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A three-dimensional asymmetric magnetopause model
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[11 A new three-dimensional asymmetric magnetopause model has been developed for
corrected GSM coordinates and parameterized by the solar wind dynamic and magnetic
pressures (P, + P,,), the interplanetary magnetic field (IMF) B,, and the dipole tilt
angle. On the basis of the magnetopause crossings from Geotail, IMP 8, Interball, TCI,
Time History of Events and Macroscale Interactions during Substorms (THEMIS), Wind,
Cluster, Polar, Los Alamos National Laboratory (LANL), GOES, and Hawkeye, and
the corresponding upstream solar wind parameters from ACE, Wind, or OMNI, this model
is constructed by the Levenberg-Marquardt method for nonlinear multiparameter fitting
step-by-step over the divided regions. The asymmetries of the magnetopause and the
indentations near the cusps are appropriately described in this new model. In addition, the
saturation effect of IMF B, on the subsolar distance and the extrapolation for the distant
tail magnetopause are also considered. On the basis of this model, the power law index
for the subsolar distance versus P; + P,, is a bit less than —1/6, the northward IMF B,
almost does not influence the magnetopause, and the dipole tilt angle is very important
to the north—south asymmetry and the location of indentations. In comparison with the
previous empirical magnetopause models based on our database, the new model improves
prediction capability to describe the three-dimensional structure of the magnetopause.

It is shown that this new model can be used to quantitatively study how P, + P,
compresses the magnetopause, how the southward IMF B, erodes the magnetopause, and
how the dipole tilt angle influences the north—south asymmetry and the indentations.

Citation: Lin, R. L., X. X. Zhang, S. Q. Liu, Y. L. Wang, and J. C. Gong (2010), A three-dimensional asymmetric
magnetopause model, J. Geophys. Res., 115, A04207, doi:10.1029/2009JA014235.

1. Introduction

[2] The Earth’s magnetopause is the result of the inter-
action between the supersonic solar wind and the Earth’s
magnetic field. The magnetopause basically separates the
interplanetary magnetic field from the Earth’s magnetic field
and prevents most solar wind plasma from entering the
Earth’s magnetosphere. It adjoins the low-latitude boundary
layer, the entry layer, the cusp, and the plasma mantle
[Eastman et al., 2000; Phan et al., 1997]. 1t is also the place
where the reconnection occurs with the mass, energy, and
momentum transfer from the magnetosheath into the mag-
netosphere. Previous theoretical and statistical studies indi-
cate that the global structure of the magnetopause is greatly
influenced by the solar wind plasma and the interplanetary
magnetic field. Under various solar wind conditions, the
magnetopause subsolar distance ry can be changed from 5.2
to 14 Ry [Kuznetsov and Suvorova, 1998]. When ry is less
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than 6.6 Rz, geosynchronous satellites may cross the mag-
netopause and experience anomalies such as attitude and
angular momentum control distortion [Shue et al., 2001].
Therefore, the prediction of the magnetopause size and shape
is important not only for theoretical research and numerical
simulation but also for space weather applications.

[3] Various empirical magnetopause models have been
developed in the past [Fairfield, 1971; Howe and Binsack,
1972; Holzer and Slavin, 1978; Formisano et al., 1979,
Petrinec et al., 1991; Sibeck et al., 1991; Roelof and Sibeck,
1993; Petrinec and Russell, 1993, 1996; Kuznetsov and
Suvorova, 1996, 1998; Shue et al., 1997, 1998; Kawano
et al., 1999; Boardsen et al., 2000; Kalegaev and Lyutov,
2000; Chao et al., 2002]. Most of them were developed
mainly on the basis of low-latitude magnetopause crossings
with the rotationally symmetric assumption and parameter-
ized by the solar wind dynamic pressure P, and/or the
interplanetary magnetic field (IMF) B,. These rotationally
symmetric models often use an elliptic function, a parabolic
function, or the Shue model function as a basic functional
form to describe the magnetopause. In order to overcome
the limit of an elliptic function, which must cross at some
point on the nightside and cannot represent the distant tail
magnetopause [Slavin et al., 1985], Petrinec and Russell
[1996] used the inverse trigonometric functions to describe
the nightside magnetopause, and Kawano et al. [1999] used
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Table 1. Summary of 1226 Magnetopause Crossings
Solar Wind—Crossing Satellites
Cluster Geotail GOES IMP 8 Interball LANL Polar TCl1 THEMIS Wind Total
ACE 292 119 8 1 31 11 135 246 199 3 1045
Wind 0 125 0 5 51 0 0 0 0 0 181
Total 292 244 8 6 82 11 135 246 199 3 1226

a cylinder to represent the tail magnetopause from the
position where its transverse radius (R = v/ Y2 + Z2) reaches
the maximum. The Shue model function has the flexibility
to produce an open or closed magnetopause and has a
reasonable extrapolation ability to predict the distant tail
magnetopause. In addition, the saturation influence of
southward IMF B, on r is also considered in the Shue et al.
[1998] model and the Kuznetsov and Suvorova [1998]
model. It is noted that the Petrinec and Russell [1996]
model, the Shue et al. [1998] model, and the Chao et al.
[2002] model have an appropriate capability to forecast
geosynchronous satellites crossing the magnetopause under
extreme solar wind conditions [Yang et al., 2002].

[4] For the high-latitude region, Formisano et al. [1979]
constructed an average magnetopause size and shape in
SM coordinates for two dipole tilt angle (¢) values.
Boardsen et al. [2000] developed a quantitatively empirical
high-latitude magnetopause model parameterized by P,
IMF B., and ¢ for corrected GSM coordinates on the
basis of the Northern Hemisphere magnetopause crossings.
Boardsen et al. [2000] did not fully model the three-
dimensional magnetopause indentation owing to the limi-
tation of model functions. This model is only valid near the
subsolar region and at high latitudes in the near-Earth region
with Xges > —5 Rg and is not appropriate for the low
latitudes away from the subsolar region.

[5] Obviously, these available magnetopause models are
not satisfactory for describing the global magnetopause
structure. The main purpose of this paper is to develop
a new three-dimensional global magnetopause model to
overcome the limitations and disadvantages of the models
mentioned above. In section 2 we collect the available
magnetopause crossings from multiple satellites using a
more accurate method for the calculation of the solar wind
propagating time from upstream satellites to magnetopause
crossings to replace the uniform propagating method
[Boardsen et al., 2000; Chao et al., 2002] and the constant
shift time method [Shue et al., 1997, 1998]. In section 3 we
expand the Shue model function to a new function, which
can describe the global magnetopause, including the asym-
metries and the indentations. On the basis of these data and
the new model function, in section 4 we select the param-
eters important for controlling the size and the shape of the
magnetopause by the decrease of the standard deviation, and
we get the relationships between them and the magneto-
pause by the nonlinear multiparameter fitting step-by-step.
Additionally, we introduce a new continuous function for
the relationship between IMF B, and the magnetopause to
replace a piecewise linear function. In section 5 we briefly
discuss the characteristics of this new magnetopause model,
including the comparison with previous models on the basis
of our data, the influences of P, and IMF B, on the mag-
netopause, and the properties of asymmetry and indentation

of magnetopause. The conclusions of the new magnetopause
model are given in section 6.

2. Data

[6] In this investigation we collect 1226 magnetopause
crossings from Cluster, Geotail, GOES, IMP 8§, Interball,
Los Alamos National Laboratory (LANL), Polar, TC1, Time
History of Events and Macroscale Interactions during Sub-
storms (THEMIS), and Wind with their corresponding
5 min average solar wind parameters from ACE or Wind,
including the in situ density ratio of helium to hydrogen
(http://www.cddc-dsp.ac.cn/ and ftp://cdaweb.gsfc.nasa.
gov/pub/istp/). These magnetopause crossings occur within
the period from December 1994 to January 2008. Their
summary is listed in Table 1. We also use 1482 online
Hawkeye magnetopause crossings with hourly solar wind
parameters from OMNI data, including the constant density
ratio (0.05) of helium to hydrogen (ftp:/nssdcftp.gsfc.nasa.
gov/spacecraftdata/magnetopausecrossings). All the data
have been transformed from GSM coordinates to corrected
GSM (cGSM) coordinates by equations (1) and (2) of
Boardsen et al. [2000] in order to remove the aberration due
to the Earth revolution around the Sun and the wind sock
effect due to the solar wind velocity off the Sun-Earth line.
We assume the Earth revolution velocity to be 30 km/s in
the negative Ygg direction. Note that only 80% of randomly
selected non-Hawkeye crossings (980) are used for model-
ing, the other 20% of non-Hawkeye crossings (246) are for
comparison, all Hawkeye crossings are used only for the
indentations’ fitting, and all calculations throughout the rest
of this paper are performed in cGSM coordinates.

[7] For the low- and middle-latitude magnetopause
crossings, we identify them by the sudden change in the
strength or the direction of the magnetic field and/or in the
plasma parameters [Shue et al., 1997]. For the high-latitude
magnetopause crossings, the plasma wave data are also
considered to identify magnetopause crossings in order to
distinguish the magnetopause from the magnetosheath, the
cusp, the entry layer, and the mantle [Eastman et al., 2000].
In non-Hawkeye magnetopause crossings, we have excluded
those without a clear identification. The shift time from
ACE or Wind to the magnetopause crossings is mainly
determined by matching the clock angle of the IMF or the
interplanetary plasma parameter (e.g., proton number den-
sity) variable profile with that of the magnetosheath. After
getting the shift time, we can obtain the corresponding
upstream solar wind parameters from ACE or Wind. If these
parameters are not complete or not relatively stable within
5 min around the upstream corresponding time, we also
exclude them.

[s] If we cannot match the clock angles or the plasma
parameter variable profiles between the interplanetary space
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Projections of 2708 magnetopause crossings in the ¢cGSM (a) X-Z plane, (b) Y-Z plane,

(¢) X-Y plane, and (d) X-R plane, where Regsm = \/ Ya5sm + Zogsm- The dots and the gray curves are the
projections of magnetopause crossings and the magnetic field lines from the Tsyganenko [1996] magnetic

field model, respectively.

and the magnetosheath, we calculate the shift time with the
help of a near-Earth satellite (assistant satellite) outside
the bow shock during a magnetopause crossing to reduce the
deviation of solar wind propagating time. Then the shift
time (¢,) from ACE or Wind to the magnetopause-crossing
satellite can be obtained by
tV:tv+<t',—t'V>, (1)
where ¢, and 7', are the virtual propagating time from ACE
or Wind to the magnetopause-crossing satellite and the
assistant satellite by the uniform propagating method,
respectively, and ¢, is the assistant shift time given by
matching the plasma and IMF parameters from the assistant
satellite with those from ACE or Wind. This method can
compensate for the deviation of the propagating time calcu-
lated by the uniform propagating method. It is good when the
assistant satellite is not far away from the magnetopause-
crossing satellite.
[o] Figure 1 shows the distribution of 2708 magnetopause
crossings in the near-Earth space. It is shown that these
crossings mainly distribute in the range with X.gsy, > —10 R,

relatively even on both duskside and dawnside and mainly
in the Northern Hemisphere for the high-latitude magneto-
pause crossings. Figure 1d shows that the size of the mag-
netopause can change in a wide range, with the subsolar
distance from 6 to 14 Ry and the terminator distance 7, from
10 to 19 Rg.

[10] Figure 2 shows the histograms of the upstream solar
wind parameters and the corrected dipole tilt angle ¢ cor-
responding to the 2708 magnetopause crossings in this
study. Each histogram presents the average value, the min-
imal value, the maximal value, and the bin size of the
parameter. It can be seen that solar wind conditions are
widely distributed in large ranges, that most crossings occur
under normal solar wind conditions, and that some crossings
occur under weak or extreme solar wind conditions.

[11] In Figure 2a, P, includes the contribution from He*",
We take the in situ density ratio of helium to hydrogen to
replace a constant value of 0.05, except for Hawkeye
crossings, owing to the lack of observation. On the basis of
the observation, the density ratio of helium to hydrogen in
solar wind may be highly dynamic. For example, on 28 and
29 May 2001, the density ratio of helium to hydrogen ob-
served by ACE is in the range from 0.003 to 0.252, although
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Figure 2. Histograms of the parameters corresponding to the 2708 magnetopause crossings: (a) solar
wind dynamic pressure, (b) ratio of solar wind magnetic pressure to dynamic pressure, (c) ratio of solar
wind thermal pressure to dynamic pressure, (d) solar wind magnetosonic Mach number, () IMF B, cGsm,
(5 IMF B, «gsm» (g) IMF B. gsm, and (h) corrected dipole tilt angle.

the average density ratio is only ~0.061. If it reaches
0.25, the contribution to the solar wind dynamic pressure
from He®" is equal to that from H. In Figure 2b, there are
13 magnetopause crossings with the ratio of solar wind
magnetic pressure (P,,) to P, over 0.1, although the aver-
age value of P,/P; is only ~0.007. In Figure 2c the ratio
of solar wind thermal pressure (P,) to P, is less than 0.032
for all magnetopause crossings with the average value of
~0.01. Since the solar wind pressure is one of most im-
portant parameters controlling the magnetopause, it is better
to use the in situ density ratio of helium to hydrogen and
consider the solar wind magnetic pressure in modeling the
magnetopause.

[12] As discussed by Shue et al. [2000], when a satellite
is near its apogee and moving radially most slowly or at
geosynchronous orbit at a fixed radial distance, the satellite
may have an orbit bias. These crossings usually correspond
to extreme solar wind conditions. In order to develop a
magnetopause model, which can provide a reasonable
magnetopause prediction under extreme solar wind condi-
tions, we keep these crossings for modeling.

3. Construction of the Magnetopause Model
Function

[13] It is mentioned in section 1 that the Shue model
function is better than other model functions and has the
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flexibility to produce an open or closed magnetopause. This
function can describe different magnetopause size and shape
by changing the level of the tail flaring («):

2 «
— i 2
" Vo(l +cos9) ’ @)

where r is the radial distance at a zenith angle (6) between
the direction of » and the positive X direction. When o > 0.5,
the magnetopause always flares, and equation (2) represents
an open magnetopause. When 0 < o < 0.5, the magneto-
pause first flares and then shrinks on the nightside, and
equation (2) represents a closed magnetopause [Shue et al.,
1997].

[14] According to equation (2), if we fix ry and the ter-
minator distance (v, = ry - 2%), the whole magnetopause
shape will be fixed. It may not be very satisfactory, espe-
cially for the tail magnetopause. In order to get a more
flexible function for the magnetopause shape, we expand
equation (2) as

I}
r=ry- {cosg +m- sin(20) . [1 — eXp(_a)}} ) (3)

where (3 controls the level of the tail flaring, m adjusts the
magnetopause shape without influencing ry and 74 and 1 —
exp(—0) keeps the magnetopause shape smooth near the
subsolar point. When m = 0, equation (3) becomes
equation (2) (8 = —2«). As shown in Figure 3, when m > 0,
the magnetopause moves inward on the dayside and out-
ward on the nightside, and vice versa when m < 0.

[15] Considering the asymmetries and the indentations of
magnetopause, we introduce an azimuth angle (), the angle
between the projection of 7 in the Y-Z plane and the direc-
tion of the positive Y axis from 0 and 27 in clockwise
looking from the Earth to the Sun, and equation (3) is
rewritten as

B
r=rp- {cosg +m-sin(20) - [1 — exp(—@)}} 0 4
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where

ﬁ:ﬂo—i-ﬂl~cosg0+62-sincp+ﬂ3~(sin<p)2, (5)
O=c¢- eXp(dn : "/}i”) +c - exp(ds ' 1/’?‘)’ (6)
1), = arccoscos ) - cos 0, +sinf - sinf, - cos(p — p,)], (7)

1)y = arccos[cos 0 - cos O + sin - sin b, - cos(¢p — ¢5)],  (8)

where (3, controls the tail flaring of the rotationally sym-
metric magnetopause; [3; - cos ¢, 3, - sin @, B3 - (sin <p)2,
¢, - exp(d, - Uy, and ¢ - exp (dy - %) describe the
asymmetry along the Y direction, the asymmetry along the Z
direction, the difference between the transverse diameter of
the tail magnetopause along the Y direction and that along
the Z direction, and the north and the south indentations,
respectively; 3, and 3, control the extent of the asymme-
tries; (35 controls the eccentricity of the subelliptical shape of
tail magnetopause transverse cross section; ¢, (cy), d, (dy),
and e, (e;) control the depth, the scope, and the shape of the
north (the south) indentation; 6, (6,) and ¢, (p,) are the
zenith angle and the azimuth angle of the north (the south)
indentation vertex, respectively; and v, or ¢, is the angle
between the direction of 7 and the direction from the Earth to
the north or the south indentation vertex from 0 to 7. All
angles are in radian in equations (4)—(8). According to the
physical significance of ry, o, 51, 52, 3, and Q, we can fit
them step-by-step by the divided-region method.

[16] In order to demonstrate that equation (4) can be
appropriate for describing the global structure of magneto-
pause, including the asymmetries and the indentations, we
let ro =10.8, m = 0.1, By = —1.03, 5; = —0.07, B, = —0.02,
B8;=0.09,¢,=-6,d,=-10,¢,=1,¢c,=—T7,d;=—6,e,= 1,
0,=0.64, 0, =7%,0,=1.25,and ;= 37” for equation (4), and
we let P; =2 nPa, Dgy=0nT, B, =0nT, and B, = 0 nT for
the Tsyganenko [1996] magnetic field model when ¢ = 20°.
As shown in Figure 4a, the magnetopause (black curve)
from equation (4) coincides with the outermost magnetic
field lines (gray curves) from the Tsyganenko [1996] mag-
netic field model very well under the above condition.
Figure 4b further demonstrates that equation (4) can also
describe a three-dimensional magnetopause shape well,
including the asymmetries and the indentations. Equation (4)
will be used to fit the magnetopause crossings in section 4.

4. Three-Dimensional Asymmetric Magnetopause
Model Fitting

[17] On the basis of the magnetopause crossings’ data in
section 2 and the magnetopause model function in section 3,
a new three-dimensional magnetopause model will be devel-
oped by the Levenberg-Marquardt method for nonlinear
multiparameter fitting [Press et al., 1992] step-by-step for
different parameters: ro, B0, 31, (2, B3, and Q. This method
can effectively separate the influences of different param-
eters on the same region and the influences of the same
parameter on different regions. During fitting of the mag-
netopause crossings, the decrease of the standard deviation
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Figure 4. Graphical representation of the magnetopause from equation (4). (a) The black curve is the
magnetopause shape from equation (4), the gray curves are the magnetic field lines from the Tsyganenko
[1996] magnetic field model in the X-Z plane, the dotted curve is the magnetopause from equation (4)
without considering the indentations, and both black dots are the vertexes of indentations. (b) The sur-
face of a three-dimensional magnetopause from equation (4).

(o) will be used to determine the important parameters that
control the coefficients in equation (4).

4.1. The r( Fitting

[18] As shown in Figure 1, there are not too many
crossings near the subsolar point. For 7y fitting, the crossings
around the subsolar point within a cutoff value 6. can be
used after normalization. On the basis of the Shue ef al.
[1998] model, o can change from 0.510 to 0.686 for
1 nPa < P; < 10 nPa and —10 nT < B, < 10 nT, so the
normalized ry will be calculated by equation (2) with o =
0.6 first. After taking into account the deviation of the
normalized r, and the location of magnetopause indenta-
tions, we choose 6. = 30°. This leads to 247 magnetopause
crossings for ry fitting and only introduces the absolute
value of the relative deviation less than 2% for 0.35 < a <
0.85 according to equation (2).

[19] On the basis of the relationship between P, and 7y
[e.g., Spreiter et al., 1966], the statistical results of the IMF
B, influence on r( [e.g., Shue et al., 1998], and the con-
sideration of the saturation influence of the southward IMF
B, on ry [Yang et al., 2003], we start the fitting equation
with

exp(as B.) — 1

=ay- (P P, |1 —_—
7o =20 (Py+ Pn) ta exp(as - B;) + 1

©)

The fitting values of the coefficients for equation (9) are
listed in Table 2.

Table 2. Values of Coefficients From Equation (9) Fitting

[20] In order to investigate whether other parameters are
also important to ry, equation (9) is rewritten as

exp(az - B;) — 1

=ag- (Pg+Ppn)"-|1+ay-
ro = a0 (Pa+Pu) *exp(as - B) + 1

f(x),  (10)

where

f(x):1+a5-x+a6-x2+a7-x3+ag-x4. (11)
The x is the parameter that may be important to »,. Table 3
shows that there is no obvious decrease on o(ry) after we
take into account the influences of other parameters, in-
cluding the magnetosonic Mach number (M,,s). Therefore,
we only consider the influences of P; + P,, and IMF B, on
ro. Note that in the tail flaring and indentations’ fittings in
sections 4.2—4.4, the coefficients’ values listed in Table 2 for
ro are fixed in order to separate the influences of P; + P,
and IMF B, on the subsolar distance from their influences on
the other regions.

4.2. The 8y and 3, Fitting

[21] According to equation (4), the influences of 3, - sin
@, B3 - (sin ©)*, and O on the low-latitude magnetopause
can be ignored temporarily. This leads to 422 magnetopause
crossings with 1Z1 < 3 Ry for 3, and 0, fitting.

[22] On the basis of previous magnetopause models, the
low-latitude magnetopause can be thought to be symmetric

Table 3. The o(r9) From Equation (10) Fitting With Different
Parameters

o ap a a3 s a(ro)

X 0 BX By ¢ Pt Pm MMS

12.122 —0.190 0.282 0.068 2.241 0.611

0.611 0.603 0597 0593  0.608 0.595  0.591

a(ro)
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Table 4. The o(r) From Equation (12) Fitting With Different
Parameters

x 0 B, B, B ¢ Py Py P My

o(r) 0871 0.829 0.816 0.783 0.861 0.867 0.861 0.861 0.848

along the Y direction by the first-order approximation, so the
fitting equation for r is started with

Bo(x)
r=ro- {cosg +as -sin(26) - [1 — exp(f())]} , (12)

where

Bo(x) =ag+a7 -x+ag-x>+a9-x> +ayp-x* (13)
The ry is calculated by equation (9) with the coefficients listed
in Table 2, and x is the parameter that may be important to (3.
According to the fitting results listed in Table 4, IMF B; is
chosen as the most important parameter to the tail flaring
owing to its contribution to the decrease of o(r). As in
section 4.1, the other parameters are ignored for (.

[23] Considering the asymmetry along the Y direction,
equation (12) is rewritten as

)

0 Bo(Bz)+01(x)-cos ¢
r=rp- {cosi + as -sin(20) - [1 — exp(fﬁ)]}

(14)

where
ﬁl(x):a11+a12-x+a13-x2+a14~x3+a15-x4. (15)

The x is the parameter that may be important to ;. As
shown in Table 5, if the intrinsic asymmetry along the Y
direction (3,(0) = a;;) is considered in equation (14), o(r)
can decrease from 0.783 to 0.724 Rj. It is also noted that the
other parameters have little effect on the asymmetry along
the Y direction; thus we choose 3, = a;;.

[24] According to the equation (14) fitting with 3; = a;,
the relationship between B, and (3, is determined, as the
dotted curve shows in Figure 5. In these 422 magnetopause
crossings, most of them are in the range of —15 nT < B, <
5 nT, and there are only 9 crossings with B, < —15 nT and
11 crossings with B, > 5 nT. Therefore, the dotted curve in
Figure 5 in the range of —15 nT < B, < 5 nT is reliable. On
the basis of this segment of dotted curve and the consider-
ation of the extrapolation for B,, the equations for 5, and (3;
fitting are finally defined by

exp(ag - B,) — 1
= B e 7 16
Bo = ag + a7 exp(a9~Bz)+17 (16)
B1 = ajo. (17)
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Figure 5. Comparison between the result of 3y(B,) from
the equations (14), (16), and (17) fitting (solid curve) and
that from the equations (13)—(15) fitting with §; = a;
(dotted curve).

[25] As shown in Figure 5, the solid curve from the
equation (14), (16), and (17) fitting coincides very well with
the dotted curve from the equations (13)—(15) fitting with 3, =
app in the range of —15 nT < B, < 5 nT, and equation (16)
overcomes the extrapolation limitation of equation (13). The
fitting coefficients for equation (14), (16), and (17) are listed in
Table 6 and only provide initial values for further fitting.

4.3. The 3, and 3; Fitting

[26] On the basis of previous studies about the high-
latitude magnetopause crossings, the size of the high-latitude
magnetopause is smaller than that of the low-latitude mag-
netopause on the dayside [Sibeck et al., 1991; Zhou and
Russell, 1997; Boardsen et al., 2000; Safrdnkovd et al.,
2002, 2005]. This difference may mainly result from the
asymmetries (3, and 33) and the indentations near the north
and south cusps (Q).

[27] Let us first consider the influences of 3, and 3s. (Q is
considered in section 4.4.) In order to avoid the influence of
indentations, we select 594 magnetopause crossings in the
region with X < =5 Rg or in the region with Isin ¢l <
sin 40°. As in section 4.2, we keep their intrinsic asymmetries
and the first-order influence of ¢ on the asymmetry along the
Z direction. Therefore, the fitting equation is defined by

8
r=ry- {cosg + as - sin(26) - [1 — exp(—@)]} , (18)

where (3 is defined by equation (5), 8y and (3, are defined by
equations (16) and (17), B8, =a;; +a;, - ¢, and B3 = a;3. The
fitting coefficients for equation (18) are listed in Table 7. As in
section 4.2, when we fit equation (18), the coefficients listed in
Table 2 for r, are fixed and the coefficients listed in Table 6
only provide the initial values for the equation (18) fitting.

4.4. The Q Fitting

[28] In order to appropriately reproduce the indentations,
we add 1482 Hawkeye magnetopause crossings with hourly

Table 5. The o(r) From Equations (13)—(15) Fitting With Different Parameters

B1x) # 0
x $1(x) =0, 0 0 By B, B. ¢ Pa P Py Muss
o(r) 0.783 0.724 0.714 0.712 0.708 0.723 0.722 0.713 0.720 0.703
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Table 6. Values of Coefficients From Equations (14), (16), and
(17) Fitting

a(r)
0.727

as a6 a7 ag a9 aio

0.0168 -1.119 25.406 0.00108 0.190 0.0574

solar wind parameters along with 980 non-Hawkeye mag-
netopause crossings with 5 min average solar wind param-
eters. For simplicity, we will only consider the influences of
P, + P,, and ¢ on the indentations and assume the follow-
ing: (1) the north and the south indentation vertexes are in
the Y-Z plane, and (2) the influences of ¢ on the north and
the south indentations are antisymmetric. As in section 4.1,
equation (4) is finally defined by

r=ro-f(0,0,0) + cu-exp(dy - V) + ¢ exp(ds - &), (19)
where

exp(as - B.) — 1
exp(aq - B.) + 1

)

VOZaO'(Pd-FPm)a'[l—Faz'

0
f(0.0,¢) = { cos 5+ as - sin(20)
Bo+131-C0S -+ 3, -sin o+ B3 -(sin )
1 - expl-0)]}
explag - B;) = 1
exp(ag - B,) + 1

?

Bo =as + a7 - ;
B = ao,
Br =ar +apn -,
B = a3,
e =cs=a14- (Pq+Pp)™, (20)
dy =216 +a17- ¢ +agg - ¢,
dy =aje — a7 - ¢+ arg - ¢,

1, = arccos [cos 6 -cosb, +sinf-sinf, - cos (go — g)} ,

3
1)y = arccos {cos 6 -cosb; +sinf - sin b, - cos (99 - %r)} ,
0, = aj9 + ax - ¢,
Oy = aj9 —ay - ¢,

ep = ey = az.

[20] When fitting O, we use the Hawkeye magnetopause
crossings with hourly solar wind parameters but not the
5 min average, so all coefficients’ values, except the coef-
ficients of Q, are fixed. If these coefficients are not fixed, the
low-resolution Hawkeye magnetopause crossings’ data will
influence the fitting results from the high-resolution data.

Table 7. Values of Coefficients From Equation (18) Fitting
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Table 8. Initial Values of Coefficients From Equation (19) Fitting
o(r)
1.043

a4 as a6 a7 ag a9 a0 a2

—4.189 —0.553 —2.607 0.390 —5.392 1.142 —0.882 1.463

By this method and the Levenberg-Marquardt method for
nonlinear multiparameter fitting, the coefficients’ values of
Q from the equation (19) fitting are determined and listed in
Table 8.

4.5. Adjusting the Fitting Coefficients

[30] As mentioned in section 4.1, when we normalize the
crossings with 6§ < 30° for ry fitting, we ignore the influence
of the solar wind parameters on « and the influence of the
indentations on ry. Now we will consider these influences
on the basis of equation (19). The normalized ry for the
magnetopause crossings with 8 < 30° will be calculated by
equation (19) with the coefficients listed in Tables 2, 7, and
8, and then equation (9) will be fitted with the initial values
of the coefficients listed in Table 2. Since 7, has been
adjusted, we need to fit equations (14), (16), and (17) with
the initial values of the coefficients listed in Table 7 and
then fit equation (18) as done in section 4.3. Finally, we fit
equation (19) with the initial values of the coefficients listed
in Table 8. After the fitting processes above, all coefficients
for equation (19) are finally determined and listed in Table 9.
On the basis of the above fittings, a new three-dimensional
asymmetric magnetopause model has finally been constructed
and parameterized by the solar wind dynamic and magnetic
pressures (P, + P,,), the interplanetary magnetic field (IMF)
B., and the corrected dipole tilt angle (¢).

5. Characteristics of the New Model

5.1.

[31] In order to better evaluate the new magnetopause
model, the standard deviation o(d) is used to compare
the new model with the previous models on the basis of
246 independent non-Hawkeye magnetopause crossings
with 5 min average solar wind parameters, where d is the
minimal distance from the observed magnetopause crossing
to the predicted magnetopause surface. Table 10 lists the
distribution of o(d) in different regions for the magneto-
pause models using 246 independent non-Hawkeye mag-
netopause crossings. It is shown that the Petrinec and
Russell [1996] model, the Shue et al. [1997] model, the
Shue et al. [1998] model, and the Chao et al. [2002] model
are appropriate for the low-latitude region (IZ1 < 3 Rg) with
o(d) less than 0.8 Rg, whereas all previous low-latitude
magnetopause models for the middle- and high-latitude
region (1Z1 > 3 Rg) get o(d) more than 1.3 Rg. The last
row in Table 10 lists the percentage of the o(d) decrease
by comparing the new model with the best previous low-
latitude model in each region. Table 10 indicates that the
new model has greatly improved prediction capability. Note
that when we calculate o(d) for the previous models, the

Comparison With Previous Models

as ag az ag a9

o(r)

a0 ary a2 a3

0.0248 —-1.110 2.481 0.0118 0.366

0.0456 —0.00808 —0.208 0.0402 1.057
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Table 9. Final Values of Coefficients From Equation (19) Fitting

Coefficient Value
ag 12.544
a —0.194
a 0.305
as 0.0573
ay 2.178
as 0.0571
a -0.999
az 16.473
ag 0.00152
a 0382
aj 0.0431
ap; —0.00763
ajp -0.210
a;s 0.0405
alg —4.430
as —0.636
a6 —2.600
ar 0.832
ag —5.328
ajo 1.103
azp -0.907
ay; 1.450
o (r) 1.033

data have been converted to their required coordinate sys-
tems, and we assume that these models are valid for these
data. Table 10 also indicates that o(d) increases with 6 for all
magnetopause models; that is, the tail magnetopause is less
accurately determined than is the nose magnetopause.

[32] For comparison with the Boardsen et al. [2000]
model, 124 independent non-Hawkeye magnetopause cross-
ings with the magnetic local time between 9 and 15 h and X >
—5 Ry are selected. For the magnetopause crossings with the
invariant latitude less than 81°, the Boardsen et al. [2000]
nose model is used; for the other magnetopause crossings,
the Boardsen et al. [2000] antisunward model and the sym-
metry assumption 3 from section 4 of Boardsen et al. [2000]
in the Southern Hemisphere are used. On the basis of these
data, o(d) is 0.867 Ry, for the Boardsen et al. [2000] model
and reduced to 0.626 Ry for our new model.

[33] The differences in deviations between these models
may come from the following reasons: (1) the model func-
tion for the magnetopause shape, (2) the functions for the
influence of the IMF B, on the coefficients of the model
function, (3) the control parameters in the model function,
(4) the fitting method, (5) the data resolution of the corre-
sponding upstream solar wind parameters, and (6) the method
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Figure 6. Influences of P, and IMF B, on the magnetopause
in the X-Y plane: (a) ¢ = 0°, IBI = |B.l, B,=0nT, and P, in-
creases from 1 to 16 nPa with 1 nPa interval; and (b) ¢ = 0°,
IBI = 1B.l, P;= 2 nPa, and B. increases from —10 to 10 nT
with 1 nT interval. The black curves correspond to B, >
0 nT, and the gray curves correspond to B, <0 nT.

to match the upstream solar wind parameters for the mag-
netopause crossings.

5.2.

[34] Figure 6 shows the influences of P; and IMF B, on
the magnetopause in the X-Y plane. As shown in Figure 6a,
the increasing P; causes the decrease of the magnetopause
size but almost keeps the magnetopause shapes self-similar.
On the basis of the new model, the power law index for rq
versus P;is —0.194: a bit less than the theoretical prediction,
—1/6, for a dipole in a vacuum. As shown in Figure 6b, the
increasing southward IMF B, causes the decrease of 7, and
the increase of the tail flaring. This result indicates that the
southward IMF B, can erode the dayside magnetic flux to
the nightside. Figure 6b also shows that the northward IMF
B. almost does not influence the magnetopause. These
results indicate that the reconnection between the inter-
planetary magnetic field and the Earth magnetic filed is
strong for the southward IMF B, but weak for the northward
IMF B,. The IMF B, influences on the magnetopause
subsolar distance and tail flaring are consistent with its
influence on the cusp [Zhou et al., 2000].

Influences of P, and IMF B, on the Magnetopause

5.3. Asymmetries

[35] Figure 7 shows the cross sections of magnetopause
at different X for different corrected dipole tilt angles.
Figure 7 shows the asymmetries of magnetopause along the

Table 10. Distribution of the Standard Deviation o(d) in Different Regions for the 246 Independent Non-Hawkeye Magnetopause

Crossings
0 Z
Model 0 < 30° (62) 30° < § < 90° (128) 0 > 90° (56) 1Z] < 3 Rg (108) 1ZI > 3 Ry (138) All (246)

Roelof and Sibeck [1993] 0.958 1.297 1.957 1.123 1.594 1.407
Petrinec and Russell [1996] 0.703 1.148 1.446 0.739 1.366 1.134
Shue et al. [1997] 0.791 1.179 1.457 0.783 1.397 1.168
Shue et al. [1998] 0.791 1.194 1.479 0.780 1.420 1.182
Kuznetsov and Suvorova [1998] 0.651 1.079 2.297 1.023 1.610 1.383
Kawano et al. [1999] 1.000 1.253 1.583 1.075 1.420 1.280
Kalegaev and Lyutov [2000] 0.924 1.208 3.600 1.133 2.448 1.981
Chao et al. [2002] 0.709 1.178 1.423 0.724 1.387 1.144
New model 0.539 0.716 0.988 0.615 0.840 0.750
bo(d)/o(d) 17.2% 33.6% 30.6% 15.1% 38.5% 33.9%

9 of 12



A04207

Z (Re)

LIN ET AL.: THREE-DIMENSIONAL MAGNETOPAUSE MODEL

A04207

Figure 7. Cross sections of magnetopause at different X from —10 to 10 R with 1 Rg interval for P, =
2 nPa, IBl = 5 nT, and B, = 0 nT: (a) ¢ = 0° and (b) ¢ = 35°. The thick solid curves are for X = 0 Rz.

Y direction and along the Z direction. As shown in
Figure 7a, when ¢ = 0°, the asymmetry along the Y direction
or along the Z direction is not obvious, whereas the size of
magnetopause along the Z direction is obviously smaller
than that along the Y direction in the indentations’ region but
not obvious in the other regions. Figure 7b is for ¢ = 35°. It
is found that the asymmetry along the Z axis becomes more
obvious, owing to the swinging of the magnetopause and the
displacement of the indentations, but the asymmetry along
the Y axis is almost not affected. It is also found that the
increase of ¢ displaces the magnetopause outward in the

(@) 30 T

20

-30 -20 -10
X (Re)

-30 . . 1 . 1

-40 -30 -20 -10
X (Re)

0 10 20

Figure 8. (a—d) Magnetopause shapes (thick solid

Northern Hemisphere and inward in the Southern Hemi-
sphere, makes the north indentation closer to the subsolar
point and the south indentation farther away from the sub-
solar point, and moves the centers of the cross sections
slightly toward the negative Z direction in the subsolar
region and toward the positive Z direction in the tail region.

5.4.

[36] Figure 8 shows the magnetopause shapes from the
new model and the magnetic field lines from the
Tsyganenko [1996] model in the X-Z plane with different ¢

Indentations

(b) 30 T

20

-30 -20 -10
X (Re)

-30 . 1 1 1 1
-40 -30 -20 -10 O 10
X (Re)

20

curves) from the new magnetopause model and the

magnetic field lines (gray curves) from the Tsyganenko [1996] model with 2° invariant latitude inter-
val in the X-Z plane with different ¢ values. The dotted curves are from the new magnetopause model

without considering the indentations.
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values for P; =2 nPa, IBl =5 nT, B.,=0nT, Dgy;=—-10 nT,
and By, = 0 nT. In this case, we take the component of the
solar wind velocity V), gsg=—30 km/s and V. gsg = 0 km/s,
so cGSM coordinates coincide with GSM coordinates.

[37] Figure 8a shows that the depth of the indentation is
~3 Ry from the vertex to the dotted curve, the invariant
latitude corresponding to the indentation vertex (w) is ~80°,
and the invariant latitudinal width of the indentation is ~6°,
according to the Tsyganenko [1996] model. It can be seen
that the indentations are near the center of the “funnel” of
magnetic field and that w nearly coincides with the invariant
latitude corresponding to the center of the cusp.

[38] Figure 8 demonstrates that the location of the inden-
tations is obviously controlled by ¢. When ¢ increases from
0° to 35°, the location of the north indentation vertex (6,
decreases from 63° to 31°, and the location of the south
indentation vertex (6,) increases from 63° to 95°, whereas
w, or w, only changes about 1° around 80°. Figure 8 also
shows that the depth and the invariant latitudinal width of the
indentations do not change much with changing ¢.

[39] According to the new model, the depth of the
indentations is mainly controlled by P, + P,,. The increase
of P, + P,, compresses the whole magnetopause, and the
size of the magnetopause decreases; so does the depth of the
indentations.

[40] The above conclusions are basically consistent with
those from Safidnkova et al. [2002, 2005]: (1) the dayside
magnetopause is indented in the cusp region; (2) an average
depth is ~2.5 R, but the magnetopause was often observed
~4 R below the expected location according to the Petrinec
and Russell [1996] model; (3) the dimension of the inden-
tation does not depend on the dipole tilt angle, whereas its
location does; and (4) the indentation can be observed at
geomagnetic latitudes higher than 30° and in a broad range
of Xgsg coordinates (-2 Rg < Xgsg < 8 Rp).

[41] Safrankovd et al. [2002] also concluded that the
location and/or extent of the indentation seem to be controlled
by the IMF B, component. However, the new model does not
consider the IMF B, influence in the present investigation.
The new model needs more work to explore the influence of
the IMF B, on the indentations of the magnetopause.

6. Conclusions

[42] In this paper a new three-dimensional asymmetric
magnetopause model is developed for corrected GSM co-
ordinates and parameterized by the solar wind dynamic and
magnetic pressures (P; + P,,), the interplanetary magnetic
field (IMF) B., and the dipole tilt angle (¢) on the basis of
980 magnetopause crossings from Geotail, IMP 8, Interball,
TC1, THEMIS, Wind, Cluster, Polar, LANL, and GOES
with 5 min average solar wind parameters and 1482
Hawkeye magnetopause crossings with hourly solar wind
parameters. The shift time of solar wind propagating from
the upstream satellite to the magnetopause crossings is
mainly calculated by matching the clock angle of the IMF or
the interplanetary plasma parameter variable profile with
that of the magnetosheath. The important control parameters
for the magnetopause are selected according to the decrease
of the standard deviation, and the relationships between
these parameters and the magnetopause size and shape are
constructed by the Levenberg-Marquardt method for non-
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linear multiparameter fitting step-by-step over the divided
regions. It is noted that the asymmetries of the global
structure of the magnetopause and the indentations near the
cusps are described in this new model. The saturation in-
fluence of IMF B, on the subsolar distance and the extrap-
olation of the tail magnetopause are also considered in this
model. The main results are obtained as follows:

[43] 1. A new magnetopause model function has been
developed on the basis of the Shue model function. It can
appropriately describe a three-dimensional asymmetric
magnetopause shape, including the asymmetries and the
indentations.

[44] 2. A new continuous function is developed to de-
scribe the relationships between the IMF B, and the mag-
netopause size and shape without using piecewise functions.

[45] 3. The new model is developed and parameterized by
P, + P, IMF B., and ¢.

[46] 4. This new model improves the forecast accuracy
and capability for the global near-Earth magnetopause,
especially for the indentation regions.

[47] 5. The power law index for the subsolar distance
versus P; + P,, is a bit less than —1/6, and the northward
IMF B, almost does not influence the magnetopause.

[48] 6. The magnetopause shape is asymmetric. The
asymmetry along the Z direction is affected by the corrected
dipole tilt angle, but it has little influence on the asymmetry
along the Y direction. In ¢cGSM coordinates, when ¢ = 0°,
the asymmetry along the Y direction or along the Z direction
is not obvious, whereas the size of the magnetopause along
the Z direction is obviously less than that along the Y
direction in the indentation regions.

[49] 7. There are indentations near the south and the north
cups. Their location is mainly controlled by the corrected
dipole tilt angle, and their depth is controlled by the solar
wind dynamic and magnetic pressures.

[s0] In this paper, we develop only an initial three-
dimensional magnetopause model and briefly discuss the
basic characteristics of this model. More work should be
done to perfect the global magnetopause model. More com-
parisons of our model with previous models and the new
model’s ability to predict the near-Earth magnetopause under
extreme solar wind conditions and for the distant tail mag-
netopause under various solar wind conditions also should
be further investigated.
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