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The relationship between the magnetic field in the Martian
magnetotail and upstream solar wind parameters
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Abstract. Magnetic field data measured by the MAGMA instrument in the Martian
magnetotail lobes are compared with the ram pressure of the upstream solar wind observed
by the TAUS instrument in the circular orbits of the Phobos 2 spacecraft. High correlation
was found between the magnetic field intensity in the Martian magnetotail lobes and the
solar wind ram pressure. From this relationship the average flaring angle of the Martian
magnetotail was determined as ~13°, and the average magnetosonic Mach number was
estimated as ~5. The observed relationship between the Martian magnetotail magnetic
field intensity and the solar wind magnetic field reflects the correlation of the solar wind
magnetic field to the ram pressure providing a value of ~7 for the average Alfvenic Mach
number. The flaring angle obtained for the Martian magnetotail was found to be an
intermediate value between the flaring angle of the magnetotail of the Earth and that of

Venus at comparable distances.

Introduction

Despite of the success of the Phobos 2 mission in pro-
viding a large amount of plasma and magnetic field data
in 1989, our understanding of the solar wind interaction
with Mars has not changed dramatically [Slavin et al., 1991;
Zakharov, 1992]. As it was summarized in the reviews of
Gringauz [1991] and Luhmann et al. [1992], the previous
missions to this planet had established the existence of the
bow shock and the magnetotail and had provided several
different estimations for the intrinsic magnetic field of the
planet. The nature of the obstacle, however, is not well un-
derstood and the origin of the magnetic field in the Martian
magnetosphere remains to be an unsolved problem. On the
basis of the available information, Mars either presents a
hybrid weak intrinsic magnetic field/ionosphere obstacle to
the solar wind [e.g., Axford, 1991; Slavin et al., 1991] or
exibits a purely ionospheric interaction [e.g., Luhmann and
Brace, 1991].

Since no direct magnetic measurements are available near
the surface of Mars, only indirect evidences can be used in
order to come closer to the solution of the problem of the in-
trinsic field: for example, the behavior of the magnetic field
in the magnetotail of Mars and the reasons of its variations
should be understood. It is also important to determine the
shape of the Martian magnetotail and to compare it with
that of the Earth and Venus.
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In the papers of Yeroshenko et al. [1990] and Schwingen-
schuh et al. [1992] the magnetotail magnetic field direction
was compared with the ditection of the interplanetary mag-
netic field. The high correlation between these directions
suggested that the induction effects are essential in the so-
lar wind - Mars interaction. On the basis of plasma data
analysis, Verigin et al. [1993a] revealed that the thickness of
the Martian magnetotail varied nearly proportional to the
-1/6th power of the solar wind ram pressure. This fact was
considered as an evidence of the significant contribution of
the intrinsic magnetic field of Mars to the formation of the
Martian magnetotail. '

In the present paper, plasma and magnetic field data
measured in the circular orbits of the Phobos 2 spacecraft
(at ~9500 km from the center of the planet) will be analyzed
simultaneously. The data were collected in February-March
1989 in a period close to the maximum of the solar activity
cycle. Therefore, even in this short time interval, the solar
wind ram pressure was varying in a wide range of 1079107
dyn/cm? providing an opportunity to analyze reliably the
properties of the magnetic field in the Martian magnetotail
in relation with the parameters of the upstream solar wind.
The average flaring angle of the Martian magnetotail will
be determined and compared to that of the terrestrial mag-
netotail and of the induced tail of Venus. The results will
be dicussed in terms of the possible origin of the magnetic
field in the Martian tail.

Instrumentation and Data Description

The present analysis is based on the plasma measure-
ments performed by the TAUS energy-spectrometer and
magnetic field data measured by the MAGMA magnetome-

ter on board Phobos 2. The TAUS spectrometer had a field

of view of ~40°x40° centered on the nominal aberrated so-
lar wind direction (~5° off the solar direction in the ecliptic
plane) which was divided into 8x8 channels for angular res-
olution. The energy per charge range of ~30—6000 V was
subdivided into 32 channels. A more detailed description
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of the TAUS experiment was presented by Rosenbauer et
al. [1989]: The MAGMA magnetometer had a range of
4100 nT with a resolution of 0.05 nT and returned data at
a rate of one vector in every 1.5 or 45 s depending on the
telemetry mode of the spacecraft [Aydogar et al., 1989).

The Phobos 2 mission provided data from four ellip-
tical orbits with low pericenter (h ~ 850 km above the
planet’s surface), from one elliptical orbit with high peri-
center (h &~ 6400 km) and from a number of circular orbits
(h ~ 6150 km) quasi-synichronous with the orbit of the Pho-
bos moon. Here the uniform set of data measured in the
circular orbits (February 20 - March 26) is considered. Dur-
ing this time interval, TAUS provided one proton spectrum
in the energy range of 150—6000 eV and one set of pro-
ton moments in every 2 min, while MAGMA measured one
magnetic field vector in every 45 s. Most of the time, the
Phobos 2 spacecraft was rotating instead of being three-
axis stabilized. The angle between the rotation axis and
the Sun-Mars line sometimes approached ~20° according
to TAUS data. Thus only the magnitude of the magnetic
field vector (B) and the components parallel (B)) and per-
pendicular (B, ) to the Sun-Mars line are available for the
analysis.

The crossings of the plasma boundaries near Mars (bow
shock and magnetopause) are indicated by specific changes
in the measured magnetic field and plasma parameters [Ro-
senbauer et al., 1989; Riedler et al., 1989]. The bow shock
crossings are identified by a jump in the magnetic field and
a sudden decrease of the mean energy as well as a broaden-
ing in the proton spectra. The magnetopause crossings are
determined by the disappearance of solar wind protons as
measured by TAUS and by an increase in the magnitude of
the magnetic field.

In order to study the dependence of the magnetic field of
the Martian magnetotail on solar wind parameters, those
inbound or outbound legs of the circular orbits were se-
lected when both plasma and magnetic field data were avail-
able and the location of the bow shock and the location of
the magnetopause were recorded on the same pass. Forty-
two inbound and twenty-seven outbound legs satisfied these
criteria. The upstream solar wind parameters were deter-
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Figure 1. The magnetic pressure in the Martian magne-
totail versus the ram pressure of the upstream solar wind.
Circles mark data from the inbound legs, triangles mark
data from the outbound legs. The solid line is the regres-
sion line.
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mined by averaging proton density and velocity values over
a time interval of 20—30 min ending (beginning) ~30 min
before (after) the inbound (outbound) bow shock crossing
as it was done in the paper by Verigin et al. [1993a]. Av-
erage interplanetary magnetic field values were derived for
nearly the same time interval in the upstream region. In
the tail lobes the average field values were taken for time
intervals (~15 min) of fairly stable field close to the bound-
ary. Three inbound passes (March 13, ~1500—1800 UT;
March 23, ~1400—1700 UT; March 26, ~1100—1300 UT)
and one outbound pass (March 8, ~1800—2100 UT) were
excluded from our study since in these orbits the B) com-
ponent of the magnetic field vector changed sign very close
to the magnetopause position. This means that the neutral
sheet was crossed very close to the magnetopause and it is
impossible to determine the proper tail lobe magnetic field
value reliably. For the inbound pass of midday on March
10 the upstream parameters observed later on the outbound
leg were used since the solar wind seemed to change signif-
icantly during the ~1 hour while the spacecraft was flying
from the bow shock to the magnetopause. Altogether, 39
inbound and 26 outbound passes are analyzed in the present
study.

Data Analysis

Figure 1 presents the relation between the Martian mag-
netotail magnetic field pressure B;? /8w and the ram pres-
sure of the upstream solar wind pV2. In order to describe
the obviously strong dependence of the magnetotail field
pressure on the ram pressure, the condition of pressure bal-
ance for planetary magnetotails was used [Spreiter and Alk-
sne, 1969):

B?/81 = K(pV?) sin®y + p (1)

where ¢ is the flaring angle of the magnetotail (i.e., the com-
plementary angle of the angle between the exterior normal
to the magnetopause surface and the flow direction of the
solar wind; K is a constant (usually taken as 0.88 for an adi-
abatic flow with a ratio of specific heats y=5/3) which will
be taken equal to 1 in order to take account for alpha par-
ticles since proton density will be used further as a proxi of
solar wind density [Spreiter, 1976; Slavin et al., 1980]; p in-
cludes the pressure of the interplanetary magnetic field and
the difference between the thermal pressure of the upstream
solar wind and the thermal pressure inside the magnetotail.
The method of least squares applied for the data in Figure
1 provides sin?y = 0.049£0.004 and p = (1.740.3) x 10710
dyn/cm?. This relation means that the average angle ¥
typical for the Martian magnetotail at the Phobos 2 orbit
is equal to arcsiny/0.049 ~ 13°. Assuming that the main
contribution to the value of p is the external thermal and
magnetic pressure of the solar wind and taking the average
ram pressure as 8 x 107 dyn/cm? (see Figure 2), the aver-
age magnetosonic Mach number M,,; can be estimated as
Mps = \/pV?/vp =~ 5 during the Phobos 2 mission.

Figure 2 shows the component of the Martian tail lobe
field perpendicular to the Sun-Mars line versus the magni-
tude of the same field. The tangent of the slope angle of
the regression line B, = (0.29 £ 0.02)B; gives an estimate
for the sine of the specific "draping angle" (~17°) of the
magnetic field in the Martian magnetotail. If the direction
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Figure 2. The Martian magnetotail field component per-
pendicular to the Sun-Mars line versus the total magnetic
field magnitude. The solid line is the regression line deter-
mining a draping angle of ~17°. Data are marked as in
Figure 1.

of the magnetic field in the Martian tail lobes is parallel
to the surface of the magnetopause, this value can be con-
sidered as another estimate of the flaring angle. It is in a
fairly good agreement with the previously estimated value
of 9 bearing in mind that in most of the circular orbits, the
spacecraft was rotating around an axis pointing not exactly
towards the Sun. It is worthy of note, however, that the
slightly smaller value of the estimate of the flaring angle
compared to the estimate of the draping angle might also
indicate either the existence of a magnetic field component
normal to the magnetopause surface of the Martian magne-
totail or the twisting of the magnetotail lobe field [Verigin
et al., 1993b).

According to Figures 3a and 3b, there is a rather high cor-
relation between the external interplanetary magnetic field
B, and the internal field inside the Martian magnetotail
B; measured aboard the Phobos 2 spacecraft. However, a
high correlation was also observed between the upstream
magnetic field magnitude and the ram pressure of the so-
lar wind (see Figure 4). The regression line B,?/8m =
(0.0098 4-0.0008) pV? determined from the observed data in
Figure 4 provides the average Alfvenic Mach number as

Ma = 1/0.5pV2/(By,?/87) 7.

The solid curve in Figure 3b represents the relation B;?/8r
= 5B,,% /87 4+ 1.7 x 10~1° obtained from (1) taking into ac-
count the value of M4 = 7. This curve also fits the data
fairly well. It seems to be obvious that the observed corre-
lation between the tail lobe magnetic field of Mars and the
interplanetary magnetic field is a consequence of the corre-
lation between the upstream magnetic pressure and the ram
pressure in the time period of the observations (see Figure
4).

Discussion

On the basis of the large amount of data collected in
the circular orbits of the Phobos 2 spacecraft, it is possible
to compare the magnetic field inside the Martian magne-
totail with the parameters of the upstream solar wind at
~1.5 AU from the Sun. While the mean subsolar distance
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Figure 3a. The magnitude of the Martian magnetotail

magnetic field versus the upstream solar wind magnetic field
intensity. Data are marked as in Figure 1.
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Figure 3b. The pressure of the Martian magnetotail mag-
netic field versus pressure of the the upstream solar wind
magnetic field. Data are marked as in Figure 1. The solid
line shows the relation between B;?/8m and B> /8w as de-
termined from (1) applying M4 = 7.

of the Martian magnetopause (Rs;) is likely to be about
~4300 km from the center of the planet [e.g., Verigin et
al., 1993a], the Phobos 2 spacecraft observed the magne-
topause at a distance of ~2 R,;; downstream of the planet.
The quantitative analysis of the data revealed that the pres-
sure balance equation (1) properly describes the observed
relation between the magnetic field pressure in the Martian
magnetotail lobes and the solar wind ram pressure. The
flaring angle of the Martian magnetotail 9 turned out to be
about 13° at ~2 R,; downstream of the planet.

In the followings the observed relationship between the
magnetic pressure in the Martian tail and the conditions
in the upstream solar wind at Mars will be compared with
similar relations observed for the magnetotail of the Earth
which has a strong intrinsic dipole magnetic field and for
the magnetotail of Venus which has no intrinsic field.

In the paper by Nakai et al. [1991] the dependence of
the geotail lobe magnetic field on the ram pressure of the
solar wind is presented based on the data of the ISEE 1
spacecraft, the lobe field strength being normalized to a
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Figure 4. The solar wind magnetic field pressure versus
the solar wind ram pressure. The solid line is the regression
line providing a value of My ~ 7.

distance of ~20 Rg (Earth radii) downstream of the Earth
in the tail. Since the subsolar magnetopause distance at the
Earth is about 10 Rg, the distance of 20 Rg corresponds
to 2 R, downstream of the planet. Thus these data re-
fer to about the same relative distance in the tail where
the Phobos 2 spacecraft observed the magnetopause and
they can be directly compared with the above discussed
Martian data. In Figure 5, both sets of data are plot-
ted together (ISEE data are taken from Figure 9 of Nakai
et al. [1991]), and they obviously split into two different
curves. The dashed line represents the regression curve
B%/8m = (0.134 £ 0.006)pV? + (5 x 1071%) dyn/cm? for
the terrestrial data providing a flaring angle of ¥ = 22°.
This value is larger than the average flaring angle of ¢ ~
13° obtained for the magnetotail of Mars at the same dis-
tances (at ~2 R,, downstream of the planet).

The above presented pressure balance equation was deter-
mined assuming that the value of p ~ nk(T.+7T;)+ By, /87
(n is the density, T, and T; is the temperature of electrons
and ions, respectively) is ~3 times greater near the Earth
than it is around Mars. Indeed, the solar wind density is
decreasing as r~2 (r is the distance from the Sun), the elec-
tron and proton temperatures are decreasing roughly by 1.3
times from the orbit of the Earth to the orbit of Mars [Bame
et al., 1992; Gazis and Lazarus, 1983]. Therefore the ther-
mal pressure decreases roughly by 3 times from the Earth
to Mars. The magnitude of the solar wind magnetic field
is ~1.7 times smaller near Mars compared to the value at
the Earth [Smith and Barnes, 1983], therefore the magnetic
field pressure is ~3 times smaller.

The Phobos 2 data can also be compared with another
set of data obtained near the Earth. Ohtani and Kokubun
[1990] analyzed IMP 8 data measured in 1978—1982. Figure
6 presents the IMP 8 data normalized for the distance of 30
Rg (~3 Rss) downstream of the planet (from Figure 8 of
Ohtani and Kokubun [1990]). In Figure 6 the curve shows
the relation given by (1) where the value of p is the same
as for the ISEE 1 data (see Figure 5) and the value of sin?
is 0.038+0.002 corresponding to 1 =~ 11°. This value of ¥
determined from the IMP 8 data applying the method of
least squares is nearly the same as the flaring angle obtained
for Mars at ~2 Rs; downstream of the planet. Figure 7
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Figure 5. Magnetotail field intensity versus solar wind
ram pressure for the Earth and for Mars (solid circles with
error bars mark ISEE 1 data from Figure 9 of Nakai et al.
[1991], open cirlces represent Phobos 2 data). The ISEE 1
data are normalized to the distance of 20 Rg downstream of
the planet. The pressure balarnce relation is shown: dashed
line for ISEE 1 data B?/8m = 0.134pV?2 + (5 x 10719), solid
line for Phobos 2 data B?/8 = 0.049pV? + (1.7 x 10719).

shows both sets of data collected by Phobos 2 and IMP:
8. The coincidence is obviously very good between the two
data sets. This comparison shows that the flaring angle of
the Martian magnetotail at 2 R,; downstream of the planet
is approximately equal to that of the terrestrial magnetotail
at a distance of 3 R,; downstream of the Earth. This means
that the magnetotail of Mars scaled by R,; is narrower than
the magnetotail of the Earth in the same units.

On the other hand, the magnetotail of Venus scaled by
R, is narrower than the magnetotail of Mars [Verigin et
al, 1991]. On the basis of the analysis of the magnetic
field data obtained by Phobos 2 and by the Pioneer Venus
Orbiter at ~1.3 Ry downstream of the planet (Ry is the
radius of Venus and Ry = R,;), Luhmann et al. [199]]
obtained the value of ~9.5° for the local draping angle
in the Venus magnetotail. Since the flaring angle is not
likely to be larger than the draping angle, both the flaring
angle and the draping angle of the Venus magnetotail seem
to be smaller than those for Mars at comparable distances
downstream of the planet.
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Figure 6. Magnetic field intensity in the terrestrial mag-
netotail versus the square root of the upstream solar wind
ram pressure (IMP 8 data from Figure 8 of Ohtany and
Kokubun [1990]). The data were normalized to the dis-
tance of 30 Rr downstream of the planet. The solid line
represents the relation B,%/8m = 0.038pV? + (5 x 10717).
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Figure 7. Magnetic field intensity in the magnetotail ver-
sus the square root of the upstream solar wind ram pressure.
Triangles mark the IMP 8 data of Figure 6, circles represent
the Phobos 2 data.

The intermediate values for the relative thickness and
flaring of the magnetotail of Mars in comparison with those
values for Venus and the Earth mean that both the iono-
spheric pressures and the intrinsic magnetic field may con-
tribute to the solar wind deflection around Mars.

In the paper of Luhmann et al. [1991] the average mag-
netic field magnitudes in the tail lobes are compared to the
interplanetary field magnitudes at Venus and Mars (Figure
5 of Luhmann et al. [1991]). The authors considered the
positive correlation between these fields as an indication
suggesting that both tails are induced magnetotails. In the
solar wind, however, a correlation between the interplane-
tary magnetic field and the ram pressure of the solar wind
can often be observed (e.g. Figure 4). Consequently, the
correlation between the Martian magnetotail field and the
solar wind field seems to be the result of the dependence
of the tail magnetic field on the ram pressure of the solar
wind.

Conclusions

The relation between the magnetic field measured by the
MAGMA experiment in the Martian magnetotail and the
upstream solar wind ram pressure provided by the TAUS
instrument has been studied here. On the basis of the two
data sets collected aboard the Phobos 2 spacecraft in 39 in-
bound passes and 26 outbound passes through the bound-
ary of the Martian magnetotail, a dependence of the mag-
netotail lobe magnetic field on the solar wind ram pressure
was found which can be expressed as follows:

B,%/8m = 0.049(pV?) + (1.7 x 1071%) dyn/cm?.

From this expression it follows that the average flaring angle
of the Martian magnetotail was ~13° at ~2 R;; down-
stream of the planet and the estimated average magne-
tosonic Mach number was ~5 in the time interval when
Phobos 2 collected the data.

The dependence of the Martian magnetotail magnetic
field intensity on the upstream solar wind magnetic field re-
flects the correlation between the solar wind magnetic field
and the ram pressure indicating that the average Alfvenic
Mach number was ~7 during the Phobos 2 measurements.

While the average flaring angle of the Martian magne-
totail at ~2 R,, downstream of the planet is smaller than
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that of the terrestrial magnetotail at the same downstream
distances, it is approximately equal to the flaring angle of
the geotail at ~3 R;; downstream of the Earth; that is,
the Martian magnetotail scaled by R,; is narrower than the
terrestrial magnetotail in the same units. The tail field of
Venus, however, is more severely draped close to the planet
than that of Mars.

This comparison of the Martian magnetotail with the
Venusian and terrestrial tail probably implies that both the
ionospheric pressures and the intrinsic magnetic field are
contributing to the solar wind deflection around Mars.
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