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Quantitative model of the Martian magnetopause shape
and its variation with the solar wind ram pressure

based on Phobos 2 observations

M. Verlgm G. Kotova,' N Shutte A Remizov, K Szego, M. Tatrallyay,
I. Apathy, H Rosenbauer S. Livi,* A. K Richter,” K. Schwmgenschuh

T.-L. Zhang, 3. Slavin,® and J. Lemaire’

Abstract. A model of the Martian magnetopause is developed for the period of maximum solar
activity which simultaneously describes (1) the observed relation between the solar wind ram
pressure p 1* and the magnetopause position in the magnetotail, (2) the observed relation between
P V* and the flaring angle, and (3) a few magnetopause crossing observations above the day side of
the planet. The shape of the magnetopause is determined from the equation of pressure balance
across this boundary when both the magnetic pressure (with a planetary magnetic moment of
(0.8-1.0)x10%> G cm’) and the ionospheric pressure are taken into account in the planetary magne-
tosphere. The specific feature of the model is the “stagnatlon of the subsolar magnetopause when
the ram pressure increases to higher values (= 6x10° dyn cm?).

Introduction

Although 30 years have passed since the beginning of in situ
studies of the near-Martian space (Mariner 4, 1965), Mars still
remains the only visited planet of the solar system with uncertain
information on its magnetic moment and on the role of the
planetary ionosphere in the interaction with the solar wind. Since
there are still no direct measurements of the magnetic field avail-
able near the surface of Mars, only indirect evidence can be used
to come closer to the solution of the above problems. The studies
of the variation of the position of planetary plasma boundaries,
the magnetopause and the bow shock, being influenced by the
solar wind ram pressure sz variations are among the useful di-
agnostic tools for analyzing these unsolved problems.

The attempts of Slavin et al. [1983] and Schwingenschuh et al.
[1992] to study the dependence of the location of the Martian
terminator bow shock on solar wind ram pressure did not lead to
an indisputable conclusion on the origin of the planetary obstacle
to the solar wind flow because of many uncontrolled factors
which determine the position of this boundary. The number of
external factors which control the magnetopause position is less
than those controlling the bow shock. Also, the magnetopause is
located closer to the planet. This means that the study of the
magnetopause motions is a more sensitive tool for analyzing the
nature of the obstacle to the solar wind.
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The compression of the Martian magnetotail with the increase
of sz was qualitatively demonstrated by Gringauz et al. [1976a,
b]. The first statistical study of this effect by Verigin'et al. [1993]
was based on the assumption of the relatively stable position of
the magnetopause in the subsolar region which had no direct ob-
servational support. Later, Rosenbauer et al. [1994] studied the
average flaring angle of the Martian magnetotail along the Pho-
bos 2 orbit while Zhang et al. [1994, 1995] analyzed its depend-
ence on solar wind ram pressure. Both papers provided additional
information on the shape of the planetary magnetopause.

The aim of this paper is to develop a model of the Martian
magnetopause which simultaneously describes (1) the observed
relation between sz and the magnetopause position in the mag-
netotail, (2) the observed relation between pl” and the flaring
angle, and (3) a few magnetopause-crossing observations above
the dayside of the planet.

Instrumentation and Observational Data

This model is based on the plasma proton component meas-
urements performed by the TAUS spectrometer and magnetic
field data measured by the MAGMA magnetometer onboard
Phobos 2. In most of the Martian orbits during February - March
1989, the TAUS spectrometer measured proton spectra every
2 min in the energy per charge range of 150 V to 6 kV subdi-
vided into 32 energy channels. The instrument had a field of
view of ~40° x 40" centered on the nominal aberrated solar wind
direction. A more detailed description of the TAUS instrument
was presented by Rosenbauer et al. [1989a]. Most of the time,
the MAGMA magnetometer measured the magnetic field vector
every 45 s, with a resolution of 0.05 nT. Field values ranged
between £100 nT [Aydogar et al., 1989].

During the active life of this orbiter, magnetopause crossings
were observed by both TAUS and MAGMA instruments in three
elliptical orbits with low pericenter (£~850 km above the planet's
surface) and in several dozen circular orbits (planetocentric dis-
tance r~9500 km) quasi-synchronous with the orbit of the Pho-
bos moon. Altogether 64 entries to the magnetotail or exits from
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it (in the case of multiple crossings the innermost one was con-
sidered; see also the end of the next section and the discussion
section) were recorded in the circular orbits for which both pro-
ton and magnetic measurements were available both in the solar
wind and in the magnetotail lobes. The crossings of the magne-
topause near Mars were indicated by the disappearance of solar
wind protons as measured by TAUS [Rosenbauer et al., 1989b]
and by an increase in the magnitude of the magnetic field (in the
magnetotail region) or by a drop in magnetic field turbulence (in
the subsolar magnetosphere) [Riedler et al., 1989].

It is obvious that for the magnetopause modeling, the absolute
measurements of solar wind proton parameters and correct in-
formation on their accuracy play a crucial role. The efficiency of
the proton channel (P) of TAUS systematically decreased during
the mission owing to the incomplete opening of the exit slit by a
charged piezoelectric actuator [Verigin et al., 1993]. Postcalibra-
tion of channel efficiency was performed using proton ghosts in
the heavy ion channel (H) where the slit was continuously open.

Figure 1 presents the inflight variation of the ratio of the
number of protons N, counted daily in the peak of P channel en-
ergy spectra to the number of protons N, counted daily at the
same energy in the H channel. The general trend of the count ra-

tio can reasonably be approximated by the following exponential

curve [Kotova, 1993]:
N, [Ny =1808+8184exp(-0.018067), 0]

where ¢ is the time measured in days from July 1, 1988, As one
can see from Figure 1, the scatter of the individual points relative
to the smooth curve (1) still leaves a rather large uncertainty in
the postflight data correction procedure.

In order to adjust TAUS measurements to the long term mul-
tispacecraft data set systematically published by WDC-A in the
Interplanetary Medium Data Books, the proton number densities
determined by the IMP 8 MIT Faraday cup measurements [King,
1989] and those measured by TAUS were compared for the in-
terval from September 21 to October 3, 1988 when the Sun, the
Earth. and Phobos 2 were radially aligned. (See also work by
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Figure 1. In-flight variation of the ratio of the number of pro-
tons counted daily at the peak of the proton channel energy
spectra to the number of protons counted daily at the same en-
ergy in the heavy ion channel. Smooth curve approximation by
expression (1). Vertical dashed lines mark the interval used for
intercalibrations with IMP 8.
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Figure 2. Intercomparison of Phobos 2/TAUS and IMP 8 solar
wind proton densities.

Russell and Petrinec [1992]; and Petrinec and Russell [1993b]
and ensuing commentary [Paularena and Lazarus, 1994;
Petrinec and Russell, 1994] for discussion on certainty of IMP 8
data.) The delay time of the solar wind stream from IMP 8 to
Phobos 2 was calculated by assuming that the velocity is inde-
pendent of the heliocentric distance R. Only those 10-min aver-
aged intervals were taken into account for which the solar wind
velocity / measured by Phobos 2 was coincident with the veloc-
ity observed by IMP 8 within 10% accuracy. Then IMP 8 proton
densities were adjusted to the position of Phobos 2 assuming the
~ R radial variation of this parameter.

Figure 2 shows the scatter plot, described above, of Phobos 2
proton density measurements relative to IMP 8 data. A least
squares fit to the data in Figure 2 gives a multiplicative factor of
1.19 by which the Phobos 2/TAUS proton number density n,
(based on preflight calibrations) must be multiplied to match cor-
responding solar wind data from IMP 8. Then with the use of
curve (1), the correction coefficient for TAUS data can be calcu-
lated for any period of time. Towards the end of the active life of
Phobos 2, this coefficient turned to be about 2.2. Phobos
2/TAUS data corrected by this procedure were used earlier for
the studies of the Martian magnetopause and bow shock varia-
tions and magnetotail properties [Verigin et al, 1993; Rosen-
bauer et al., 1994; Zhang et al., 1994, 1995].

The values of V, n, (adjusted), and proton temperature T,
measured by TAUS, and magnetic field B measured by MAGMA
can be applied to estimate the solar wind ram pressure sz and
thermal and magnetic field pressure p using the following rela-
tions:

5 (g m
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where m,, and m, are the proton and o particle masses, respec-

tively. The ratios of n./n,~0.047, T,/T~4.9, and T,/T,~1.9 were

ol T
adopted for the average solar wind properties according to Feld-
man et al. [1977].
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Figure 3. The scatter plot of p relative to sz upstream of the
Martian bow shock in the period of Phobos 2 measurements.

Figure 3 presents the scatter plot of p relative to pV" as meas-
ured by Phobos 2 in the solar wind upstream of each bow shock
crossing averaged over time intervals of 20 to 30 min each be-
ginning ~ 30 min after the outbound shock crossing and ending
~ 30 min before the inbound shock crossing [see Verigin et al.,
1993]. The solid line in this figure describes the best-fit power
law dependence

pw 1.728(pV2)1'232, G

which will be used in the following magnetopause modelling.
The dashed line in Figure 3 corresponds to the magnetosonic
number M,, ¢ ~ 4.6 which characterizes the average conditions in
the solar wind during the Phobos 2 measurements [cf. Rosen-
bauer et al., 1994].

Magnetopause Model Construction

The equation of pressure balance across the magneto-
pause/ionopause is generally used for the theoretical determina-
tion of the obstacle shape both for magnetospheres produced by
an intrinsic planetary dipole, and for magnetospheres induced by
the solar wind-ionosphere interaction [Spreiter et al, 1966,
1970]. One side of this equation usually includes the solar wind
ram pressure pV” and (sometimes) the solar wind thermal and
magnetic field pressure p. The other side describes either the
magnetospheric magnetic pressure (dipole magnetospheres) or
the ionospheric plasma pressure (induced magnetospheres).
Bearing in mind that in the case of the Martian magnetosphere
both magnetic and ionospheric pressures might be important, we
use the pressure balance equation with the sum of the above pres-
sures on the right-hand side:

kpl? sin a+p=—g—+poe_(’_r")/H, x>x'
nr
AN 4)
B2(y") '
. x<x
8n |\ y
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where x = X, ¥=1Vase +Zase are the magnetopause surface

coordinates in the planetary-centered aberrated solar ecliptic co-
ordinate system ase (x,,, is assumed to be antiparallel to the in-
coming solar wind direction), a is the flaring angle (between x,,,
and the vector tangent to the magnetopause in the plane passing
through x,,), M is the magnetic moment of the planet, p, is the
ionospheric pressure at distance ry, H is the ionospheric pressure
scale height, and k ~ 0.88 (for the ratio of specific heats y = 5/3)
and /'~ 1.22 (f/k ~ 1.69) are factors describing the transfer of the
ram pressure to the subsolar magnetopause and the magnetic
field amplification interior to the magnetopause by electric cur-
rents along this surface [Spreiter et al., 1966; Slavin and Holzer,
1982], respectively.

After substituting sin’a via the dy/dx derivative into (4), the
following differential equation was used for modeling the Mar-
tian magnetopause:

)’ afiM’ .
VZI—HW+P(PV2)=—8—W;K—+pOe r=m)/H s x
*2{ +\4 (5)
B y] *
=—— X<x
SnLy ’

where p(p 1%} is taken from relation (3). In the planetary magne-
totail (x < x < 0), (4) and (5) suggest the conservation of the
magnetic field flux in the magnetotail lobes (parameters B and y*
obviously provide a smooth transition of the magnetopause sur-
face at x = x*). The value of x = 0 was adopted, which provides
an approximate coincidence of the magnetopause shape deter-
mined from (5) for a purely magnetic obstacle with the “realistic
magnetopause” by Tsyganenko [1995] based on the extensive
statistical studies by Sibeck et al. [1991] and Roelof and Sibeck
[1993]. The relation between the magnetotail width, the distance
to the magnetopause in the terminator plane, and the subsolar
magnetosphere dimension is 2.58:1.34:1 for the “realistic magne-
topause™ and 2.42:1.34:1 for the magnetopause obtained by inte-
grating (5).

Once we select the values of the Martian magnetic moment M,
the ionospheric pressure p,, and the scale height H, equation (5)
provides the expected position of the magnetopause surface and
subsequently the distance from the observed magnetopause
crossing to the expected surface for any observed value of the
solar wind ram pressure pV’. The reverse problem is to find the
parameters M, p,, and H which minimize the deviation of the ob-
served magnetopause crossings, from surfaces determined by our
model and consistent with the measured parameters.

The amount of data available does not permit a three-
dimensional (3-D) optimization study, especially in view of the
small number of dayside magnetopause crossings. In fact, the
three dayside crossings are responsible for the determination of
po and H, and any minor variation in the original dayside points
leads to a serious change in the value of H. Therefore we fix the
value of H = 110 km. This value is twice the scale height of the
thermal oxygen in the maximal model of the Martian atmo-
sphere of Moroz et al. [1991]. This model was selected since
Phobos 2 measurements were performed near solar maximum.
The influence of variations in / on the determination of other pa-
rameters is discussed later taking into account that the plasma
scale height is twice the scale height of the ionizable constituent
only under the condition of photochemical equilibrium [e.g.,
Bauer et al., 1973], which may be violated in the upper iono-
sphere.

In a formal least squares optimization of fitting our model sur-
faces to observed magnetopause crossings, the 64 observations in
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the magnetotail region would suppress the three dayside magne-
topause crossings which, nevertheless, are very important for the
subsolar boundary modeling. In order to “equalize” the signifi-
cance of the magnetopause observations at the elliptic and circu-
lar orbits, we searched for the values of M and p, which provides
the minimum of the sum of the mean squared deviations of the
dayside observations and of the mean squared deviations of the
tail observations (scaled to the subsolar point).

Figure 4 displays the resuits of the described optimization
process for a value of M = 0.815x10% G cm3. In Figure 4a the
solar zenith angles (arctan(y/x)) of the magnetopause crossings
observed by Phobos 2 in circular orbits are shown as a function
of pV* compared with those expected from the model (smooth
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Figure 4. Companson of the Martian magnetopause model for
M~ 0.82x10%22 G cm? (smooth curves) with the observed mag-
netopause crossings at (a) circular orbits, (b) elliptic orbits, and
(c) with magnetopause flaring angles deduced from Phobos 2
measurements.
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tion between the height of the Martian magnetopause at the sub-
solar point and the solar wind ram pressure together with the
three dayside magnetopause crossings traced to the y = 0 position
along the proper model magnetopause surfaces. The model
seems to reproduce the observed magnetopause crossings and
their dependence on pVZ reasonably. (We do not present the op-
timum value of p, explicitly as it can easily be deduced from the
exponential part of the smooth curve in Figure 4b which, accord-
ing to (4) and (3), can be interpreted as the approximate height
profile of the sum of the magnetic and ionospheric pressures in
the subsolar region multiplied by the factor 1/k.)

A few additional runs of the model with A # 110 km were
performed in order to study the influence of the uncertainty of

this parameter on the evaluation of M. Varying H fmm 50 l’m to

200 km resulted in small changes in M from 0. 84x102 G cm’ to
0.79x10” G em’.

Up to this point, no information on the magnetotail flaring
angles has been incorporated in the model. For a particular mag-
netopause crossing characterized by the solar wind upstream
pressures pl’ and p, the Martian magnetotail flaring angle o can

be determined as [cf. Petrinec and Russell, 1993a; Zhang et al.,
1994)
s Bfsnp
sin“ o = 7. (6)
kpV

Information on « is complementary to those shown in Figures
4a and 4b as it includes additional MAGMA measurements of the
magnetic field in the Martian magnetotail lobes B, In order to
determine B,, we used those parts of the Phobos 2 orbits where
the magnetic field reached a stable level in the magnetotail close
to the innermost magnetopause crossing. The flaring angle thus
determined is reasonable to be associated with the innermost
crossing. Therefore only the innermost magnetopause crossings
were used in Figure 4a also.

The scatter plot of flaring angles (as deduced from observa-
tions by relation (6)) versus sz is plotted in Figure 4c. The

points are placed at 0° when B,2 /87t < p. The values of the an-
gles systematically exceed the model curve by 5°. No better
agreement can be achieved by any variation of M or p,. Some
possible ways to avoid such a discrepancy will be presented in
the discussion.

Discussion

As a consequence of the data presented in Figure 4 and as it
was noted above, the developed model seems to reproduce the
observed magnetopause crossings and their dependence on pV2
reasonably both in the subsolar region (Figure 4b) and in the tail
region (Figure 4a). The magnetotail flaring angle dependence on
pV? (Figure 4c), however, is not reproduced satisfactorily by the
model. The situation with the flaring angles may be improved
either by modifying the theoretical background of the model or
by varying the measured parameters of the magnetic field and/or
plasma within the possible uncertainties of the observations.

In the first possible case the observational data would be rea-
sonably reproduced by the model curves in all three panels of
Figure 4 by selecting a value between k = 1 (diffuse reflection)
and k& = 2 (mirror reflection) [Schield, 1969] in (5) and (6).
A reasonable result can be achieved for £k ~ 1.5 and M =~
0.98x10°* G cm”. Although this is possible, there are more likely
reasons for the differences between the model shapes and obser-
vations.
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Flgure 5. Comparlson of the Martian magnetopause model for

~ 0.82x1022 G cm3 with magnetopause flaring angles de-
duccd from Phobos 2 measurements when the tangential mag-
netic field component B, =~ 0.85B, was used in relation (6).

A decrease of about 15% in the magnetic field values would
also lead to a reasonable reproduction of all observational data
by the model curves with about the same value of M ~
0.8x10* G cm3. In this case the flaring angles of the particular
crossings, as deduced from relation (6), are closer to the model
curve in Figure 4c. Though the magnetic field measurements
were beset with a zero-bias problem, it is difficult to believe that
an offset correction of this size would be likely.

On the other hand, relation (6) should include the magnetic
field component tangential to the magnetotail boundary B/, rather
than the absolute value of the magnetic field in the Martian mag-
netotail B, Substitution of B, ~ 0.85B, instead of B, in relation
(6) does not change the values of M and p, fitted earlier but re-
sults in a reasonable reproduction of the flaring angles by the
model (Figure 5). This possibility conforms with the difference
between flaring and draping angles in the Martian magnetotax]
found by Zhang et al. [1995].

A correction of the proton number density seems to be accept-
able, too. If we draw the smooth curve approximating the NJ/N,
in-flight ratio about 30% below the curve shown in Figure 1 to
the end of the Phobos 2 lifetime, the proton density values de-
termined from the observation of the TAUS spectrometer wiil in-
crease by about 40%. This possibility is not unrealistic taking
into account the scatter of the N,/N, ratio in Figure 1 (see also
Figure 2).

After correcting the proton number density by 40%, the qual-
ity of the correlation in Figure 3 does not change, but instead of
relation (3) we obtain

P 2.195(pV2)]'256 ™

The optimization process, described in the previous section,
with this new relation will lead to a new estimation of M =
0.95x10% G cm?. Figure 6 is similar to Figure 4, but it displays
the modified model with the enhanced proton densities. This
model seems to be another possibility (see model in Figures 4a;
4b and 5) to reproduce the observed magnetopause crossings and
their p/” dependences reasonably well both in the subsolar
(Figure 6b) and tail region (Figure 6a) as well as the magnetotail
flaring angle dependence on sz (Figure 6c¢).

The asterisk in Figure 6b marks the subsolar magnetopause
altitude estimated by Slavin et al. [1993] based on magnetic field
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and plasma measurements on March 24, 1989. At this time, Pho-
bos 2 observed the Martian bow shock close to the subsolar
point, very far from the planet at ~ 2.8 planetary radii as a result
of the extremely low ram pressure sz ~ 10”° dyn cm” and
Alfvenic Mach number M, ~ 1.8. The present model reproduces
the estimated magnetopause position for very low solar wind ram
pressure, thus implying that the effect of the planetary intrinsic
magnetic field could be sufficient for the solar wind stagnation in
this case.

Combination of both models presented in Figures 4a, 4b and 5
and Figure 6 (simultaneous moderate correction of B, and #,) also
results in a reasonable reproduction of observations by the
model. On the other hand, the incorporation of noninnermost
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Figure 6. Comparlson of the Martian magnetopause model for
M~ 0.95x1022 G cm3 (smooth curves) with the observed mag-
netopause crossings at circular orbits (a), elliptic orbits (b), and
with magnetopause flaring angles (c) deduced from Phobos 2
measurements after correcting the original solar wind proton
density by a 40 % increase.
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Table 1. Calculated Planetocentric Distances to the Model Magnetopause of Mars

Zenith Angle, Solar Wind Ram Pressure, 107 dyn cm?
deg. 1 23 6.3 16 40 100
Planetocentric Distance, km (M = 0.82X10” G cmj)

0 5102 4506 4271 4128 4011 3903
10 5118 4516 4276 4133 4016 3908
20 5167 4543 4290 4143 4025 3915
30 5249 4594 4316 4162 4042 3932
40 5370 4675 4356 4191 4066 3954
50 5536 4795 4416 4232 4101 3986
60 5753 4963 4507 4290 4148 4029
70 6031 5191 4645 4375 4213 4085
80 6387 5488 4851 4501 4304 4161
90 6844 5876 5146 4697 4437 4261

100 7468 6404 5570 5007 4662 4433

110 8375 7172 6200 5496 5044 4747

120 9722 8313 7141 6245 5647 5253

130 11803 10068 8592 7404 6584 6040

140 15225 12941 10953 9279 8083 7277

150 21451 18114 15148 12546 10619 9363
Planetocentric distance, km (M = 0.95X 102G cms)

0 5371 4655 4336 4177 4055 3945
10 5388 4667 4342 4182 4060 3949
20 5439 4705 4359 4192 4068 3957
30 5528 4771 4389 4212 4085 3973
40 5656 4871 4437 4244 4112 3997
50 5831 5014 4512 4289 4148 4030
60 6060 5204 4624 4354 4198 4074
70 6354 5453 4792 4452 4268 4133
80 6731 5774 5032 4601 4369 4213
90 7217 6187 5364 4828 4521 4324

100 7879 6751 5829 5178 4775 4514
110 8844 7570 6511 5717 5194 4853
120 10280 8788 7530 6537 5849 5394
130 12502 10671 9102 7806 6870 6239
140 16179 13768 11675 9875 8517 7583
150 22935 19409 16307 13536 11360 9829

magnetopause crossings into the optimization procedure does not
lead to an essential correction of the original model (Figure 4)
because multiple magnetopause crossings were observed only for
~ 17% of 64 entries to the magnetotail or exits from it. In this
case the value of the magnetic moment rises to M =
0.9x10* G cm3 while the model curves for sz dependences of
zenith angle, subsolar height, and flaring angle differ from
similar curves in Figures 4a-4c by < 3°, <200 km, and < 1°,
respectively. ‘

The variation of the magnetopause shape as influenced by the
variation of pV’7 is very similar for both models presented in Fig-
ures 4(5) and 6. Table 1 presents the planetocentric distances to
the magnetopause calculated from (5) as a function of pVZ and
zenith angle for these models. Figure 7 shows a family of Mar-
tian magnetopause surfaces corresponding to the lower part of
the Table 1. The short lines in Figure 7 are centered on the indi-
vidual magnetopausé crossings and inclined to the X axis at their
individual a angles (6), thus demonstrating that the model fits are
consistent with the deduced flaring angles.

As depicted in Figure 7, a specific feature of the model is the
“stagnation” of the subsolar magnetopause with the increase of
ram pressure for pV’ 2 6x107° dyn cm” while the magnetotail
still remains compressible up to very large pressures. To some

extent this behavior of the model magnetopause justifies the as-
sumption of the stable position of the magnetopause in the subso-
lar region, used by Verigin et al. [1993] for the magnetotail com-
pressibility study.

In the case of very low pVZ, the magnetospheric magnetic
field pressure B’/8n (first term in the right-hand side of (5))
dominates the ionospheric pressure p,,, (second term in the right-
hand side of (5)) everywhere at the magnetopause in the model
developed. lonospheric pressure increasingly dominates magnetic
pressure with increasing sz in the vicinity of the subsolar point.
At larger zenith angles, however, the magnetic pressure still pre-
vails owing to the slow ~ #* decrease of its value compared to
the exponential decrease ~exp(-r/H) of the ionospheric pressure.

This qualitative consideration is illustrated by Figure 8, where
the zenith angle of the line separating regions of the magneto-
sphere in which different pressure terms dominate is plotted as a
function p}”’ for the above discussed two variants of the model.
As follows from the curves presented in Figure 8, magnetic pres-
sure can dominate ionospheric pressure at large zenith angles
even in the case of the very large solar wind ram pressure.

As mentioned previously, the smooth curve in Figures 4b and
6b can be approximately interpreted as the height profile of the
sum of magnetic and ionospheric pressures in the subsolar mag-
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Figure 7. Variation of the modeled shape of the Martian magne-
topause with the increase of solar wind ram pressure. The short
lines are centered on the individual magnetopause crossings and
they are inclined to the X axis at their deduced flaring angles.

netosphere multiplied by the factor of 1/4. The low-altitude part
of this curve represents the ionospheric pressure profile multi-
plied by the same factor.

Can the electrons and ions of the Martian ionosphere really
provide a pressure larger than (l-3)><10's dyn cm” at heights of
700-800 km in the period of maximum solar activity? In fact, re-
liable information on the pressure distribution in the Martian
ionosphere for the maximum solar activity period is not avail-
able. Owing to a lack of temperature observations or models
for this case, Zhang and Luhmann [1992] could estimate
only the lower limit of the peak ionospheric pressure as
0.5-1.5)x10" dyn cm? at zenith angles of about 75°. They con-
sidered this estimation for the period of maximum solar activity
as the most speculative part of their work. The lower limit of the
peak ionospheric pressure will be as high as (1-3)x10™® dyn cm™
when extrapolated by Chapman's theory to the subsolar point.

Even if the peak ionospheric pressure was assumed to be
much higher than that quoted above for the period of the Phobos
2 observations (this assumption is not unfounded since the bow
shock and magnetopause in the tail region were observed also
in cases when the external ram pressure was as high as
10”7 dyn cm‘z), the ability to produce a sufficiently large pressure
at the magnetopause is disputable. The problem could be re-
solved by the existence of a warm plasma layer with a thickness
of a few hundred kilometers, with a temperature < 10 eV, and
with a density < 1000 cm™.

The existence of such a layer and its plasma properties have
not been reliably identified. The sensitivity of radio occultation
measurements of electron density height profiles (~ 10° cm™) was
not sufficient to do it (see the review of Martian radio occulta-
tions by Zhang et al. [1990]). The Phobos 2 electric field probe
measurements [Pedersen et al., 1991] found a drop in the space-
craft potential to very low values after the dayside magnetopause
crossing when entering the magnetosphere thus indicating a
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dense plasma region there. The density of this plasma was esti-
mated sometimes as high as = 700 cm™, but there is no informa-
tion on temperature [Grard et al., 1989; Pedersen et al., 1991].
In the magnetic barrier region located outside the magnetopause,
electric field probes observed a depletion in the plasma density
(indicated by the local peak of spacecraft potential) [Pedersen et
al., 1991] accompanied by an increase in the magnetic field re-
sembling the magnetic barrier region at Venus [Zhang et al.,
1991].

The model presented above for the Martian magnetopause is
based on the pressure balance equation in order to minimize the
number of free parameters to be determined. The disadvantage of
such an approach is the necessity of some a priori assumptions.
The purely empirical approach, used by Sibeck et al. [1991] and
Roelof and Sibeck [1993] for the Earth's magnetopause shape
determination is free from a priori assumptions but requires much
more observational material which is not available for the case of
the Martian magnetopause.

The magnetopause crossings described by this model were
obtained during solar maximum, dictating our use of the iono-
spheric scale height relevant to the period. Since the scale height
of the upper Martian atmosphere varies strongly with solar ac-
tivity [Bauer and Hantsch, 1989], use of the model for other so-
lar cycle phases will require modification to the model.

We do not claim that our model proves the existence
of the Martian intrinsic dipole moment with a value of
(0.8-1.0)x10” G cm’. It is hardly possible to make this statement
without direct measurements of the magnetic field near the sur-
face of the planet. The model just provides a new estimation of
the Martian magnetic moment (if it is a dipole-like field) which
conforms to the available magnetopause crossings as influenced
by sz both in the subsolar and in the tail region, as well as to
the magnetotail flaring angle dependence on the pVZ.

Numerous estimates of the Martian magnetic moment were
published since the Mariner 4 planetary flyby in 1965 [see, e.g.,
Smith et al., 1965, Gringaug et al., 1977, Slavin and Holzer,
1982, Luhmann et al., 1987). The time history of M estimates
with a number of relevant references can be found in the review
paper of Vaisberg [1992]. The values of the Martian magnetic
moment obtained in the present model are in good agreement
with those published recently.

On the other hand, the discussion on the existence of an in-
trinsic magnetic field of Mars is not closed yet. For example,
Brecht [1995], on the basis of his 3-D hybrid particle simula-
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Figure 8. Position of the line separating the prevalence of the
magnetospheric magnetic pressure over ionospheric pressure at
the magnetopause as a function of pV2 in the models presented in
Figure 4 (dashed line) and in Figure 6 (solid line).
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tions, claimed that the dependence of the magnetotail width on

™ inad withant anvy intringic maonatio
ram pressure can be explained without any intrinsic magnetic

field. However, some assumptions made in his simulations lead
to results which in many respects do not correspond to the obser-
vations (e.g., asymmetry in magnetotail width, magnetosheath

too thin).

From a formal point of view it would be possible to describe
the bending in the curves of Figures 4b and 6b by taking the sum
of two exponential pressure terms in the right-hand side of (4)
and (5) (one of them with a scale height of the order of 10° km),
thus having four free parameters in the optimization problem.
Such an approach also could provide a reasonable dcscription of
the observations, but it would lcad to unacceptau.y 111511 pres-
sures in the upper ionosphere.

Independently of the nature of the Martian obstacle to the so-
lar wind, the model developed here for the Martian magneto-
pause shape can be used as a base for case studies of the Martian
bow shock variations and for further studies of the magnetic field
distribution in the planetary magnetosphere.

Conclusions

A model of the Martian magnetopause has been developed for
the period of maximum solar activity based on TAUS ion spec-
trometer and MAGMA magnetometer data collected aboard Pho-
bos 2 in February-March, 1989.

This model simultaneously describes (1) the observed relation
between the solar wind ram pressure p¥” and the magnetopause
position in the magnetotail, (2) the observed relation between
sz and the flaring angle, and (3) a few magnetopause crossing
observations above the dayside of the planet.

The shape of the magnetopause in the model is determined
from the equation of pressure balance across this boundary when
both the magnetic pressure and the ionospheric pressure are taken
into account in the planetary magnetosphere. The model provides
the solar zenith angle range for which the magnetic pressure
exceeds the ionospheric pressure at the magnetopause for a given
ram pressure.

The value of the Martian magnetic moment M was considered
as one of the model's free parameters which was determined
through least squares fitting from the observed magnetopause
positions and corresponding solar wind ram pressure data. The
optimum value of M = (0.8-1.0)x10** G cm’ seems to be practi-
cally independent of the assumed ionospheric scale height.

A specific feature of the model is the “stagnation” of the sub-
solar magnetopause when the ram pressure increases to values
> 6x10” dyn cm™ while the magnetotail still remains com-
pressible up to very large ram pressures.

The model developed here for the Martian magnetopause
shape can be used to study variations of the Martian bow shock
and for the analysis of the magnetic field distribution in the
planetary magnetosphere independently of the nature of the Mar-
tian obstacle to the solar wind.
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