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Abstract-A
semi-empirical model of the Martian magnetopause was developed according to data from the
TAUS ion-spectrometer and the MAGMA magnetometer of the Phobos-2 spacecraft for a period of solar
activity maximum. The model describes a magnetopause position in the Martian magnetotail and a flaring
angle depending on solar wind dynamic pressure pV2 as well as three points of magnetospheric boundary
crossing on the dayside. The shape of the magnetopause is determined in the model from the pressure balance
equation on this boundary. Both magnetic pressure and ionospheric plasma pressure are taken into account.
A characteristic feature of the model is that the position of the magnetopause in the subsolar region is stable
for rather large values of solar wind pressure (pV2 > 6 x 10-9 dyn/cm2).

INTRODUCTION
In spite of more than thirty years of Mars explorations (since Mariner4, 1965) the intrinsic magnetic
field of the planet is still not well, determined and the
role of the ionosphere in interactions between the
solar wind and the planet is not clear. Studies of variations of near planet plasma boundaries (the magnetopause and the bow shock) in response to solar wind
dynamic pressure variations may bring us closer to a
solution to these problems
The authors of [1, 2] considered the position of the
Martian bow shock in dependence on solar wind
dynamic pressure near the terminator plane. However,
it is impossible to make definite conclusions about the
nature of flowed-around body, because the position of
the bow shock depends on many other factors.
Gringauz et al. have qualitatively shown [3, 4] that
the Martian magnetotail is compressed along with an
increase in the solar dynamic pressure. Verigin et al.
[5] performed a quantitative statistical analysis of this
effect. A basic assumption of their analysis was a stable position of the magnetopause in the subsolar
region. Later, Rosenbauer et a/. [6] determined the
average flaring angle for the magnetopause (the angle
between the tangent to the magnetopause surface and
incoming solar wind direction) in the region of its
recording on circular orbits. Zhang et al. [7, 8] analyzed the dependence of this angle on solar wind

dynamic pressure. These investigations provide some
information on the shape of the planets magnetopause.
A semiempirical model of the Martian magnetopause is presented in this work. This model agrees
well with the magnetopause position in the magnetotail of Mars and an observed relationship between the
flaring angle and solar wind dynamic pressure. It also
well describes three available points of magnetopause
measurement at the subsolar planet side.

INSTRUMENTATION
AND EXPERIMENTAL DATA
The present model is based on solar wind proton
measurements performed by the TAUS energy-spectrometer and magnetic field data measured by the
MAGMA magnetometer on board Phobos-2. The
TAUS spectrometer measured proton spectra within
an energy range of 150 eV-6 keV every two minutes
for a majority of Martian orbits in February-March
1989. The TAUS spectrometer had a field of view of
-40o x 40o centered on the aberration-corrected direction of the solar wind. The orbital motion of the planet
causes this aberration. A more detailed description of
the TAUS experiment is given in [9]. The MAGMA
magnetometer had a range of ::1::100nT, resolution
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surements were performed by both instruments in the
undisturbed solar wind and in the Martian magnetotail. The crossings of the magnetopause near Mars
were indicated by the disappearance of solar wind
protons as measured by TAUS [II, 12] and by a simultaneous increase in the magnitude of the magnetic
field (in the magnetotail region) or by a decrease of
magnetic field turbulence (on the dayside) [13].
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Fig. 1. The ratio of the proton channel daily average counts
to the heavy ion channel daily average counts versus time
starting from July 1, 1988.
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The TAUS experiment data should correlate with
other satellite data published regularly in special catalogs. For this reason, we compared our data with data
of the /MP-B satellite from the near Earth elliptical
orbit. This comparison was done for a time interval
when both spacecraft and the Sun were aligned. The
TAUS data should be multiplied by a total correction
factor of 2.2 at the end of active satellite life.
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Measurements of absolute values of solar wind
parameters and a knowledge of their experimental
errors are very important to model the magnetopause
shape. Unfortunately, the efficiency of proton detection by the TAUS instrument continuously decreased
during the Bight because an inlet aperture was not
totally opened by the piezoelectric actuator [5]. To
take this effect into account, the data were renormalized by a comparison of proton channel counts (Np)
with heavy ion channel counts (Nh) caused by penetration of some fraction of scattered protons to this channel (Fig. 1). An inlet aperture of the heavy ion channel
was always open. A ratio of Np/Nh has been fitted by
the falling time exponent (solid line in Fig. I); however, the dispersion of the experimental points is
rather large and, so, there is still considerable ambiguity in the corrected data.
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Values of the velocity V the renormalized density
n and the solar wind proton temperature T obtained
om the TAUS expevent,
andrvalues ofpthe magnetic field magnitude B from the MAGMA experiment were used to calculate the dynamic (pV2) and
sum of the thermal and magnetic pressures of the solar
wind (p):
pV2 - npmpV2(1 + nama|npmp),

Fig. 2. The sum of the thermal and magnetic pressures versus the solar wind dynamic pressure during We Pbohos-2
measurements.

p - npkTp(1
+

0.05 nT, and returned data at a rate of one vector in
every 45 s [10].
During the active life of the spacecraft, magnetopause crossings were recorded by the TAUS and
MAGMA instruments on three elliptical orbits with
low pericenters (h = 850 km above the planet's surface) and on a number of circular orbits, quasi-synchronous with the orbit of the moon Phobos. In total,
sixty-four magnetopause crossings were registered on
circular orbits (excluding multi-crossings) when mea-

(1)

+ naTalnpTp

CI + 2nalnp)TelT

p) + B2I8P,

where the proton mass is np, the a subscript corresponds to alpha-particles, and the electron temperature is Te. In our calculations we used solar wind
parameters measured about 30 min before or after the
spacecraft crossed the near-planet bow shock for
entries to, or exits from, the Martian magnetosphere,
respectively [5]. These values were averaged over
20-30 min. Average relations between different solar
wind parameters were assumed to be na/np = 0.047,
Ta/Tp - 4.9 and Te/Tp - 1.9 [14].
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Figure 2 presents the dependence of the p value on
pV2. Points correspond to calculations according to
(1), and the solid line shows an approximation of this
dependence by a power law function:

(2)

p -_ 1,728(pV2)1.232.

(3) is transformed to
kp V2 (dyl dx)2 2 + p(pV2)
1 + (dy/ dx)

| 4f2

+ poexp(-(r

- ro)/ H), x > x*

(4)

8P r

This function will be used to reduce a number of free
parameters of the magnetopause model. The dashed
line in Fig. 2 corresponds to the magnetosonic Mach
number of -4.6, which is typical for average solar
wind conditions during measurements aboard Pbobos-2 [6].

MODEL OF THE MARTIAN MAGNETOPAUSE
An equation of pressure balance is commonly used
for theoretical models of body shape flowed-around
by the solar wind in the case of the induced as well as
intrinsic magnetosphere [15, 161. The left hand side of
this equation always contains a dynamic solar wind
pressure and in some cases its magnetic and thermal
pressure. On the right hand side of the equation, there
is a term describing the intrinsic planetary magnetic
field pressure or the ionospheric plasma pressure.
Because, for the Martian magnetosphere, both intrinsic magnetic field and ionospheric pressures may be
important, there is a sum of these pressures on the
right hand side of the equation used in our analysis:
[ 4f2M26 + poexp (_(r _ ro)/ H),
8P r
x > x*

kpV2 sin2a + p) - <

(3)

~B (y_y*)4,
x < x*,

where x - Xase, y - y
z are the coordinates of a
point on the magnetopause surface in the planetocentric aberrated solar-ecliptic coordinate system, the Xase
axis is assumed to be directed in the upstream solar
wind direction; a is the magnetopause flaring angle,
the angle between the Xase axis and the magnetopause
tangent in the plane containing Xase; M is the planet's
magnetic moment;po is the pressure in the ionosphere
at a distance ro from the planet center; H is the scale
of ionospheric height; and k = 0.88 (for the adiabatic
exponent g =5/3) andf = 1.22 (f 2/k = I.69). The k coefficient describes a pressure transfer on the magnetopause near the subsolar point and the f coefficient
reflects an increase in the magnetic field near the magnetopause caused by surface currents [15, 171.
Replacing sin2fa) by the derivative dy/dx, equation
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where p(pV2)is used according to (2). A conservation of
the magnetic flux in the magnetotail lobes (x s x* S 0) is
assumed in equations (3) and (4). The B* and y*
parameters provide the continuity and smoothness of
the magnetospheric surface at the point x = x*. A value
of x* = 0 was used in our calculations. The magnetopause shape determined from equation (4) for a pure
magnetic body coincides with a "realistic magnetopause" shape from the Tsyganenko model [18]. This
model is based on statistically rich studies [19, 20].
The relation between the magnetotail width, distance
to the magnetopause in the terminator plane and the
distance to the subsolar point for the realistic magnetopause is 2.58 : 1.34 : 1, but for the magnetopause
described by equation (4) it is 2.42 : 1.34 : I.
If one assumes the magnetic moment of Mars M,
the ionospheric pressure po and the height scale H,
then equation (4) allows one to obtain the magnetopause position, and therefore, the distance between
the observed point of magnetopause crossing and the
expected magnetopause position for any measured
value of dynamic solar wind pressure pV2. There is an
inverse problem, the determination of parameters M,
po, and H, for which the discrepancy between
observed points of the magnetopause crossing and the
expected magnetopause
position is smallest for
observed values of pV2.
The available experimental data do not currently
permit us to solve the three dimensional problem of
optimization, because there is not enough data on
magnetopause position on the planet dayside. Actually, only three points of magnetopause crossing on
the dayside determine values of po and H, so small
changes of the positions of these points lead to considerable changes in the H value. Therefore, we have
assumed H = 110 km, which corresponds to the double scale of thermal oxygen scale height in the Moroz
et a/. "extreme" model of the Martian atmosphere
[21]. This model was chosen because the Pbohos-2
measurements were performed during a period close
to the solar activity maximum. The influence of H
changes on estimates of other parameters will be considered below.
If the standard procedure for optimization of
observed magnetopause crossing point deviations
from corresponding model surfaces is used, then the
influence of 64 crossings of the magnetotail will
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We performed calculations for different values of
H # 110 km to clarify the influence of this parameter
on M. Apparently, this influence can be disregarded
because a change in scale height H from 50 to 200 km
leads to insignificant changes in the magnetic moment
M from 0.84 x 1022 to 0.79 x 1022 G cm3.
We have not considered the magnetopause angle.
The magnetopause flaring angle a can be determined
for any given magnetopause crossing and solar wind
parameters pV2 andp by the formula [7, 22]
2

sina

=

B2 \ 8p - p
m

(5)

2 r ,

kpV
where the magnetic field magnitude in the Martian
magnetotail Bm has been measured during time intervals when the magnetic "field in the magnetotail lobes
has become rather stable before or after magnetopause
crossing. In the case of multiple magnetopause
encounters, only the innermost crossings have been
considered, so there are only innermost magnetopause
crossings are presented in Fig. 3a (if it appeared that
B /8P <p then a 0 was plotted)

=

Fig. 3. A comparison of Mars magnetopause position
obotainedfrom model calculations (M ~40.82x 1022 G cm3)
witb observed points of magnetopause crossing on (a) circular orbits and (b) elliptical orbits. A comparison of tbe
theoretical magnetopause flaring angle witb angles calculated using tbe Pbobas-2 measufemeats (c).

superpress the influence of three dayside crossings,
which, however, are very important to model the subsolar magnetopause. To ensure an equal influence of
the magnetopause observations on circular and elliptical orbits, values of M and po were chosen that correspond to a minimum sum of mean-square deviations
of the dayside magnetopause observations and meansquare deviations of the magnetotail boundary observations (normalized to the subsolar point).
Figure 3 presents results of the optimization of this
model parameter (M = 0.815 x 1022 G cm3). Figure 3a
shows the solar zenith angle [arctan(y/x)] of magnetopause crossing points observed on circular orbits of
Phobos-2 versus the dynamic solar wind pressure.
The solid line demonstrates the same dependence for
the model magnetopause. Figure 3b shows a model
dependence of magnetopause subsolar point height hp
on dynamic solar wind pressure by a solid line, and
the points correspond to thf ee day-time magnetopause
crossings projected along model surfaces of magnetospheric boundary. It is clear from Figs. 3a and 3b that
the model reasonably fits observed crossings of the
Martian magnetopause and their dependence on pV2.

Figure 3c presents the magnetopause flaring angle
versus pV2. The observed angles (points) are above
their model estimates by 50 on average. Changes in
the model parameters M and po do not lead to better
agreement. Agreement may he achieved by changes of
the model itself or by variations of measured plasma
and/or magnetic field parameters, within possible
experimental errors.
A change in the k value from k - 0.66 (the interplanetary magnetic field is antiparallel to the intrinsic
magnetic field of the planet in the subsolar region,
g = 2) to k= 2 (a mirror reflection, B =0, Ty =0) in the
equations (4) and (5) [23] corresponds to the first case.
Three plots presented in Fig. 3 show reasonable agreement for k = 1.5 and M = 0.98 x 1022 G cm3. We will
not discuss this opportunity in more detail here,
because it contradicts
the commonly
accepted
approach of magnetospheric boundary modeling.
A decrease in the magnetic field value by 10% would
also lead to a reasonable fit of the observational data to
the considered model for M - 0.81 x 1022 G cm3. In this
case, the magnetopause flaring angles would come
close to the practically unchanged model curve in
Fig. 3c. However, in spite of some problems with a
choice of zero level during the magnetic field measurements, the existence of such a systematic absolute
experimental error is unlikely.
Total magnetic field of the magnetotail has been
substituted in (5) to determine the flaring angle, but it
seems reasonable that this equation should account
only for the tangential component Bt to the magnetopause, but not the absolute value of the magnetic field.
Zhang et a/. [7, 8] showed a difference between the
magnetopause flaring angle and the angle between the
magnetic field direction in the magnetotail and the
COSMIC RESEARCH
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sunward direction. However, it is necessary to replace
by Bt = 0.85 Bm in (5) for reasonable model fitting
of the dependence of magnetopause flaring angle on
dynamic solar wind pressure that corresponds to the
angle of -30o between the magnetotail magnetic field
direction and the tangent direction to the magnetopause. This value is considerably greater than -14o (i.e.
Bt - 0.97Bm) estimated from the Phobos-2 data [7, 8].
One more reason for the discrepancy between Bering angles estimated from measurements and calculated according to the model is a possible error in the
proton density measurements. As mentioned above,
the scatter of points in Fig. 1 is rather large. Therefore,
if we account for the time dependence of the Np/Nh
ratio by the approximation that goes 30% below the
presented curve near its end, then the proton density
determined with this new curve would be higher by
about 40%.
An estimate of the proton density using the TAUS
data may be reasonably enlarged by 20% if Bm in (5)
would be simultaneously replaced by Bt - 0.97Bm.
After these changes, expression (2) becomes
Bm

p

= I.98(pV2)1.246.

(6)

The optimization procedure of model parameters
described above provides, in this case, an M value of
0.89 x 1022 G cm3. Figure 4 shows a comparison of
this model with measurements applying the density
correction by 20%. Now the constructed model fits the
experimental data presented in all three figures reasonably well.
An asterisk in Fig. 4b marks the position of the magnetopause in the subsolar point calculated in [24] using
plasma and magnetic field measurements on March 24,
1989. At that time, the Martian bow shock was observed
aboard Phobos-2 in the subsolar region very far from the
planet at a distance of -2.8 Martian radii, which was connected with very low solar wind dynamic pressure
pV2 = 109 dyn/cm2 and the Alfvenic Mach number
MA = 1.8. The present model also describes this case
well, so the pressure of the intrinsic planetary magnetic
field is sufficient to decelerate the solar wind of very low
dynamic pressure.
The shape of the model magnetopause similarly
depends on pV2 in the cases presented in Figs. 3 and 4.
Figure 5 presents boundaries of the Martian magnetosphere for different values of solar wind dynamic
pressure calculated using (4) for the case of Fig. 4.
The dashes in Fig. 5 were drawn through the points of
spacecraft magnetopause crossing on different circular orbits. The angle of their inclination to the X axis
is the magnetopause flaring angle a (5).
A characteristic feature of the model is that the
position of the magnetopause in the subsolar region is
practically invariable for pV2 Z 6 x 109 dyn/cm2,
while the magnetotail remains "compressible" up to
very high pressures (Fig. 5). This feature of the model
magnetopause justifies in a way an assumption of

Hg.4 A comparison of model results (M~O.82x 1022G cm3)
with observed points of magnetopause crossing on (a) ctrcular orbits and (b) elliptical orbits. A comparison of magnetopause flaring angles calculated using the equation (5),
that contains the tangential magnetic field component
Rt - O.97Bm according to We Pbobas-2 data, and accounting for density corrections of 20% (c).

Martian magnetopause
stability in the subsolar
region. The authors of [5] made this assumption considering the compressibility of the Martian magnetotail.
According to the model, the magnetic field pressure inside the magnetosphere B2/8P [the first term on
the right hand side of (4)] is greater than the ionospheric pressure pion [the second term on the right
hand side of (4)] over the entire magnetopause in the
case of very low solar wind dynamic pressure. The
ionospheric pressure becomes greater than the magnetic field pressure near the subsolar point if pV2
increases. However, the magnetic pressure is still
greater for large zenith angles and far from the subsolar point, because it decreases rather slowly with distance from the planet as -r-'6 in comparison with ionospheric pressure decreasing -exp(-r/.
Figure 6
shows regions where the ionospheric pressure is
greater or less than the magnetic pressure on the magnetopause. A dashed line corresponds to a case presented in Fig. 3, and a solid line, in Fig. 4. It can be
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Fig. 6. Regions where either ionosphen'c pressure or magnetic pressure is dominant on the magnetopause for the
models of Fig. 3 and Fig. 4.

seen from Fig. 6 that the magnetic pressure may be
greater than the ionospheric pressure even for a very
large solar wind dynamic pressure near the magnetopause for large zenith angles.
A dependence of subsolar point height on the solar
wind dynamic pressure presented in Figs. 3b and 4b
may be interpreted as the height profile of a sum of
ionospheric and magnetic pressure in the subsolar
magnetosphere multiplied by Ilk. The exponential part
of this curve at low heights describes the profile of ionospheric pressure. However, a question arises, whether
electrons and ions in the Martian magnetosphere may
produce the pressure more than Cl-3) x 1()-_8dyn/cm2 at

700-800 km heights during the solar activity maximum.
There is no reliable information on the pressure distribution in the Martian ionosphere for the solar activity
maximum. Because there are neither measurements of
particle temperatures nor models of temperature distribution for this time period, Zhang and Luhmafm [25]
only estimated the lower limit of maximum ionospheric
pressure of (0.5-1.5) x 10-8 dyn/cm2 at the height of the
maximum ionization and a zenith angle of -750.
According to the authors of [25], this estimate is the
most unreliable result of their work. An extrapolation
of this value to the subsolar region gives a pressure
-(1-3) xlO-8 dyn/cm2.
Even if the ionospheric pressure at a height of
-150 km was much higher than this lower limit during
the Phobos-2 observations, it is still unclear how such
a high pressure can be kept near the magnetopause.
This problem can be resolved if one assumes the existence of a plasma layer of temperature SI 0 eV and density 1000 cm-3. The thickness of this layer should be
about several hundred kilometers. The Phobos-2 measurements provide some evidence of the existence of
such a layer. Electric field measurements [26] show a
decrease in electric field potential of the spacecraft to
very low values after the dayside magnetopause crossing. This points to the existence of a dense plasma
layer inside the magnetosphere. The plasma density
-700 cm-3 was measured by the Langmuir probe at
heights of -lOf)O km on February 8, 1989. However,
data on plasma temperature are not available. The sensitivity of the radio occultation methods of electron
density profile measurements (-107
cm-3) was not
sufficient to discover such a plasma layer [28].
The present model of the Martian magnetopause is
based on the pressure balance equation, which is chosen in such a way that the number of free parameters
would be reduced to a minimum. Some a priori
assumptions are a natural disadvantage of this
approach. Unfortunately, it is impossible to propose a
purely empirical model of the magnetopause for
Mars, as has been done for the Earth [19, 20], because
of a lack of observational data.
It should be pointed out that the magnetopause
crossings, for which the model was created, were
observed during the period close to the solar activity
maximum and the corresponding height scale also
was chosen. Therefore, this model should be modified
for another period of the solar activity cycle.
The existence of the Martian intrinsic magnetic
field can be justified only by direct measurements near
the planet's surface. Our model only provides a new
estimate of the planet's magnetic moment for the
dipole 6eld-(0.8-1)
x 1022 G cm3, which corresponds to the observed dependence of magnetopause
position in the subsolar and tail regions on solar wind
dynamic pressure and to a dependence of the magnetopause flaring angle on pV2.
COSMIC RESEARCH
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Additionally, from a formal point of view, the
curve shapes in Figs. 3b and 4b can be explained by
the sum of two pressures, which vary according to the
exponential law on the right hand sides of equations
(3) and (4). However, this approach leads to unacceptably high pressures in the upper ionosphere.
The model of planet magnetopause shape can be
applied, independent of the origin of the Martian magnetosphere, for studies of near planet bow shock variations and for further investigations of magnetic field
distribution in the planet's magnetosphere.
CONCLUSION
The model of the Martian magnetopause was developed according to data of the TAUS ion-spectrometer
and the MAGMA magnetometer of the Phobos-2 spacecraft for a period of maximum solar activity.
The model simultaneously describes the magnetopause position observed in the Martian magnetotail
and a flaring angle depending on solar wind dynamic
pressure pV2 as well as three points of magnetospheric boundary crossing on the dayside.
The shape of the magnetopause is determined in the
model according to the pressure balance equation on this
boundary. Both magnetic pressure and ionospheric
plasma pressure are taken into account. For a given solar
wind dynamic pressure, the model gives a range of
zenith angles for which the magnetic pressure near the
magnetopause is higher than the ionospheric pressure.
The magnetic moment of Mars is one of free
parameters of the model. It was deterrmned by the
least square method using the available points of
magnetopause crossings and corresponding values of
solar wind dynamic pressure. The obtained estimate
M = (0.8-1) x 1022G cm3 practically does not depend
on the choice of ionospheric height scale.
A characteristic feature of the model is that the
position of the magnetopause in the subsolar region is
nearly constant at pV2 > 6 x 109 dyn/cm2, while the
magnetotail remains compressible up to extremely
high values of solar wind pressure.
The model of planet magnetopause shape can be
applied, independently of the origin of the Martian
magnetosphere, as a basis for studies of near planet
bow shock variations and for further investigations of
the magnetic field distribution in the planet's magnetosphere.
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