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We study the interaction between the Moon and the solar wind through a three-dimensional MHD simulation. Three cases have 
been discussed in which the interplanetary magnetic field lies at 90, 180, and 135 to the solar wind flow, respectively. A 
wake with low density and low pressure can always be formed behind the Moon. The plasma temperature and magnetic field 
are enhanced in the central wake, but the field strength is reduced in the surrounding region. A Mach cone is formed by rare-
faction waves emanating from the limb. These rarefaction waves propagate via the fast magnetosonic mode with different ve-
locities in different directions relative to the magnetic field. When the interplanetary magnetic field is not parallel to the solar 
wind flow, the wake shows some asymmetries, with an acceleration region turning up at the center. Finally, the results are 
compared with the observations by WIND spacecraft. Our calculations agree reasonably well with the observed values. 
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Observations by Explorer 35 show that the Moon does not 
have an atmosphere and a significant intrinsic magnetic 
field, and that the conductivity of the lunar body is also very 
low. The Moon can be treated as an insulated sphere when it 
interacts with the solar wind, and thus the interplanetary 
magnetic field (IMF) can pass through it nearly unper-
turbedly. The solar wind plasma is absorbed for the most 
part on the dayside when it comes into contact with the lu-
nar surface, leaving a plasma void on the night side [1] and 
finally resulting in a wake structure behind the Moon. As 
the system attempts to restore pressure balance, the mag-
netic field exhibits a corresponding gradual increase to-
wards the center of the wake [2]. Due to the small scale of 
the moon and large gyroradius of solar wind particles, the 
wake is quite kinetic in nature. Observations by WIND 
spacecraft showed more characteristics of the lunar wake. 

For example, two distinct proton distributions were simul-
taneously detected, one convecting with a speed slightly 
faster than the ambient solar wind and the other convecting 
slightly slower; and the electron temperature increased in 
the wake by a factor of about four, while the ion tempera-
ture remained fairly constant [3].  

As for modeling the Moon-solar wind interaction, there 
are three main ways: magnetohydrodynamic (MHD) models, 
fully kinetic models, and hybrid models. Spreiter et al. [4] 
were the first to use an MHD approximation to discuss the 
large scale characteristics of the lunar wake. They obtained 
the structure of the lunar wake, the approximate boundary 
of the void region and the corresponding density, pressure 
and magnetic field distributions. However, the position of 
the void boundary is artificial, and thus the results are not 
self consistent. A numerical simulation by Cui et al. [5] with 
the ideal MHD equations could get the density, velocity, 
pressure and magnetic field distributions in the whole sim-
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ulation region self consistently. But as a two-dimensional 
(2-D) model, with the first-order finite differential scheme 
used, it is difficult to reveal the details of the interaction. To 
better understand the kinetic processes in the lunar plasma 
environment, some fully kinetic models based on particle in 
cell (PIC) scheme have been developed, such as one-   
dimensional (1-D) self-consistent simulation studies using 
an electrostatic approximation [6, 7] and 2-D electromag-
netic simulations [8]. They do well in describing the WIND 
observations of counter streaming ion beams and all kinds 
of electrostatic instabilities. Nevertheless, it is not easy to 
do a three-dimensional (3-D) kinetic simulation with current 
numerical and computational means. In addition, fully ki-
netic models are focused on electrostatic, high-frequency 
processes [9]. These limitations have been alleviated in 
so-called hybrid models, which treat the ions as particles 
and the electrons as massless charge neutralizing fluid [10, 
11]. The hybrid models obtain full dimensional features of 
the lunar wake. Some kinetic effects are also found, such as 
non-Maxwellian plasma beams [10], and density and mag-
netic field variations in the far wake which may be caused 
by ion beam instability [11]. However, the numerical 
method for a 3-D self consistent hybrid model with high 
spatial resolution is also immature and usually needs some 
simplifications. The model by Kallio et al. [10] uses a fairly 
coarse grid in a small region, and does not handle the wake 
region in a self consistent way (the electric field is specified 
in that region). The model by Holmström et al. [11] is self 
consistent with higher spatial resolution and most of the 
results are also in accord with most of the observations by 
WIND spacecraft. But it has no simulation data in the cen-
tral wake since the density in this area is too low. Moreover, 
the electron temperature decreases in the wake, which is 
contrary to the WIND observations [3], for it just uses the 
adiabatic equation ( / ) Constante ep    to determine elec-

tron pressure [11]. 
Given that the gyroradius of the solar wind proton here is 

about 1/30 of the lunar radius, it is reasonable to make 
a fluid assumption [4]. Generally speaking, the MHD model 
has its particular advantage in numerical methods when 
studying the large scale characteristics of the lunar wake. In 
this paper, we present a 3-D MHD model with high spatial 
resolution to describe the Moon-solar wind interaction. We 
discuss three cases in which the IMF lies at 90, 180, and 
135 with respect to the solar wind flow, respectively. We 
also compare the results with the observations by WIND. 

1  MHD simulation 

Suppose the Moon is an insulated sphere with no atmos-
phere and intrinsic magnetic fields, and the physical varia-
bles of solar wind plasma can be described by ideal MHD 
equations as follows: 
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where , u, p, B and j are the density, the bulk velocity, the 
thermal pressure, the magnetic field and the electrical cur-
rent density of the solar plasma, respectively. 

2 2
0/ ( 1) / 2 / 2     E p u B  is the total energy den-

sity, where  is the ratio of specific heats and it can be set to 
5/3 here. We assume the solar plasma can be regarded as 
ideal gas, then p=nkT (where k is Boltzmann’s constant, T is 
the plasma temperature and n  is the plasma number den-

sity). 2/ ( 1) / 2   e p u  is the sum of the internal 

energy density and the kinetic energy density. 
We use the Space Weather Modeling Framework 

(SWMF) [12], developed by the Center for Space Environ-
ment Modeling (CSEM) at the University of Michigan, to 
do such a simulation with a user-defined function to solve 
the boundary conditions. We choose a spherical grid with 
some local mesh refinements to define the grid mesh posi-
tions, whereas the physical variables are still expressed in a 
Cartesian coordinate system, as shown in Figure 1. The 
Cartesian coordinate system is centered at the Moon, with 
the x-axis directing toward the Sun, so the solar wind flows 
opposite to the x-axis. The y-axis is in the plane of x-axis 
intersecting with IMF, and points to the dusk side of the 
Moon. The z-axis completes the right handed coordinate 
system. We use the two-state HLL solver proposed by 
Linde [13] to solve Riemann problems and the explicit 
two-stage Runge-Kutta time stepping scheme. In this way, 
we can obtain a simulation solution with second order ac-
curacy both in space and in time. 

The extent of the simulation domain is x=[24, 8]RL, 
y=[16, 16]RL and z=[16, 16]RL, where RL is the lunar 
radius, and RL= 1738 km. The solar wind conditions are 
initialized by typical parameters at 1 AU [14]. The solar 
wind velocity is 461 km/s and in x-direction, the number 
density is 7 cm3, the IMF is in xy-plane with a magnitude 
of 7 nT and the plasma temperature is T=2.5×105 K 
(T=Te+Tp, where the electron temperature Te is 1.4×105 K 
and the ion temperature Tp is 1.2×105 K). We use an ab-
sorbing boundary condition on the dayside, which means all  
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Figure 1  The grid and the coordinate system for simulation. The sphere at the origin indicates the Moon; the cuts are in the planes of y=0 and z=0. 

the variables of the solar wind can pass the lunar surface 
freely. While on the night side, variables conform to the 
absorbing boundary condition except the normal velocity, 
which accords with a reflecting boundary condition.  

2  Results and discussion 

2.1  IMF perpendicular to the solar wind velocity (90) 

In this case, the IMF is in y-direction. Because of the ab-
sorption of solar wind on the dayside, a wake with low den-
sity and low pressure can be formed behind the Moon. As 
shown in Figure 2(1a), the plasma number density falls be-
low 1.0 cm3 at about x=5RL. Immediately surrounding the 
central wake is the expansion region with reduced field as 
reported by Ness et al. [2] and Halekas et al. [15]. The wake 
is gradually refilled by solar wind plasma mainly along the 
field lines (see Figure 3(1b)), due to the gradient in the 
thermal pressure. Plasma refilling from all directions will 
meet at the center of the wake and cause pressure increase 
there (see Figure 2(3a)) and the temperature is enhanced 
accordingly through adiabatic compression, which can be 
seen in Figure 2(5a), 2(5b), and 2(5c). In the x-direction, the 
gradient prevents the plasma flowing away from the wake. 
According to frozen-in-flux theorem, motions transverse to 
the field carry the field with them. Such a hindrance can 

drag the magnetic field lines and cause bending in the 
x-direction (see Figure 3(1a)). Bending of the magnetic field 
line creates a j×B force pointing along the –x-direction. The 
force is biggest at the center of the wake, in a narrow belt 
extending up to the polar regions (Figure 3(1a)), where it 
can speed up the solar wind plasma, and finally results in an 
acceleration region (see Figure 2(4a) and 2(4b)) in the wake 
just behind the Moon. As the energy in the magnetic field is 
converted into the kinetic energy, the field strength is rela-
tively lower in the acceleration region (see Figure 2(2a), 
2(2b)). On the other hand, the thermal pressure gradient also 
pushes some solar wind plasma to enter the wake perpen-
dicular to magnetic field lines (see Figure 3(1c)), causing 
bending of the magnetic field lines in the z-direction. Simi-
larly, a force pointing to the z-direction in the z > 0 area and 
a force pointing to the –z-direction in the z < 0 area are 
produced, which can hinder further wake refilling in the 
z-direction and then cause an asymmetry of streamlines in 
the y and z directions (see Figure 3(1b) and 3(1c)). 

As the plasma refills the wake, a system of diamagnetic 
currents is formed by the pressure gradient across the wake 
boundary, J=(Bp)/B2, which produces a reduction in field 
strength in the expansion region, and an increase in field 
strength in the central wake [2, 16, 17]. The diamagnetic 
current system is asymmetric in this case, since the pressure 
gradient points outward; J is larger in the region where B is   
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Figure 2  The simulation results when IMF is perpendicular to the solar wind. The columns from left to right are cuts in the planes z=0, y=0 and x=4RL. 
The rows from top to bottom represent the magnitudes of the number density, magnetic field, pressure, velocity and temperature of solar plasma, respective-
ly. 

quasi-perpendicular to p than in the region where B is 
quasi-parallel to p. The diamagnetic current is strongest in 
the polar region, where it produces the biggest disturbance 
in the magnetic field, and leads to a great decrease in the 
expansion region, as we can see from Figure 2(2b) and 
2(2c). 

According to the initial solar wind conditions, the acous-

tic wave velocity is 58.6 km/s, s iC kT m  the 

Alfven velocity is 2
0 57.8 km/s,  AV B , and the 

fast magnetosonic wave velocity is 2 2 82.3 km/s. s AC V  

All of them are far less than the velocity of the solar wind, 

461 km/s. The disturbances of the Moon on the supersonic 
solar wind are limited in a region called Mach cone, as 
shown by density, magnetic field, and pressure in Figure 2. 
The Mach cone is formed by rarefaction waves traveling 
outward from the limb with a cone angle of about 10.0 in 
the y=0 plane, and 7.5 in the z=0 plane. From the cone an-
gle =sin1 (a/u)(where  is the cone angle, a is the velocity 
of disturbance propagation, and u is the velocity of the flow 
relative to the obstacle), it seems the rarefaction waves 
propagate via the fast magnetosonic mode, with sound 
speed Cs along y-direction, and fast magnetosonic wave 

speed 2 2s AC V  along z-direction, due to the velocity 
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Figure 3  The magnetic field lines and streamlines. The left column represents the magnetic field lines in the xy-plane, the central column represents the 
streamlines in the xy-plane, and the right column represents the streamlines in the xz-plane. The contour images on the background represent the solar plasma 
number density. The rows from top to bottom represent the cases in which the IMF lies at 90, 180, and 145 to the solar wind flow, respectively. 

anisotropy of the fast magnetosonic wave. 

2.2  IMF anti-parallel to the solar wind velocity (180) 

Similar to the case when IMF is perpendicular to the solar 
wind velocity, a wake with low density and low pressure is 
formed behind the moon. The plasma flows along magnetic 
field lines, but the process of wake refilling also occurs 
across field lines due to the thermal pressure gradient (see 
Figure 3(2b) and 3(2c)). By this way, the transverse pres-
sure varies, and the field lines will not keep straight but 
converge towards the center of the wake (Figure 3(2a)). 
However, the JB force produced by field line bending 
prevents transverse motion, the efficiency of refilling across 
field lines is lower than that along field lines, and the wake 
void becomes longer than the case of 90, as shown in Fig-
ure 4(1a) and 4(1b). For the same reason, the effect of adia-
batic compression caused by the wake refilling becomes 
weaker than the 90 case, and thus the temperature increase 
in the central wake gets smaller (see Figure 4(5a), 4(5b), 
and 4(5c)). In addition, such deformation of magnetic lines 

almost causes no force along the x-direction to accelerate 
solar plasma, and there is only a deceleration region in the 
wake, as shown in Figure 4(4a) and 4(4b). According to the 
formula in section 2.1, the diamagnetic current at the 
boundary of the wake is symmetric about the x-axis in this 
case, we can obtain that the magnetic field increases in the 
central wake, and a cone of lower field strength around the 
enhanced region (Figure 4(2a), 4(2b) and 4(2c)). In addition, 
both the field enhancement in the central wake and depres-
sion in the expansion region are larger than the case when 
the IMF and the solar wind velocity are perpendicular, since 
the magnetic fields and pressure gradients are always close 
to being perpendicular to each other in the wake and the 
diamagnetic current is larger on average.  

As shown in Figure 4, all the variables are axially sym-
metrical around the x-axis. The Mach cone is circular this 
time, with a cone angle of about 10 (see Figure 4(1a), 4(2a) 
and 4(3a)). As discussed in section 2.1, such a cone angle 
corresponds to the rarefaction wave propagating perpendic-
ular to the magnetic field with the velocity of fast magneto-
sonic wave.
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Figure 4  The simulation results for the case of 180. The columns from left to right are cuts in the planes z=0, y=0 and x=4RL. The rows from top to bot-
tom represent the magnitudes of the number density, magnetic field, pressure, velocity and temperature of solar plasma, respectively. 

2.3  IMF oblique to the solar wind velocity (135) 

The case of 135 seems to be a mixture of the case of 90 
and the case of 180. Because of the y-component of IMF, 
the results appear more similar to the case of 90, such as an 
acceleration region (see Figure 5(4a) and 5(4b)) in the wake. 
The field strength in the expansion region is also asymmet-
ric about the x-axis with a larger depression around the po-
lar region. The wake is slightly shorter (Figure 5(1a)) and 
the magnetic field strength is slightly lower (Figure 5(2b)) 
than the case of 180. Nevertheless, there are also some 
features of the case of 180, which are chiefly manifested in 
that the magnetic field seems more symmetric about the 

x-axis compared with the case of 90 (Figure 5(2c)) and 
field is also reduced at both sides of the wake in the z=0 
plane (Figure 5(2a)). Of course, it has its own specific 
characteristics, which are reflected in the asymmetry of 
magnetic field, pressure, and velocity in the y-direction (see 
Figure 5(2a), 5(3a) and 5(4a)). As shown in Figure 3(3a), 
bending of magnetic field lines caused by the frozen-in ef-
fect also occurs in this case. The difference is that bending 
does not happen exactly in the x-direction but with an angle 
to it. Thus the corresponding magnetic force is not directed 
toward the –x-direction but inclines somewhat to the 
y-direction. Such an inclined force finally causes the asym-
metry in the y-direction.
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Figure 5  The simulation results for the case of 135. The columns from left to right are cuts in the planes z=0, y=0 and x=4RL. The rows from top to bot-
tom represent the magnitudes of the number density, magnetic field, pressure, velocity and temperature of solar plasma, respectively. 

2.4  Comparison with WIND observations 

Here we compare the simulation results with the observa-
tions by WIND at a distance of x = 6.5RL from Ogilvie et 
al. [3]. It should be noted that the solar wind conditions 
changed during WIND’s lunar wake crossing, which is most 
apparent in the plasma number density that decreases by a 
factor of two from the undisturbed solar wind on the in-
bound trajectory to the solar wind on the outbound trajecto-
ry. Therefore, as done by Holmström et al. [11], we run the 
model with two sets of solar wind conditions, and denote 
them by Before and After, respectively. The solar wind 
conditions used for Before (After) case are as follows: the 

velocity is 470 (500) km/s, the number density is 6.0 (2.6) 
cm3. The IMF is (5.74, 2.06, 0) nT for Before case, and 
(5.57, 5.02, 0) nT for After case. The plasma temperature is 
2.5×105 K for both cases. 

As shown in Figure 6, the simulation results match well 
with the observations by WIND, if we change the compari-
son from Before case to After case at the center of the wake. 
We can find, both in the model and in the observations, the 
plasma number density decreases gradually toward the cen-
tral wake, the temperature increases by a factor of about 
four toward the centre of the wake, and the magnetic field 
strength increases in the central wake but decreases at both 
sides of the central wake. However, the minimum number 
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Figure 6  Comparison between simulation results and WIND observations [3]. The rows from top to bottom show the comparison of the plasma number 
density, magnetic field strength and the temperature, respectively. Here the solid curves represent WIND observations, the dotted curves with circles repre-
sent the simulation results for Before case, and the dotted lines with diamonds represent the simulation results for After case. 

density of the simulation is much larger than the observed 
values (see Figure 6), and the lunar wake seems smaller. In 
reality, the lunar plasma environment is much more com-
plicated than what an MHD model can describe, especially 
in the region close to the Moon. Particle absorption, reflec-
tion and pickup can all happen on the lunar surface accord-
ing to the observations [18]. In addition, a full description of 
wake refilling should take into account a number of kinetic 
effects, such as the ambipolar expansion, instead of a purely 
magnetosonic expansion. So many mechanisms may make 
the MHD results deviate from the observation. From the 
view of MHD simulation, our simplified boundary condi-
tion on the night side of the lunar surface might be a reason 
for the modeled high density in the void. Ions mainly refill 
the wake along magnetic field lines. Even if the magnetic 
field is parallel to the solar wind flow, the thermal expan-
sion also allows some ions to enter the lunar wake. In this 
way, some ions can move towards the lunar surface, part of 
which can be absorbed. However our MHD model, as a 
simplified approach, treats the lunar surface as a rigid 
boundary, and only considers the reflecting effect on the 

nightside. As a result, the radial velocity equals zero on the 
lunar surface and all the plasma can bypass the lunar body 
and flow into the wake without any loss. Such a simplified 
boundary condition may finally cause the modeled mini-
mum number density larger than the observed values. 

3  Conclusions 

This paper presents the results from a 3-D global MHD 
simulation of the interaction between the Moon and the so-
lar wind under three different IMF conditions. Some basic 
features of the interaction are revealed by this model, in-
cluding the plasma density decrease in the wake and the 
central wake magnetic field increase, which are in agree-
ment with the observations [2, 3, 15] and other previous 
global models [10, 11]. Our model also shows that the 
plasma temperature is enhanced in the void, and an acceler-
ation region may appear in the near wake. In addition, as the 
plasma moves into the wake, some rarefaction waves propa- 
gate away from the limb via the fast magnetosonic mode, 
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which is anisotropic and propagates with different velocities 
in different directions relative to the magnetic field. Our 
simulation results agree reasonably well with the WIND 
observations [3]. It should also be admitted that our MHD 
model also has its limitations for it loses sight of many im-
portant mechanisms, such as surface effects, and kinetic 
processes. In the frame of the MHD method, a Hall MHD 
model might improve the results in some aspects.  

Simulation results were obtained using the Space Weather Modeling 
Framework, developed by the Center for Space Environment Modeling, at 
the University of Michigan with funding support from NASA ESS, NASA 
ESTO-CT, NSF KDI, and DoD MURI. This work was supported by Na-
tional Natural Science Foundation of China (Grant No. 40974108).  
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