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Bow shock, formed by the interaction between the solar wind and a planet, is generated in different patterns depending 

on the conditions of the planet. In the case of the earth, its own strong magnetic field plays a critical role in determin-

ing the position of the bow shock. However, in the case of Mars of which has very a small intrinsic magnetic field, the 

bow shock is formed by the direct interaction between the solar wind and the Martian ionosphere. It is known that the 

position of the Martian bow shock is affected by the mass loading-effect by which the supersonic solar wind velocity 

becomes subsonic as the heavy ions originating from the planet are loaded on the solar wind. We simulated the Martian 

magnetosphere depending on the changes of the density and velocity of the solar wind by using the three-dimensional 

magnetohydrodynamic model built by modifying the comet code that includes the mass loading effect. The Martian 

exosphere model of was employed as the Martian atmosphere model, and only the photoionization by the solar radia-

tion was considered in the ionization process of the neutral atmosphere. In the simulation result under the normal solar 

wind conditions, the Martian bow shock position in the subsolar point direction was consistent with the result of the 

previous studies. The three-dimensional simulation results produced by varying the solar wind density and velocity 

were all included in the range of the Martian bow shock position observed by Mariner 4, Mars 2, 3, 5, and Phobos 2. Ad-

ditionally, the simulation result also showed that the change of the solar wind density had a greater effect on the Martian 

bow shock position than the change of the solar wind velocity. Our result may be useful in analyzing the future observa-

tion data by Martian probes.
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1. INTRODUCTION

Bow shock is formed when the solar wind plasma flow 

moving through the interplanetary space is converted 

from a supersonic flow to a subsonic flow as it meets the 

obstacle formed by the planet. In the ideal compressible 

magnetohydrodynamic (MHD), the plasma frozen-in 

by different magnetic field lines is not mixed with each 

other. Bow shock, a collisonless shock, is formed as the 

magnetosphere formed by the earth’s dipolar magnetic 

field serves as an obstacle that interrupts the supersonic 

solar wind flow. The thickness of the shock wave is less 

than the mean free path of plasma. Additionally, by the 

interaction between the solar wind plasma and the plan-

et that has its own magnetic field, the solar wind diverts 

around the planet, while the inner space is surrounded 

by the planetary magnetic field.

On the contrary, in the case of a planet such as Mars 
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Slavin et al. (1991) introduced the positions of the Mar-

tian bow shock found in the observation data from Mari-

ner 4, Mars 2, 3, 5, and Phobos 2. The observed range of 

the bow shock was 1.3~2.5 R
M

 (the radius of Mars) in the 

subsolar direction, and the mean value was 1.56 ± 0.04 

R
M

. The range of the bow shock in the terminator direc-

tion was 2.0~3.5 R
M

, and the mean value was 2.66 ± 0.49 

R
M

.
The time-dependent observation data of Phobos 2 

shown in Sauer et al. (1992) showed that the x-compo-

nent of the solar wind velocity, the initial solar wind di-

rection was decreased very much, while the magnitude 

of the magnetic field was increased after the solar wind 

passed through the bow shock. Additionally, it was found 

that, even though the observed number density of pro-

tons in the solar wind was reduced after passing through 

the bow shock, the ratio of O+ and H+ particles was in-

creased by ten times or even more than one hundred 

times in the mass-loading region, as shown in the report 

by Lundin et al. (1990).

2.2 Three-Dimensional MHD Model

In this study, the interactive process between the solar 

wind and Mars was calculated using the ideal gas MHD 

equation. In the ideal compressible MHD equation, the 

mass, momentum, and energy conservation equations 

are expressed as Eqs. (1-3) (Yi et al. 1996): 

( ) A
t
ρ ρ∂
= −∇⋅ +

∂
v                                                       (1)

( ) ( )1 1 AP
t ρ ρ ρ
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Additionally, the Faraday’s law and Ampere’s law for in-

duced current are expressed in Eq. (4):
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where ρ denotes the plasma mass density, A the source of 

mass increase by mass-loading, P the plasma pressure, w 

the out-flowing velocity, B the solar wind magnetic field, 

γ (= 5/3) the specific heat ratio when adiabatic process of 

monoatomic ideal gas is assumed, and v the plasma flow 

velocity. In this article, the calculation is the single fluid 

MHD calculation in which the solar wind particle and the 

planet origin ions are not distinguished, and the source 

that has a very weak magnetic field, the atmosphere of 

the planet plays the most important role in forming the 

magnetospheric structure. This phenomenon is the most 

outstanding in the case of comets, which lack a magnetic 

field and are surrounded by a thick atmospheric layer. In 

the case of the planets of which the magnetic field is very 

weak, the ionosphere and the solar wind wake on the op-

posite side of the sun are formed by the ions generated by 

the photoionization of the outer plasma bound to the un-

stable magnetic field, such as the solar wind, or the ini-

tial neutral atmosphere by the solar radiation, or by the 

new ions generated through the ionization process such 

as charge exchange and electron impact. The ionosphere 

serves as a conductor so that the interplanetary mag-

netic field frozen-in by the solar wind can be modified 

to form the structures such as bow shock, ionospheric 

layer interface, and magnetic tail. The Martian bow shock 

formed in this way is affected by the mass-loading effect, 

which is different from the planets with a strong mag-

netic field such as earth (Breus et al. 1989). As the ions 

of planetary origin generated by the photoionization of 

the Martian neutral atmosphere by the solar radiation or 

by charge exchange or electron impact are loaded on the 

solar wind, the range of the bow shock becomes further 

from the planet by the mass-loading effect, that is, the in-

crease of the overall solar wind mass and the decrease of 

the solar wind velocity based on the law of conservation 

of momentum (Kim 1999, Yi et al. 1999).

In this article, the structure of the Martian magne-

tosphere was analyzed by applying three-dimensional 

MHD simulation. Similar to comets, the MHD model 

including the mass-loading effect has been applied to 

Mars. To simulate the structure of the Martian magneto-

sphere, the three-dimensional MHD simulation code of 

Yi et al. (1996) that includes mass-loading and had been 

applied to comets, was modified and then applied to the 

interaction between the solar wind and Mars. Beside the 

steady solar wind condition, the structure of the Mar-

tian magnetosphere was simulated and compared with 

various cases assuming the initial conditions of the solar 

wind density and velocity. Based on the previous obser-

vation data, we completed the three-dimensional MHD 

model for the Martian upper atmosphere and magneto-

sphere and used it to provide the basis for the prediction 

of the observation results by future Martian probes.

2. DATA AND METHODS

2.1 Data
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tion, and -3.56 R
M 

~ 3.56 R
M

 in the y and z directions. For 

the calculation, the volume of 1/4 of the entire box was 

simulated and the result was symmetrically reflected to 

the planes, z = 0 and y = 0.

Initially, the x direction of the simulation box was set 

to the initial solar wind direction, and the interplanetary 

magnetic field direction was set to the +y direction. The 

simulation was continued until the steady state where 

the whole structure of the magnetosphere is stabilized. 

The assumed initial conditions of the solar wind were the 

solar wind density ρ
sw

 of 5 m
H

/cm3, the solar wind veloc-

ity v
sw

 of 350 km/sec, the interplanetary magnetic field 

strength B
sw

 of 5 nT, and the solar wind temperature T
sw

 

of 105 K. The radius of Mars, R
M

, was assumed to be 3,400 

km, and the inner boundary which is the bottom of the 

exosphere was set as R
s 

= R
M 

+ 300 km. The generation 

rate of the ions that are loaded on the solar wind by the 

mass-loading effect was set as A = σΣ
i
 n

i
, considering only 

the photoionization of the Martian exospheric neutral 

atmosphere by the solar radiation. The photoionization 

rate σ was assumed to be 10-6/sec. The simulation was 

performed varying the initial conditions, the solar wind 

density and velocity, to analyze how the structure of the 

Martian magnetosphere is affected by the dynamic pres-

sure of the solar wind.

2.3 Atmospheric Model

The ions that are the source of mass loaded on the so-

lar wind are generated by photoionization of the Martian 

neutral atmosphere. The Martian neutral atmospheric 

model of Nagy et al. (1990) was applied to the three-di-

mensional simulation calculation. Fig. 2 shows the alti-

tude distribution of the thermal hydrogen and oxygen as 

well as non-thermal hydrogen and oxygen.

Among these, the oxygen components whose mass is 

larger than that of hydrogen mainly serve as the source 

of mass in the mass-loading effect. Since all the thermal 

oxygen components are distributed at lower altitude, the 

ions that become the main source of mass density are 

formed by the non-thermal oxygen that is uniformly dis-

tributed over the entire altitude. The respective density 

and scale height of the neutral hydrogen and oxygen are 

shown in Table 1. The altitudinal distribution of the at-

mospheric components was calculated by Eq. (5):

( )

0( )
r Rs
hsi

i iN r N e
−−

=                                  (5)

where N
i 
(r) denotes the number density of each compo-

nent, R
S
 the distance from the center of Mars to the height 

of mass, momentum, and energy is expressed as A.

The three-dimensional simulation code that had been 

applied to comets (Yi et al. 1996) was modified and ap-

plied to the interaction between Mars and the solar wind. 

Fig. 1 shows the three-dimensional MHD simulation box. 

The number of grids in the simulation box was (x, y, z) 

= (126, 62, 62), and the grid width was 120 km in the x 

direction, and 200 km in the y and z directions. The size 

of the simulation box was -2.1 R
M 

~ 2.38 R
M 

in the x direc-

Fig. 1. The 3-dimensional magnetohydrodynamic simulation box profile.
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Fig. 2. The hot corona of Mars. Calculated thermal and hot hydrogen 
and oxygen density profiles (Nagy et al. 1990).

Table 1. Martian neutral atmospheric density and scale height.

Neutral atmospheric number 
density on the exosphere base 

(N0/cm3)

Scale height 
hs (km)

Thermal O
H

1.0 × 106

3.0 × 104
200

1,000
Non-thermal O

H
3.0 × 105

50
1,000
1,000
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interval of 15 m
H

/cm3. Fig. 4 is the simulation result of the 

plasma pressure distribution in the range between 0.05 

to 3.5 nPa on the xy plane under the same conditions and 

in the same time of Fig. 3. The plasma density and pres-

sure were higher in the subsolar direction as the position 

was nearer to the planet, as shown in Figs. 3 and 4.

Fig. 5 shows the plasma density and pressure on the 

xy plane under the normal solar wind conditions of the 

density ρ
sw

 of 5 m
H

/cm3 and the velocity v
sw

 of 350 km/s, 

as the result of the three-dimensional MHD model sim-

ulation of the interaction between the solar wind and 

Mars. The figure on the left shows the density distribu-

tion from 15 m
H

/cm3 represented by white color to 120 

m
H

/cm3 represented by black color in the interval of 15 

m
H

/cm3. The figure on the right shows the contour lines 

for the pressure distribution from 0.1 nPa to 0.8 nPa in 

the 0.1 nPa interval. The region where the contour lines 

that were in the uniform interval started to be dense is 

the position of the shock wave. It was found that solar 

wind density around Mars was increased by three times 

from the initial solar wind density of 5 m
H

/cm3 in the re-

gion before the shock wave to 15 m
H

/cm3 after passing 

through the shock wave, and it was increased as the posi-

of exosphere R
s
 = R

M 
+ 300 km, hs

i
 the scale height of each 

component, N0i
 the initial neutral number density at the 

bottom of the exosphere.

3. RESULTS

Simulation was performed using the three-dimen-

sional MHD model to view the structure of the Martian 

magnetosphere formed by the interaction between Mars 

and the solar wind. Under the solar wind conditions of 

the density ρ
sw

 of 5 m
H

/cm3 and the velocity v
sw

 of 350 

km/s, the time required to the steady state where there 

was no change in the plasma distribution in the subsolar 

and terminator directions was 108.0 seconds. Fig. 3 is the 

simulation result of the interaction between Mars and the 

solar wind in the simulation box filled with the solar wind 

of which initial mass density ρ
sw

 and velocity v
sw

 were 5 

m
H

/cm3 and 350 km/s, respectively, and the plasma den-

sity distribution around Mars is shown in the interval of 

12.0 sec from t
1
 = 12.0 sec to t

9 
= 108.0 sec, on the xy plane. 

The individual contour lines represent the density distri-

bution from 15 m
H

/cm3 to 150 m
H

/cm3 or higher in the 

Fig. 3.  Plasma density in xy plane calculated by 3-dimensional 
magnetohydrodynamic model from t1 = 12.0 s to t9 = 108.0 s in the interval 

of 12.0 s.

X (R )M

-2   -1     0     1     2

Y
(R

)
M

-2   -1     0     1     2 -2   -1     0     1     2

2

0

-2

2

0

-2

2

0

-2

Fig. 4.  Plasma velocity in xy plane calculated by 3-dimensional 
magnetohydrodynamic model from t1 = 12.0 s to t9 = 108.0 s in the interval 

of 12.0 s.
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tion was nearer to the planet surface in the subsolar di-

rection. The solar wind pressure was also increased dras-

tically from the initial solar wind pressure, 0.069 nPa, to 

0.1 nPa after passing through the shock wave, and it was 

increased as the position was nearer to the planet surface 

in the subsolar direction.

Fig. 6 shows the distribution of the plasma velocity 

and the magnitude of the magnetic field on the xy plane 

around Mars, as the result of the simulation under the 

same solar wind conditions in Fig. 5. The figure on the left 

shows the velocity distribution from 300 km/s to 20 km/s 

in 40 km/s interval. It shows that the plasma velocity was 

drastically decreased from the initial solar wind veloc-

ity 350 km/s to 100 km/s or less after it passed through 

the shock wave in the subsolar direction. The figure on 

the right shows the distribution of the magnetic field 

strength around Mars, indicating that it was increased 

from the initial solar wind magnetic field strength 5 nT to 

24 nT or higher after it passed through the shock wave in 

the interval of 2 nT.

Fig. 7 shows the plasma velocity and magnetic field 

vectors around Mars on the xy plane under the same so-

lar wind conditions in Fig. 5. It shows that the velocity 

vector of the inflowing solar wind in the subsolar direc-

tion (the +x direction) steered by the planet as the +x di-

rection component was decreased and the ±y direction 

component was increased around the leading edge of the 

shock wave. The magnitude of the solar wind plasma ve-

locity that seemed to stop in the subsolar direction was 

increased again as the ±y direction velocity component 

was increased as the solar wind moved to the terminator 

direction of the ±y direction. The figure on the right side 

shows that the strength of the interplanetary magnetic 

field by the solar wind which was initially in the +y di-

rection was increased in the inner side near to the shock 

wave and the ±x component was increased except in the 

subsolar direction so that the solar wind was steered by 

the planet.

Fig. 8 shows the plasma velocity and magnetic field 

vectors around Mars on the xz plane under the same so-

lar wind conditions in Fig. 5. The plasma velocity on the 

left side shows the same trend found in the xy plane (the 

left figure on Fig. 7). The magnetic field shows that the 

±x and ±z direction components of the interplanetary 

magnetic field that had only the +y component were in-

creased in the inner side near to the shock wave.

Fig. 9 schematically illustrates the structure in which 

the supersonic flow of the fluid became subsonic in the 

part perpendicular to the shock front that was formed 

as the fluid flow meets a round-shaped obstacle in the 

Fig. 5. Plasma density and pressure distribution around Mars in xy plane 
in the steady state.
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front but the velocity is accelerated to supersonic veloc-

ity again as the fluid approached the terminator region. 

Fig. 10 is the simulation result of the interaction between 

Mars and the solar wind under the solar wind conditions 

that are 5 m
H

/cm3 of density and 350 km/s of velocity, 

showing the Mach number distribution around Mars on 

the xy plane. The Mach number, M, is defined as Eq. (6): 

1/2
PM γ
ρ

−
 

=  
 

v                                        (6)

where v, ρ and P denote the velocity, density and pressure 

of the plasma, respectively. As the shock wave strength 

is stronger, the Mach number in the shock wave posi-

tion is increased in the upstream but decreased in the 

downstream. In this article, the change of the shock wave 

strength was shown using the Mach number in the up-

stream. Fig. 10 well shows that the plasma traveled be-

tween the shock wave and the planet in the subsolar di-

rection, as in Fig. 9, in a subsonic velocity of which Mach 

number was less than 1, while the Mach number was in-

creased again to the supersonic velocity as it approached 

to the terminator.

Fig. 11 shows the change of the bow shock position as 

the distance was varied from -2.1 R
M

 to -1.1 R
M

 in the sub-

solar direction and the solar wind density was varied to 

2, 5, 10, 15 and 20 m
H

/cm3. The figure shows the change 

of the density (a), velocity (b), pressure (c), and mag-

netic field (d), depending on the distance expressed by 

the radius of Mars. As the solar wind density was higher, 

the position of the shock front was closer to the center 

of Mars. However, the change of the shock wave position 

was relatively small when the solar wind density was high 

as 10, 15 and 20 m
H

/cm3 than when it was low as 2 and 5 

m
H

/cm3. The figure also shows that the plasma velocity 

(b) was reduced in the position where the plasma den-

sity (a), pressure (c) and magnetic field strength (d) were 

increased.

Fig. 12 shows the Mach number of the plasma in the 

subsolar direction for each case of Fig. 11. Since it is sub-

sonic in the inner side of the shock wave in the subsolar 

direction, as explained in Fig. 9, the position of the bow 

shock in each case of Fig. 12 is the place where the Mach 

number was declined to less than 1. Table 2 shows the 

position of the bow shock in each case when the solar 

wind velocity was constant as 350 km/s and the density 

was varied to 2, 5, 10, 15 and 20 m
H

/cm3. Here, R
M

, which 

is 3,400 km, denotes the radius of Mars. In each case, the 

position of the shock wave fell within the observed Mar-

tian bow shock range, 1.3~2.5 R
M

 (Slavin et al. 1991).

Fig. 13 shows the distribution of the density (a), veloc-

Fig. 9. Diagram of the supersonic fluid flowing around the blunt nosed 
obstacle.

Fig. 10. Plasma Mach number in xy plane in the steady state.
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ity (b), pressure (c), and magnetic field (d) of the plasma 

around Mars in the subsolar direction for each case when 

the solar wind density was 5 m
H

/cm3, and the solar wind 

velocity was 300, 350, 450, 500, 600 and 700 km/s. As the 

solar wind velocity was higher, the position of the shock 

front was closer to the center of Mars. However, the 

change of the shock wave position was relatively small 

when the solar wind velocity was high as 450, 500, 600, 

700 km/s than when it was low as 300 and 350 km/s. The 

figure also shows that the plasma velocity (b) was re-

duced in the position where the plasma density (a), pres-

sure (c) and magnetic field strength (d) were increased.

Fig. 14 shows the Mach number of the Martian plas-

ma in each case when the solar wind density was 5 m
H

/

cm3, and the solar wind velocity was 300, 350, 450, 500, 

600 and 700 km/s. Table 3 shows the position of the bow 

shock in each case depending on the solar wind velocity 

change. In each case, the position of the bow shock fell 

within the range of the observed shock wave positions. In 

comparison to Fig. 12, the change of the bow shock po-

sition by the solar wind velocity variation was relatively 

smaller than that by the density variation.

Fig. 15 shows the dynamic pressure of the solar wind 

calculated by Eq. (7) and position of the Martian bow 

shock at the corresponding dynamic pressure when so-
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Table 2. Bow shock location by the solar wind density.

Solar wind 
velocity (km/s)

Solar wind density 
(mH/cm3)
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location (RM)
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Fig. 12. Plasma Mach number around Mars along the x direction when 
solar wind density is 2, 5, 10, 15, 20 mH/cm3 in the condition of constant 
solar wind velocity of 350 km/s.
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lar wind density and velocity were varied for each case. 

The dynamic pressure and the bow shock position were 

marked as ‘triangles’ in the cases where the solar wind 

density was varied to 2, 5, 10, 15 and 20 m
H

/cm3 under 

the assumption that the solar wind velocity is constant 

as 350 km/s, while they were marked as ‘x’ in the cases 

where the solar wind velocity was varied to 300, 350, 450, 

500, 600 and 700 km/s under the assumption that the 

solar wind density is constant as 5 m
H

/cm3. The result 

that the gradient of the bow shock position change by 

the solar wind density variation was larger than that by 

the solar wind velocity variation even when the dynamic 

pressure of the solar wind was the same indicates that the 

change of the solar wind density has a greater effect on 

the change of the bow shock position.

( )2
2

sw sw swP
ρ

ρ
ρ

≡ =
v

v
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If it is taken into consideration that the momentum, 

ρv, is increased as the density, ρ, is increased at the same 

dynamic pressure, ρv2, the result that the shock front po-

sition is pushed into the center of Mars as the solar wind 

density is increased can be explained. 
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Table 3. Bow shock location by the solar wind velocity.

Solar wind 
density (mH/cm3)

Solar windvelocity
(km/s)

Bow shock 
location (RM)

5 

300 
350 
450 
500 
600 
700 

- 1.80 
- 1.73 
- 1.67 
- 1.64 
- 1.61 
- 1.58 
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position based on our results, not only the photoioniza-

tion but also other ionization processes should be in-

cluded in the mass-loading procedure, and the model 

needs to be improved to describe in detail the conditions 

that were simplified in this study as the conditions that 

are more similar to the actual conditions, including the 

consideration of the asymmetric neutral atmospheric 

model caused by the rotation of Mars. We expect that this 

article, as the initial result of the model, to be useful in 

analyzing the data observed by the future Martian probes 

and understanding the interaction of the solar wind and 

the Martian atmosphere.
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