reduce the magnetopause distance when B,

become less than a certain negative value. We describe the

B, influence as ‘saturated’ [Dmitriev et al., 2001]. From an

97 85 event study, we also found that the saturation can be

[1996] approximated by B, = (- 12 — D,) if we have B.< (- 12 -
D,). The parameter « in Eq. (1) controls the level of tail

Petrinec and Russell
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Fig.1. Predicted contour plots of (= 6.6 Re for various magnetopause models. Models of Shue et al. [1998]
and Petrinec and Russell [1996] are shown as dashed and dotted lines, respectively. The solid line between
the dashed and dotted lines is the extrapolated values for (= 6.6 Re from our model in the normal solar wind
condition. The other solid line is from our present model. The cross-signs show the D, and B. values when
GOES’s are inside the magnetosheath.
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Fig. 2. Left: Contour plots for r(as a function of D, and B, for both normal and extreme solar wind conditions
(Chao, 1997). Right: Contour plots for ¢ as a function of D, and B. for our new model (Chao, 1997).



flaring of the magnetopause. However, the contour plots of « in Figure 2 are derived from crossings under normal solar wind
conditions that may not be reasonable for large D,. Therefore, we suggest that the dependence of @ on D, should gradually
diminish when D, approaches a large value. Thus, we assume that the coefficient a; = a;*exp (- D, /10). Eventually, these two
effects will be considered in detail in future studies.

A BOW SHOCK MODEL

To develop an empirical model for the size and shape of the Earth’s bow shock, the selection of the BS crossings and their
associated upstream parameters are important. The solar wind parameters are not constant during the periods of the BS
crossing. A sharp change in solar wind parameters often causes the crossings. The hourly average values of the solar wind are
included in the BS database in some earlier work, but they may not be correct. The actual values responsible for the BS
crossings can be quite different from the hourly average values. When there are sharp changes in the solar wind parameters, the
BS will move from a previous equilibrium to a new one. Since the satellite’s location is taken as the BS equilibrium position
when the satellite passes by, the real equilibrium position of the BS is not properly obtained.

To derive a BS database, we have used high-resolution data from the ISTP-Key parameters of WIND and GEOTAIL. These BS
crossings in quasi-steady conditions are chosen for our BS database. In one of the following two cases, with upstream solar
wind conditions, we have selected the two BS crossings:

(1) Only one BS crossing is observed and occurs slowly.
(2) In the case of multiple crossings, only the middle one is selected to represent and weighted all crossings.

The crossings that are apparently transient events caused by sharp changes of solar wind parameters have not been selected for
our database. To demonstrate the selection of quasi-steady BS and their corresponding upstream solar wind parameters, we
present two examples. In Figure 3, the solar wind parameters observed by WIND (solid curves) and the magnetic fields
observed by GEOTAIL (dashed curves) during 0700-1400UT, April 11, 1996 are shown. At this time, WIND is located at
~80 Ry upstream from the GEOTAIL and observed solar wind velocity at ~425 km/sec. The times of GEOTAIL have been
properly shifted by an amount equal to solar wind travel-times from WIND to GEOTAIL.

From the top to bottom panels of Figure 3, the magnitudes of the magnetic field B, and its two components B, and B., together
with D, and Mg, are shown. By comparing the solid and the dashed curves, it is possible to identify GEOTAIL’s repeated
crossings of the BS. We select two crossings observed under steady-state solar wind conditions in this figure. During these two
periods, the solar wind parameters were very stable, as can be seen in the figure. Therefore we suggest that the observed BS is
at equilibrium for the corresponding solar wind conditions.

In our second example, multiple crossings observed by GEOTAIL are shown in Figure 4.  Multiple crossings occurring with
quasi-steady upstream conditions indicate that the BS is close to a steady state. We take the middle crossing as our selected
event. At this time, WIND is 231.7 Ry upstream of the Earth observed at a solar wind velocity of ~640 km/sec. Thus, the solar
wind traveling time is approximately 38 minutes. We take this to be the time shift for GEOTAIL as shown by the dashed
curves in Figure 4. Note that the first BS crossing at about 16:45 UT cannot be used for our database because the fast
crossing by GEOTAIL indicates that the BS has moved out too far from the location of GEOTAIL. With this constraint, only
265 such events were selected for the period 1995-97 from GEOTAIL using WIND as the solar wind monitor. With proper
weight added to the events, we finally obtained an equivalent of 1438 crossings for our fitting to derive a BS model.

The size and shape of the BS surface in aberrated polar coordinates with the origin at the Earth's center is described by a
nonlinear function similar to Eq. (1) for the MP:

a
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where r is the radial distance from the Earth to the predicted BS along the Earth—satellite line, ry is the standoff distance of the
BS, 6 is the cone angle from the x-axis, £1is a parameter similar to the eccentricity, and « is the level of tail flaring.

In order that our BS model is consistent with the results of the distant crossings (Bennett et al., 1997), the parameter £ has been
included in Eq. (3). The parameters 7, and & are both functions of B., D,, 5 and Mys. The BS with aberration corrected is
treated to be axi-symmetric. The effect of the y-component of solar wind velocity V) is also considered in the aberration. The
BS model is obtained by using a multi-parameter fitting scheme. The optimization is carried out by a chi-squared minimization
of the difference between model predictions and observations. The best-fit results for the parameters ry, & and € can be



expressed as the following two sets of equations, depending on the sign of B, (Chao et al., 1999).

-DM . +2
ro =a;(1+a,B. )1 +agf)1 +a, (a5 = 1) = )Dpl/“11 for B, 20
(a8 + I)va
a=as(l+apB.)(1+a;D )l +apn(l + BN +ayM,,) S
-DMZ +2
ro =a;(1+asB_ )1+ ag)l +a, (a5 = 1) m——Z)p U for B, <0
(aS + I)Mms
a=as(l+agB, )1 +a;D )1 +a, In(1 + B +a,M,,)
where £=a;, and the coefficients are shown below:
a,=11.1266 a,=0.0010 a3=-0.0005 a;=2.5966 as=0.8182
as=-0.0170 a;=-0.0122 ag=1.3007 a9=-0.0049 ap=-0.0328
a11=6.047 a;np= 1.029 013:0.0231 014:-0.002

The errors from the best-fit procedure give a standard deviation of 1.2 R The functional dependences of ry, and & on the

parameters D, B., fand My are given in Figure 5.
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Fig. 3. Two bow shock crossings (shaded area) observed
by the GEOTAIL satellite (dashed lines) at ( - 7.0, 27.5, -
2.9) in GSE coordinates on April 11, 1996. The satellite
passes through the shock gradually indicating that the
shock is in an equilibrium position, whereas the upstream
parameters (solid lines) observed by WIND during the
same periods show little change. From top to bottom, the
magnetic field and its two components in GSE coordinates,
the solar wind dynamic pressure D, the magneto-sonic
Mach number My, and the ratio of thermal to magnetic

pressure [ are shown.
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Fig. 4. Multiple bow shock crossings (shaded area)
observed by GEOTAIL (dashed lines) at (0., 28., -3.5) in
GSE coordinates on April 8, 1995. The satellite
GEOTAIL observed multiple bow shock crossings
whereas the upstream parameters (solid lines) observed by
WIND remain unchanged during this period indicating the
bow shock is in equilibrium position. The same
parameters as in Figure 1 are shown from the top to the
bottom.
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Fig. 6. Predicted distances » of the bow shock (fluctuated
line) and the GEOTAIL’s orbit (smooth line) from the
Earth’s center (in units of Rg). The horizontal bars in the
lower part of the figure indicate the actual positions of
GEOTAIL in interplanetary space.

To demonstrate the capability of the model for predicting the
position and shape of the Earth’s BS, we give the following
example. During the period October 18-20, 1995, an
interplanetary magnetic cloud (IMC) was observed to pass
the Earth. WIND recorded its interplanetary characteristics
at 175 Ry upstream of the Earth’s BS, and about 45
minutes later GEOTAIL, being near the nominal location of
the dawn-side of the BS, detected multiple BS crossings.
Using the data from WIND, we predicted the changes in
position and shape of the BS from our semi-empirical BS
model, caused by the interaction of the IMC with the
magnetosphere. Figure 6 shows a comparison of the BS
motion predicted by the model with GEOTAIL observations
of the actual BS crossings. Both the distance of GEOTAIL
from the Earth’s center (i.e. corresponding to GEOTAIL’s
trajectory) and the distance of the BS from the Earth’s center
along the Earth-GEOTAIL direction, as predicted from our
semi-empirical model at a time resolution of 1.5 minutes, are
shown as a function of time. The transient time from WIND
to GEOTAIL has been correctly shifted. Our prediction of
the BS crossings is shown as the intersection points of the
predicted BS distances (solid lines) and the trajectory of
GEOTAIL. The horizontal bars in the lower part of the
figure indicate the actual positions (or periods) of GEOTAIL
being in interplanetary space; otherwise, it is in the
magnetosheath. Thus, the positions when GEOTAIL changes
from one region to the other represent the observed
crossings by GEOTAIL. It is apparent from this figure that
our predictions agree very well with observation.

DISCUSSION AND SUMMARY

In our derivation of the models for both the MP and BS, we
have assumed that the subsolar distances are proportional to
D, to a power of —1/a, as in Eqs (2) and (4) where in theory
a = 6.0 for an ideal dipole magnetosphere. The empirically
determined a values for both the MP and BS are close to 6.0,
indicating our assumed functional form of D, is close to the
ideal dipole result. For the case of the MP, ry and a are
functions only of D, and B.. Since the observation of a
southward B, related to inward motion of the MP has long
been recognized, magnetic reconnection may play a role in
the physics of this inward motion. It is possible that the V, B,
term is more important than B, for controlling this inward
motion. However, our preliminary study shows that using V.
B, instead of B, increases the error in the fitting. Thus, we
have continued to use B, as a control parameter in this study.
According to Eq. (2), the subsolar position of the MP is
independent of B, when it is northward and more strongly
depends on the southward B, (i.e. a3 is not much smaller
than 1). Since most of the crossings of the MP are on the
dayside, the parameter a controlling the flaring of the MP
for the tail part may not be statistically significant. More
tests for the distant tail crossings are needed to verify the
applicability of this model to the tail region of the MP. The
subsolar distance and the flaring of the BS are controlled by
the four variables D,, B., f and M.



We have also noticed that the subsolar distance 7y of BS is weakly dependent on B, whereas for the MP the B, dependence is
stronger. The model has been tested successfully both for normal and for extreme solar wind conditions when the solar wind
number density and Mach number can drop to much smaller than normal values [Lin et al., 2000].

In summary, we have derived new models for the size and shape of the Earth’s MP and BS, based on a criterion for the
selection of crossing events and their corresponding up-stream solar wind parameters. Our work emphasizes the importance
of accurate interplanetary parameters in making predictions. Although these models are derived using crossings under normal
solar wind condition, they have also been applied to extreme solar wind conditions with reasonable success. During the coming
solar maximum, more events under extreme solar wind conditions can be used to test the models
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