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Study of the solar wind deceleration upstream of the Martian
terminator bow shock

G. Kotova,! M. Verigin,! A. Remizov,' N. Shutte,! H. Rosenbauer,? S. Livi,2 K. Szegd,3
M. Tatrallyay,? J. Slavin,* J. Lemaire,> K. Schwingenschuh,® and T.-L. Zhang®

Abstract. Solar wind plasma and magnetic data obtained near the Martian terminator bow shock
by the TAUS energy spectrometer and the MAGMA magnetometer onboard the Phobos 2 space-
craft are analyzed. It is revealed that on average the solar wind stream is slowing down just up-
stream of the bow shock. Nearly inverse correlation is found between the values of the velocity
decrease and the undisturbed solar wind density for the outbound (mostly quasi-parallel) bow
shock crossings, while for the inbound crossings (mostly quasi-perpendicular) this correlation is
observed only for the velocity decrease upstream of the shock foot. This result permits us to dis-

tinguish between the two possible reasons causing solar wind deceleration: (1) mass loading of
the solar wind flow by planetary ions originating from the corona of Mars, and (2) solar wind
protons reflected from the bow shock. The solar wind deceleration upstream of the bow shock
foot turned to be approximately dawn-dusk symmetric. On the basis of the revealed relation bet-
ween the velocity decrease and upstream solar wind density, a coronal density profile is deduced
which is in agreement with earlier results for the subsolar region. According to this profile, the
density of the hot oxygen corona of Mars might be ~ 3 times higher in the period of observations
than the estimations of the “extreme” corona model suggests, even taking into account the pos-
sible contribution of the hydrogen corona to the solar wind deceleration effect.

Introduction

The solar wind deceleration upstream of the Martian bow
shock was immediately recorded when the Phobos 2 spacecraft
became the orbiter of Mars. Verigin et al. [1991] analyzed the
observations of the TAUS instrument in the first three elliptical
orbits around Mars and found a solar wind deceleration of about
100 km s upstream of the subsolar bow shock. It was empha-
sized that this deceleration can be caused by the mass loading of
the plasma flow by ions originating from the hot oxygen-hydro-
gen corona of Mars and/or by protons reflected from the bow
shock. Taking into account only the mass loading effect by oxy-
gen ions, the upper limit of the density distribution of the
planetary oxygen corona and the upper limit of the loss rate of
oxygen from the atmosphere through the corona were evaluated.
However, the solar wind deceleration of about 100 km s im-
plies that the hot oxygen corona of Mars could be 5 times denser
than was anticipated by the model of Ip [1988, 1990], which es-
timated the highest density compared to other models.

The preshock deceleration of the solar wind in the third el-
liptical orbit was also analyzed in the paper by Barabash and
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Lundin [1993] on the basis of the ASPERA instrument daia. Ac-
cording to the their estimates, about 60% of the observed solar
wind velocity decrease was attributed to the specularly reflected
ions. Dubinin et al., [1994] studied the first four elliptical orbits
and found an asymmetry in the preshock solar wind density in-
crease, probably an effect of the changing orientation of the. in-
terplanetary magnetic field.

According to theoretical [Goodrich, 1985; Wilkinson and
Schwartz, 1990; Onsager and Thomsen 1991, and references
therein] and experimental [Sckopke et al., 1983; Gosling and
Robson, 1985] studies of the terrestrial bow shock, up to 20-
30% of incoming solar wind protons [Sckopke et al., 1983] can
be specularly reflected at a quasi-perpendicular shock. These
ions are then turned around by the magnetic field and returned
back to the shock, providing a deceleration of the solar wind on
a short scale length of < ry) = V /i, where V| is the solar wind
velocity component normal to the bow shock front and @ ; is the
proton gyrofrequency [Neugebauer, 1970; Sckopke et al., 1983].
In the case of quasi-parallel shocks, specularly reflected protons
have guiding center motions directed away from the shock, and
they are really recorded upstream of the bow shock, but ac-
cording to the observations [Gosling et al, 1982], they constitute
only ~ 3 % of the incident solar wind density.

The deceleration of the solar wind is commonly observed in
the Earth's foreshock region [Bame et al., 1980; Bonifazi et al.,
1980]. This deceleration is caused by the so-called "diffuse" ions
backstreaming from the bow shock. These ions should exist up-
stream of the Martian quasi-parallel bow shock too and affect
the solar wind stream.

This study will try to separate different factors causing the
solar wind deceleration upstream of the Martian bow shock,
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taking into account the different characteristics of ion reflection
at quasi-parallel and quasi-perpendicular shocks. The expected
inverse dependence of the coronal mass loading deceleration on
the solar wind density [Verigin et al., 1991] will be examined
for the evaluation of the role of the oxygen-hydrogen corona in
the solar wind deceleration upstream of the Martian bow shock.
Upstream solar wind parameters observed by the Phobos 2
TAUS instrument for 70 bow shock crossings will be presented
and studied statistically together with magnetic field measure-
ments performed by the MAGMA instrument in order to update
estimations of the properties of the hot oxygen-hydrogen corona
of Mars.

Instrumentation and Data Description

The TAUS instrument is an energy spectrometer designed for
the investigation of the solar wind interaction with Mars
[Rosenbauer et al., 1989a]. It could measure proton, alpha-par-
ticle, and heavy ion (M/g > 3) spectra separately in the energy
per charge range of 30 V to 6 kV subdivided into 32 energy
channels. The instrument had a field of view of ~ 40° x 40°
centered on the nominal aberrated solar wind direction and di-
vided into 8 x 8 angular channels. A complete proton spectrum
was measured within 8 s. The MAGMA magnetometer
measured one magnetic field vector in every 1.5 or 45 s, de-
pending on the telemetry mode in the range 100 nT with a
resolution of 0.05 nT [Aydogar et al., 1989].

In the present study, data measured in the circular orbits of
Phobos 2 (~ 9500 km from the center of the planet) quasi-syn-
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chronous with the orbit of the Phobos moon are considered. For
this time interval (February 20 to March 26, 1989), one proton
spectrum in the energy range 150 - 6000 eV per 2 min and one
magnetic field vector per 45 s were obtained. Most of the time
the Phobos 2 spacecraft lost three-axis stabilization. The angle
between its rotation axis and the Sun-Mars line was sometimes
approaching 20°. Therefore only the magnitude of the magnetic
field vector is used for the analysis. The Martian bow shock
crossings were identified by the sudden decrease of the mean
energy and broadening in the proton spectra and by the simulta-
neous increase of the magnetic tield magnitude [Rosenbauer et
al., 1989b].

TAUS plasma data from 41 inbound and 29 outbound legs of
the circular orbits are used to study the solar wind deceleration
upstream of the Martian terminator bow shock. (Few orbits were
excluded from the analysis because of essential velocity jumps
close to the bow shock in the upstream region.) Magnetic field
data were available for 36 inbound and 26 outbound bow shock
passes of the above cases.

Observations

Figure 1 presents an overview of solar wind velocity profiles
measured during 1 hour upstream of the Martian terminator bow
shock for all selected inbound and outbound legs of the Phobos
2 circular orbits. The velocity values V estimated from measured
proton spectra are shown relative to the solar wind reference
velocity V, marked by the horizontal lines. V, was obtained by
averaging over an ~ 20-min window ~50 min upstream of the
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Figure 1. Solar wind velocity profiles measured upstream of the Martian terminator bow shock for inbound
and outbound legs of the Phobos 2 circular orbits. The times of bow shock crossings and the upstream

reference velocities are indicated.
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bow shock crossing. The position of the window was taken
closer to the bow shock when plasma discontinuities were ob-
served. The dates and times of bow shock crossings (¢=0) are
shown on the left of the profiles; in case of multiple crossings
the outermost location was considered. Figure 1 demonstrates
that the solar wind deceleration just upstream of the bow shock
is a common feature of both sets of data, but not all crossings
show the slowing of the solar wind upstream of the bow shock.
There are a number of reasons which can obscure solar wind de-
celeration, for example, natural velocity variations of the solar
wind, outward motion of the bow shock, dependence of the de-
celeration effect on the solar wind density, etc.

The average angle of ~56° between the spiral interplanetary
magnetic field and the Sun-Mars line suggests that quasi-per-
pendicular shocks can be expected more frequently in inbound
legs while quasi-parallel shocks are more typical in outbound
legs. The rotation of the spacecraft makes impossible to distin-
guish reliably quasi-perpendicular and quasi-parallel bow shock
crossings for most of the circular orbits, though some conclu-
sions could be drawn on the basis of variations of the magnetic
tield magnitude across the bow shock and the ratio of magnetic
field magnitudes measured in the magnetosheath and in the un-
disturbed solar wind.

Figure 2 presents examples of the solar wind parameter
variations upstream of an inbound and an outbound bow shock
crossing. In both cases the spacecraft was rotating, but the axis
of rotation (and consequently the axis of the TAUS field of
view) looked roughly toward the Sun, as the regular density
fluctuations were relatively small according to TAUS data. On
March 2 at 2337 UT, Phobos 2 crossed a quasi-perpendicular

March 2, inbound
quasi-perpendicular bow shock
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bow shock as it is seen from the profile of the magnetic field
magnitude across the shock with the overshoot and foot regions.
Using bow shock models [Slavin et al., 1991; Zhang et al.,
1991] and despun magnetic field components, the angle Ogy
between the upstream magnetic field direction and the shock
normal was determined as Uy = 67°. On March 2, 0319 UT, the
spacecraft crossed a quasi-parallel bow shock with the estimated
angle gy = 40°. In the inbound case a strong and abrupt de-
celeration of the solar wind is seen just upstream of the bow
shock crossing, while in the outbound case the deceleration is
rather gradual.

To illustrate this difference between outbound and inbound
bow shock crossings apparently reflecting the difference
between quasi-parallel and quasi-perpendicular bow shock
crossings, the average relative velocity, density, and temperature
profiles are shown in Figure 3 (N, and 7, are reference density
and temperature, respectively, averaged over the same time
windows as V;). Figure 3a presents the above parameters aver-
aged for all the inbound (open circles) and outbound (solid cir-
cles) crossings shown in Figure 1. The relative solar wind ve-
locity decrease is about 7% of the reference solar wind velocity
upstream of the inbound (dusk side) bow shock crossings and
~4% upstream of the outbound (dawn side) crossings, the de-
celeration being more abrupt on the dusk side. Rather sharp ve-
locity decrease in the "inbound" profile is likely to be caused by
reflected protons in the foot of the bow shock. On the contrary, a
more gradual velocity decrease toward the bow shock in the
"outbound" profile is probably connected with mass loading of
the solar wind by oxygen and hydrogen ions. In the inbound case
the mass loading effect is accompanied by the more pronounced

March 2, outbound
quasi-parallel bow shock

[}
o
o

(64}
o
o

velocity, km/s
L]
..
L]
.
L ]
L]
L ]
..
L]

 BJERINL AL LN L L ERL L N  BAL L B a|

0 10 20 30 40 50 60

o 10.0
§ .
> 1.0 ..0.." 000’0 0 0000
& .
c
()]
e}
0.1 7 L L e e
« 0 10 20 30 40 50 60
[=]
& 1000
- L]
¢ ..'ol"o"o‘.'."o.o.-u.o.o.
S
T 100
©
o
E, !Illll|lI|IIII|‘Y||III|I]I||1I

0 10 20 30 40 50 60
time from BS, min

g 15 ' BS

g"% 10 MM"L/WWM

g 5 ’

E O 7
03.00 04.00 UT

Figure 2. Solar wind parameter variations upstream of an individual inbound and outbound bow shock
crossing. Magnetic field profiles are shown across the shocks.
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Figure 3. Relative velocity, density and temperature profiles averaged for the bow shock crossings shown
in Figure 1. Bars show standard deviations of the points.

etfect of specularly reflected protons. In Figure 3b, similar aver-
age profiles are calculated on the basis of the value of B,,/By,
where B,, is the magnitude of the reference upstream solar wind
magnetic field and B, is the magnitude of the magnetosheath
magnetic field downstream of the overshoot. Open circles show
data obtained in those circular orbits where the magnetic field
jump across the bow shock was higher than 2.3 and solid circles
present the data when By/Byw < 2.3. Such a separation can also
characterize the difference between quasi-perpendicular and
quasi-parallel bow shock crossings (e.g., see Figures 9 and 10 in
a comprehensive paper by Tatrallyay et al. [1984], taking into
account that the magnetosonic Mach number was higher than 3
in almost all Martian bow shock crossings). In Figure 3b the be-
~ havior of averaged normalized parameters of the solar wind up-
stream of the Martian bow shock is more or less the same as in
Figure 3a. The difference between the two density profiles both
in Figure 3a and in Figure 3b is qualitatively in agreement with
the asymmetry in the subsolar observations discussed by
Dubinin et al. [1994). The relatively higher temperature
observed farther upstream of the bow shock crossings which are
supposed to be quasi-parallel is probably due to the broader
foreshock region with high wave activity in this case.

It is reasonable to correlate the value of the solar wind ve-
locity decrease with the solar wind density to search whether the
solar wind deceleration upstream of a quasi-parallel shock
(outbound legs, Bny/Bw < 2.3) is mostly caused by the mass
loading ions.

Indeed, the equations describing the solar wind mass loading
process are given in the paper by Verigin et al. [1991, equations

(2), (3)]. It was shown that for weakly loaded highly supersonic
solar wind as a linear approximation, the solar wind velocity
V(r,p) and density N(r,@) (r is the areocentric distance, ¢ is the
angular distance of the point of observation from the subsolar
point) variations upstream of the bow shock are described by the
equations

V(ir,e)=V, s f(r JP, )

N1:

N ) N +ﬂuMi’;: ( nl (l)
= —e(re.—
(r@)=N,+=,—80ro.~

swri o

Y

where V,, and N,, are the velocity and density, respectively, of
the undisturbed solar wind stream, M; is the mass of loading
ions, T; is the ionization time, 7y is the ratio of specific heats, n,
and n, are the parameters of the model density profile in the co-
rona, described by Verigin et al. [1991, equation (1)]:

2 5
r r
n(r) = nu(-i'-] +nl(—"—) ,
r r

where the total density of the corona is (n,+ny) at r, = 10* km.
(In the paper by Verigin et al. [1991] there were misprints in
equation (3b): (y+1) in the second term on the right should be
replaced by (y-1) and the coefficient 4 before the term (cos’p-
3cos@+2) should be replaced by 2.) For all the circular orbits of
Phobos 2, values of f{r, ¢, n/n,, y) are almost the same, be-
cause all the orbits are similar, and the value of ni/n, is deter-
mined by the model of the Martian corona. Thus it may be ex-
pected that the value of the velocity decrease V,,-V, (V, is the

@
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solar wind velocity just upstream of the bow shock) is nearly in-
versely proportional to the density of the undisturbed solar wind.

In Figure 4, values of the measured velocity decrease V,-V,
(>5 km s™') are plotted versus solar wind density N, for the out-
bound and inbound crossings of the bow shock and separately
for the crossings with the ratio Bny/Byw < 2.3 and B,,/By, > 2.3.
For the outbound crossings the correlation is reasonably good
(the correlation coefficient is ¢ = 0.54), while for the inbound
crossings the correlation is rather poor (¢ = 0.31). Similarly, the
velocity decrease is roughly inversely proportional to the solar
wind density upstream of the bow shock with small magnetic
field jump (quasi-parallel). This fact suggests that the hot oxy-
gen and/or hydrogen corona of Mars can be considered as the
cause of the deceleration of the solar wind upstream of the Mar-
tian quasi-parallel (dawn) bow shock. Upstream of the quasi-
perpendicular (dusk) bow shock the effect of the Martian corona
is obscured by the more pronounced effect of specularly reflected
protons.

For quantitative estimations a more accurate approach was
used, taking into account the individual bow shock crossing co-
ordinates, the differences between the measured reference pa-
rameters V, and N,, and the undisturbed solar wind parameters
Vi and Ny,
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Figure 4. Velocity decrease V, - V; versus reference solar wind
density for the outbound crossings (correlation coefficient ¢ =
0.54), for the inbound crossing (¢ = 0.31), for bow shock
crossings with B,,,/By. < 2.3 (¢ = 0.54), and with B,,/B,, > 2.3 (¢
=0.31).
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Figure 5. Reduced velocity decrease &v with ny/n,= 1/3 in (4)
versus reference solar wind density for the same groups of bow
shock crossings as in Figure 4. Solid lines represent the best fits.
Calculated correlation coefficients are as follows ¢=0.61 for the
outbound crossings, ¢=0.46 for the inbound crossings, ¢=0.65 for
the crossings with Bp/By < 2.3, and ¢=0.4 for the crossings
with B,,/Byw > 2.3.

where f, = f{r, @, n1/noY), fr=f(rnQrnni/n.,y), g-= g(r, @r,n/n,Y),
the subscript s refers to the point just upstream of the bow
shock, and the subscript r refers to the point ~50 min upstream
of the bow shock. In a linear approximation the following
expression can be obtained:
5o VeV T ( v, - \/A_gL)=&, @
fi=f Mr,\ f-f V)] N

where the reduced velocity decrease dv is inversely proportional
to the observed reference solar wind density.

Figure 5 shows the reduced velocity decrease taking ny/n, =
1/3 versus solar wind density for the same four groups of bow
shock crossings as in Figure 4. Particularly in the case of bow
shock crossings with small magnetic field jump B,/B < 2.3,
the correlation becomes better than in Figure 4. Taking into ac-
count only the effect of the hot oxygen corona, least square fit-
ting in the case of ny/n, =1/3 provides n, = 500+100 cm™ for the
outbound crossings and n, = 590 + 100 cm™ for the crossings
with the ratio Bny/Byw < 2.3. In case of ni/n, =1, as suggested by
Verigin et al. [1991], the following parameters are obtained: n, =
340 + 80 cm™ for the outbound crossings and n, = 410 + 80 cm™
for the crossings with Bpy/By, < 2.3.

Only the crossings of the shock supposed to be quasi-parallel
have been considered for the estimation of the density in the
planetary corona in the meanwhile. However, the loading of the
solar wind flow by planetary ions is assumed to be dawn-dusk
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symmetric, and that is why it is worthwhile to consider the
quasi-perpendicular shock crossings too. Another reason to do
this is that the region upstream from the foot of the quasi-per-
pendicular shock is inaccessible to particles originating at the
shock, and thus the influence of foreshock ions on the solar wind
tflow could be excluded.

Figure 6 presents the reduced velocity decrease calculated
with the new values of V, and f; in (4) versus reference solar
wind density for the same four groups of bow shock crossings as
in Figures 4 and 5. These new V, and f; values were taken 5 min
upstream of the bow shock crossing in order to minimize the role
of specularly reflected protons which are mostly effective in the
shock foot (see Figure 3). Now in all cases the correlations are
better than in Figure 5, and the parameters n,.are approximately
equal for all groups of crossings. New estimations of the
parameter n, are n, = 370 + 50 cm™ for ni/n, =1/3 and n, = 250
+40 cm™ for ny/n, = 1 for the coronal density profile (2).

Discussion

The TAUS instrument measurements onboard the Phobos 2
spacecraft show that the solar wind flow deceleration upstream
of the Martian bow shock is a common feature of the solar wind
- Mars interaction. It was observed in all three subsolar bow
shock crossings where TAUS data were available [Verigin et al.,
1991] and in most bow shock crossings (both inbound and out-

outbound inbound
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Figure 6. Reduced velocity decrease dv calculated by (4) with
n/n, = 1/3 and V,, f, taken 5 min upstream of the shock crossing
versus reference solar wind density for the outbound crossings
(correlation coefficient ¢ = 0.7), for the inbound crossing (¢ =
0.56), for bow shock crossings with BB < 2.3 (¢ = 0.66), and
for those with By/By, > 2.3 (¢ = 0.47).
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bound) near the terminator plane (Figure 1). The relative solar
wind velocity decrease is 1.5-2 times larger and more abrupt
upstream of the dusk side (inbound) bow shock crossings than
upstream of the dawn side (outbound) crossings, where velocity
decreases rather gradually (Figure 3). This difference is ap-
parently a consequence of the fact that quasi-perpendicular bow
shock crossings are more frequent on the dusk side and quasi-
parallel shock crossings are more frequent on the dawn side.

As it was mentioned in the introduction, there are two possi-
ble reasons for the deceleration of the solar wind upstream of the
Martian bow shock: (1) mass loading of the solar wind by ions
originating from the planetary corona, and (2) protons reflected
from the bow shock.

The analysis of the solar wind deceleration upstream of the
Martian terminator bow shock revealed that for the outbound
bow shock crossings and for the crossings with rather small
magnetic field jump at the shock the value of velocity decrease
is roughly inversely proportional to the density of the solar wind.
This fact suggests that the Martian oxygen/hydrogen corona
might influence the observed deceleration effect in case of these
crossings.

The number of specularly reflected protons which can also
cause solar wind velocity decrease depends on different solar
wind parameters: the angle Upy, upstream Mach numbers,
plasma parameter B, ratio of specific heats, etc. [Wilkinson and
Schwartz, 1990]. Among these parameters only Alfvenic Mach
number M4 and B depend on the solar wind density. Since the
number of reflected ions relative to the number of incident ions
is likely to increase with My and B [Wilkinson and Schwartz,
1990], the solar wind deceleration should increase with in-
creasing plasma density, contrary to the case of mass loading by
planetary ions.

As was already mentioned, the solar wind deceleration up-
stream of the Martian quasi-parallel bow shock could be caused
by the so-called diffuse ions backstreaming from the shock
[Bame et al., 1980; Bonifazi et al., 1980]. However, it seems
impossible to explain the experimental results obtained as the
effect of only these ions. Indeed, the value of velocity decrease
upstream of the Martian bow shock (20-30 km s, Figure 4, left
plots) is higher on average than that observed near the Earth (7-
10 km s, changes in speed of 25-40 km s1 were only occa-
sionally recorded [Bame et al., 1980]). Furthermore, the density
of the diffuse backstreaming ions is proportional to the density
of the incident solar wind [Tratner et al., 1994], and hence their
deceleration effect would not depend on the solar wind density
in contradiction to the relation revealed here between the ve-
locity decrease and upstream solar wind density in case of quasi-
parallel bow shock near Mars. '

However, the direct relationship between the velocity de-
crease and the density has not been tested with the data obtained
near the Earth or any other planet. Thus it should be noted that
the strength of the conclusions in this study depends somewhat
on establishing such a relationship in the absence of planetary
corona, and the present estimations of the planetary corona
density should be considered as an upper limit now.

Assuming that the solar wind deceleration upstream of the
foot of the bow shock is mainly caused by the presence of the hot
oxygen corona of Mars and using the same model of the oxygen
corona [Ip, 1988, 1990] which was used by Verigin et al. [1991],
(4) permits us to estimate the parameter n, of the density profile
(2) of hot oxygen n,(r) in the Martian corona as n,~ 370£50 cm?
when ny/n, = 1/3, corresponding to the model profile of Ip [1988,
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1990], and n, = 250£40 cm™ when n/n, =1. The approximate
equality of n, values for all groups of crossings (Figure 6) sug-
gests that the solar wind slowing associated with the pickup
process is more or less dawn-dusk symmetric. Besides, close
coincidence of the fitting parameters referred to the inbound and
outbound cases can also be considered as an argument of rela-
tively small contribution of foreshock ions to the solar wind de-
celeration.

The smaller value of n, obtained for the outbound crossings
and the crossings with small magnetic field jump (Figure 6)
when the solar wind deceleration upstream of the shock foot was
considered, in comparison to the first estimation (Figure 5) is
likely to be a consequence of the fact that sometimes the quasi-
perpendicular bow shock was crossed in these cases, and specu-
larly reflected protons in the foot of the shock affect the first es-
timation of n,.

Figure 7 shows the height profiles of the oxygen corona
density when n, = 370 cm™ for ny/n, = 3 (thin solid curve) and
n, = 250 cm™ for n/n, = 1 (dashed curve). These profiles are
more reliable near the heights of Phobos 2 circular orbit, and
they intersect each other at ~ 6800 km (open circle). Also in
figure 7, two additional profiles are shown obtained by Verigin
etal., [1991] on the basis of the data received from the elliptical
orbits (dotted curve shows the profile with parameters n, =
500 ¢cm™ and ny/n, = 1/3, while in the case of the dashed-dotted
curve n, = 200 cm™ and ny/n, = 1). These profiles intersect at
~ 1400 km (open circle) and are obviously more reliable near the
height of the subsolar bow shock. From Figure 7 it is seen that
on low altitudes the profiles determined from the observations
upstream of the subsolar bow shock lie in between the profiles
obtained from the data near the terminator plane, while on
higher altitudes there is an opposite situation. All the profiles
define a “confidence band” for an “optimal” coronal density
profile, which passes through the marked points of intersection
and could be described by relation (2) with parameters n, =
310 ¢cm™ and nyv/n, = 0.6 (thick solid curve in Figure 7). This
optimal profile is in reasonable agreement with the observations
of solar wind deceleration upstream of the subsolar bow shock
and also with the revealed correlation between the reduced
velocity decrease and the solar wind density upstream of the bow
shock near the terminator plane.

Generally speaking, the profile obtained describes not only
the oxygen corona but also that n(r) depends on both oxygen and
hydrogen corona densities. The velocity decrease upstream of the
bow shock, resulting from the Martian corona, is proportional to
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Figure 7. Height profiles of the oxygen corona density.
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Figure 8. Comparison of the obtained density profile in the
neutral corona of Mars with height profiles of existing density
distribution models of the oxygen and hydrogen corona of Mars.

the mass of loading ions and to the density in the corona, while
it is inversely proportional to the time of ionization (1). If the
density profile in the hydrogen corona ny(r) can be
approximately described by a relation similar to (2), then the
protile obtained should be attributed to

n(r) = n,(r) +”H(r)_AA_/;_iz_‘L = 31({%)-1:1 +§(—E‘L) ]’ ©)

where Mp and To and My and Ty are the masses and the
ionization times of oxygen and hydrogen, respectively.

The above described profile is plotted by the solid curve with
triangles in Figure 8 together with existing density distribution
models of the Martian oxygen and those of hydrogen corona. If
this profile is fully attributed to the hot oxygen corona, the cor-
responding oxygen densities would be ~ 4-5 times higher than
those of the hot oxygen models of Ip [1988, 1990], and the dis-
crepancy with other models [Nagy and Cravens, 1988, 1990,
Lammer and Bauer, 1991] is even more significant .

Let us consider how the above estimations can change, taking
into account the effect of the hydrogen corona of Mars. Picked-
up protons originating from the hydrogen corona of Mars were
observed in the upstream solar wind by the ASPERA experiment
onboard Phobos 2 [Barabash et al., 1991]. Thermal hydrogen
densities in the Martian corona were deduced on the basis of
Lyman alpha observations onboard Mariner 6,7, and 9 and Mars
2 and 3 [Anderson, 1974 Dostovalov and Chuvahin, 1973] in
the period near the solar minimum, but the density of hot oxygen
has never been measured near Mars. During solar minimum
conditions, thermal hydrogen densities can be 10 times larger
than hot oxygen densities [Nagy and Cravens, 1988, 1990;
Lammer and Bauer, 1991], as shown in Figure 7. It may be sup-
posed that the same relationship is valid for solar maximum
conditions which are appropriate for Phobos 2 observations.

The total time of ionization can be estimated by the expres-
sion

1 1 1 1

—=—
T T, T, T

i rh ce ei

(6)

where T, is the time of photoionization, T, is the time of charge
exchange, and T.; is the time of electron impact ionization. Near
the orbit of Mars, To = 2x10% s (Tpn = 1.4x10°% s, T = 4x10° s,
and T.; = 2x10” s at 1 AU) for atomic oxygen, and Ty =~ 3x10% s
(T =~ 107 s, Tee = 1.7x10% 5, and T.; = 5x10” s at 1 AU) for
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atomic hydrogen [Cravens et al., 1987]. Taking into account the
difference in masses, the hydrogen corona of Mars can
contribute up to 30% of the effect of the hot oxygen corona in
the deceleration of the solar wind upstream of the bow shock.
Even if this contribution of the hydrogen corona is taken into
account, hot oxygen densities are still ~ 3 times higher than the
values in the most intense model of Ip [1988,1990].

In the above consideration only the contribution of the oxygen
and hydrogen corona to the solar wind preshock deceleration
was discussed. Barabash and Norberg [1994] concluded that the
helium corona may also play a role in the solar wind mass
loading process near Mars. However, even according to the
"maximum" engineering model of Moroz et al. [1991]
(exponentially extrapolated to the altitudes higher than 450 km,
ct. Barabash and Norberg [1994]), the density of hydrogen
exceeds the density of helium in the Martian corona at altitudes
> 1200 km. All the Martian bow shock crossings by Phobos 2
occur at higher altitudes (~ 1500 km for the subsolar crossings
and ~ 6300 km for the terminator crossings). Since the ioniza-
tion time of helium [Barabash and Norberg, 1994] is about an
order of magnitude longer than Ty, the contribution of the helium
corona to solar wind deceleration can be neglected.

Conclusions

Solar wind plasma and magnetic field data obtained near the
Martian terminator bow shock onboard the Phobos 2 spacecraft
in its circular orbits have been analyzed. It is revealed that on
average the solar wind stream is slowing down upstream of the
bow shock. The relative solar wind velocity decrease is about
7% of the reference solar wind velocity upstream of the inbound
(dusk side) bow shock crossings and ~ 4% upstream of the out-
bound (dawn side) crossings, the deceleration being more abrupt
on the dusk side. A similar difference is observed if one sepa-
rates the bow shock crossings according to the jump in magnetic
field magnitude. This is apparently a consequence of observing
mostly quasi-perpendicular bow shocks on the dusk side while
mostly quasi-parallel shocks on the dawn side.

For the outbound (quasi-parallel) bow shock crossings a
nearly inverse correlation is revealed between the values of ve-
locity decrease and the undisturbed solar wind density, while for
the inbound crossings this correlation is observed only for the
velocity decrease upstream of the shock foot. This fact permits
us to distinguish between the two possible reasons causing solar
wind deceleration: (1) mass loading of the solar wind flow by
planetary ions originating from the corona of Mars, and (2) solar
wind protons reflected from the bow shock. Upstream of the bow
shock foot the solar wind deceleration turned to be dawn-dusk
symmetric.

The revealed relation between the reduced velocity decrease
upstream of the bow shock foot and the solar wind density
permits us to obtain density profiles for the hot oxygen/hydrogen
corona which are most reliable at the height of ~ 6800 km. The
optimal corona density profile (5) was also deduced in agree-
ment with the observations of solar wind deceleration upstream
of the subsolar bow shock [Verigin et al., 1991]. However, the
density values of the hot oxygen corona of Mars are ~ 3 times
higher according to this profile than those predicted by the
“extreme” corona model [Ip, 1988,1990], even when the pos-
sible contribution of the hydrogen corona to the solar wind de-
celeration effect is taken into account. These estimations of the
coronal density are only valid when the loading by planetary ions
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is the main cause of solar wind deceleration, and thus they
should be considered as an upper limit now.
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