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Abstract. It is generally accepted to use the solar wind ram pressure pV? and the IMF B.
component for empirical description of the geo-magnetopause position and shape. A specific
feature of the present paper is not to use the solar wind pV? but the thermal P,; and magnetic
field P, .4 pressures adjacent to the magnetopause for proper modelling. These pressures are
deduced from the results of 3-D MHD runs and analytic solutions for post bow shock MHD flow
in Lagrangian variables. The magnetopause shape variation due to B. component changes the
so called ‘doubling factor’ f;, which can be analytically deduced from a Tsyganenko magneto-
spheric field ellipsoidal model. Including all the above effects in our analytical model leads to a
good description of ‘rapid’ magnetopause approach to the Earth for southward IMF and to its
‘stagnant’ behaviour with the increase of northward IMF component.
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1. Introduction

It is generally accepted that the solar wind ram pressure pV? is the main factor con-
tributing to the magnetopause stagnation pressure, which can be then approximated as
II ~ kpV? with k being a function of solar wind specific heat ratio v and sonic Mach
number M, (Landau & Lifshits 1959):

b= l ,Y+1 (y+1)/(v=1) ,.y_l 1/(1=7y) (1)
S\ 2 EEIVE '

Complementary factors that are influencing the magnetopause position and shape are: (i)
the magnetic field tension resulting in the clock angle dependency of the magnetopause
terminator cross-section (Verigin et al. 2009), (ii) the magnetic field pressure leading
to magnetopause movement towards the Earth when the IMF cone angle approaches
/2 (Dusik et al. 2010), and (iii) the IMF B, component increasing the magnetopause
nose bluntness for southward B, direction (Sibeck et al. 1991). It was shown (Verigin
et al. 2014) that the contribution of the magnetic field tension to the stagnation pressure
is  2A/R times less than contribution of the magnetic pressure itself, where A is the
magnetosheath thickness and R is the magnetic field lines curvature radius. Thus tension
effects will be omitted in subsequent analysis.

The following expression presents one of the widely used relations for magnetopause
shape description (see, e.g., Liu et al. 2015):

— 2 ‘ 2
=" (1+C089) +(1-0.1-Ccos’¢), (2)
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where 7, is the planetocentric distance to the magnetopause nose position, # and ¢ are the
polar and azimuth angles, respectively; the second multiplier is the global magnetopause
shape factor, while the third multiplier describes the local cusps depression and will not
be considered further. Flaring angle o and r( in the relation (2) are empirical functions
incorporating physically unjustified multiplicative function of IMF B, component, and
power function of a simple sum of solar wind ram and magnetic pressures.

It seems apparent that using, not the solar wind ram pressure, but the thermal, mag-
netic and total pressures adjacent to the magnetopause, and better justified magne-
topause shape variation with B, are preferred for the magnetopause position and shape
modeling, and it is this approach which will be used further.

2. Basic approach and relations

Empirical relations for the description of the total P, thermal P, , and magnetic field
Pyqq pressures at the magnetopause nose are based on the results of 3-D MHD modelling
(Stahara 2002) and analytic solutions in Lagrangian variables (Shugaev et al. 2005). For
the case of interplanetary magnetic field perpendicular to the solar wind velocity (Verigin

et al. 2015):
Pip = koV2(1+ (/6 / M2)?*), 3)
Bh, :kaQ/(1+25 (27 \% G/Me)/Ma)a (4)
Pmag = II- -Pth7 (5)

where M, is the Alfvénic Mach number. Figure 1 shows the pressures defined in (3 - 5)
as functions of 1/M, and the good correspondence with results of 3-D MHD modelling
(Stahara 2002).

The following important relation of our approach describes a so-called ‘doubling factor’
fa, which indicates how much the internal magnetospheric field is increasing in the subso-
lar region due to Chapman-Ferraro currents. Using the ellipsoidal model of Tsyganenko
(1989) we approximated f; by the following relation :

fa(ro/Ro) = (4 +5r0/Ro)/3, (6)

where R, is the magnetopause nose curvature radius. Figure 2 demonstrates the good
correspondence of relation (6) with the results of the model (Tsyganenko 1989). Accord-
ing to (6) frequently used in modeling, the doubling factor f; ~ 2.44 (see, e.g., Beard
1964) corresponds to reasonable magnetopause nose shape with R, ~ 1.5 r, (Verigin
et al. 2009).

Relation (6) corresponds to the theoretical case with By = 0. The presence of non-
zero Bryr in the solar wind flow will lead both to r, and R, variations: r, — 7, and
R, — R;. We estimated new ratio of r, / Ry, as:

Tb/Rb = (1:|:§\/Pr7za!//R50t) 'TO/R07 (7)

where ¢ is yet an undefined parameter describing the variation of magnetic field in the
magnetosphere adjacent to the magnetopause due to external non-zero magnetosheath
field \/87P,,q4, and +/- signs correspond to northward and southward IMF directions,
respectively. The pressure balance equation for the northward IMF case can be written

Be : (Re/rbwL)S : (fd(TU/RU) +£ : 5TU/3RO “\ Pmag/Ptot) =V 87T-Pt0ta (8)
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Figure 1. Comparison of 3-D MHD  Figure 2. Comparison of Tsyganenko (1989) model
calculations (dots) with approximat-  results (dots) with calculations by the expression (6).
ing relations (3 - 5).
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Figure 3. Comparison of the present an-
alytic model (solid and dashed lines lines)
with the modern 3-D MHD modeling re-
sults (e-, Lu et al. 2015) and with widely
used empiric models: upward triangles (Shue

L . n " et al. 1997), downward triangles (Shue et al.

T e ) 1998), left triangles (Petrinec & Russell
M= 24 35 7 © 7 352418 1996), right triangles (Chao et al. 2002),
squares (Lin et al. 2010).

MP_distance(R, )

where B, = 31,200 nT, R, =6,371 km. Due to the “stagnant” position of the mag-
netopause under northward IMF: r,, ~ r, . Taking into account that B, - (R./ro)?

fa(ro/Roy) = +/8mkpV2we can deduce the £ factor as:

€= 1/Piot/Prag - (\/ Piot/kpV? — 1) - (1 + 4Ry /5ry). (9)

Subsequent substitution of the expression for £ (9) into equation similar to (8), but
with negative sign before £ and r,,. — r,_, will lead to evaluation of the magnetopause
nose position r,_ for southward IMF direction:

ro /2 VROV B — 1. (10)

The magnetopause nose curvature radii for northward and southward IMF direction
Ry, Ry— can now be calculated with the use of relation (7) with proper sign. It demon-
strates the increase of the ratio R, /r, with the increase of southward IMF B, component
that provides more blunt magnetosphere nose in this case, and decrease of the ratio Ry, /7y
with increase of northward IMF B, component that provides ‘sharpening’ of the magne-
topause nose for the northward IMF.

Figure 3 presents comparison of the present analytic model of the magnetopause nose
position variation with IMF B, component (for M = 2 — dashed line and for M, — oo
- solid line), with the results of bulky 3-D MHD modeling by Lu et al. (2015). A good
correspondence can be observed. Note that though condition r, = const for B, > 0 was
implemented in the model, coincidence of the slopes of the both modeling curves for
B, < 0 provides evidence of the validity of our analytic modeling approach.
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3. Summary and Conclusions

Including theoretically derived relations (3 - 7) into a magnetopause model (see also
Verigin et al. 2009, 2015) makes it possible to describe a variation of the magnetopause
position and shape for a wide range of solar wind ram pressures and IMF B, components.

Qualitatively, an increase in either northward or southward IMF B, component leads
to an increase of the total magnetosheath pressure at the stagnation point (see relation
(3)) thus suggesting magnetopause motion toward the planet. On the other hand, the
dependence of the magnetopause shape R;/r, (7) and ‘doubling factor’ (6) on IMF
B, component provides “blunted” magnetopause for southward IMF and “sharpened”
magnetopause for northward IMF. Decreased ‘doubling factor’ (6) for southward IMF
leads to a relatively “rapid” approach of “blunted” magnetopause toward the Earth
while increased f; for northward IMF provides “stagnant” behavior of the “sharpened”
magnetopause, that qualitatively corresponds to magnetopause observations (see, e.g.,
Sibeck et al. 1991).
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