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Introduction:  Measurements in the Mars plasma
environment indicate that a friction layer develops
between the solar wind and that planet’s ionosphere.
The observed features include a velocity boundary
layer in the solar wind that streams around the flanks
of the Mars ionosphere, and enhanced planetary parti-
cle fluxes in that region. Information on the flow dy-
namics and ion composition in the Mars plasma envi-
ronment has been obtained with measurements con-
ducted with the Phobos spacecraft [1]. Flow speed
profiles derived from data obtained downstream from
Mars show a sharp decrease of the solar wind velocity
to the low values that are seen across the wake.
Around that region there is also a sharp change in the
composition of the particle population. In particular,
solar wind protons are dominant in the outer parts of
the plasma environment, where the flow speed re-
mains high (∼400 km/s), and strong fluxes of plane-
tary O+ ions are detected as the spacecraft approaches
and moves through the wake where the speed of the
proton population has decreased to very low (∼ 40
km/s) values. An important implication of the smaller
flow speeds measured within the boundary layer is
that the solar wind momentum is used to accelerate
planetary pickup ions and ionospheric plasma. In par-
ticular, the low speeds of the solar wind within the
velocity boundary layer implies the removal of most of
the incident momentum which can then be employed
to produce a plasma flow in the upper ionosphere. It is
suggested that a cold plasma flow is present in the
tenuous Mars upper ionosphere and that its momen-
tum is provided by the solar wind within the adjacent
velocity boundary layer. Following an earlier analysis
[2, 3] we will estimate the erosion of the present day
ionosphere and the amount of material that could have
been removed in the early Mars atmosphere.

Momentum Flux Balance:  The thickness of the
velocity boundary layer that is necessary to produce
the observed changes in the plasma properties through
cross-flow transport of solar wind momentum can be
derived from the conservation relation
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where the left hand side indicates the momentum re-
moved from the solar wind and the right hand side
depicts the same momentum assimilated by the iono-
spheric plasma. The density nsw and flow speed usw

apply within the boundary layer in the solar wind

(primed quantities refer to freestream conditions)
while ni and ui refer to the ionospheric plasma. An
approximate solution of this equation was described in
[2] in terms of the equivalent momentum flux thick-
ness δsw and δi that replace the integration interval of
both integrals (the procedure implies that the defi-
ciency of momentum flux within the boundary layer is
replaced by the momentum present in a layer of thick-
ness δsw). From the solution derived using this tech-
nique it is possible to obtain the following relation for
the δ = δsw /δi ratio.

δ = (ui/u´sw)2(ni mi/n´sw msw)[1- nsw
′ ′ usw

′ ′ 2/n´sw u´sw
2] (2)

where the double prime quantities indicate represen-
tative values derived from the velocity boundary layer
and that are used here within δsw. The second term in
the square bracket indicates the fraction of the solar
wind momentum that remains within the boundary

layer if there are non-zero nsw
′ ′  and usw

′ ′  values.

Equation (2) is alternative to an expression for the
ionospheric flow speed ui that was derived in [2] and
that was then used with empirical values of the ge-
ometry of the boundary layer around the Venus and
Mars ionospheres. Since there was no adequate infor-
mation on the width of the velocity boundary layer
around both planets the calculations led to ui values
given in terms of the δsw /δi ratio. A better use of the
same procedure can now be prepared by calculating
the δsw value that is suitable to explain the minimum
ionospheric escape flux; that is, it is possible to esti-
mate the thickness of the boundary layer that would be
required if the bulk of the upper ionospheric plasma is
subject to escape as a result of solar wind momentum
transfer.

Erosion in the Present Ionosphere:  Equation (2)
can be employed by using the values of the solar wind
parameters reported in [1]; namely, u´sw = 400 km/s,
n´w = 5 cm 

-3, and u”sw = 40 km/s, n”sw = 1 cm‘3. Cal-
culations for an assumed ionospheric escape flow can
then be prepared by using ui = 5 km/s (Mars escape
speed) with mi = 16 msw for a dominant O+ planetary
ion population. The results of that calculation lead to
values of the δsw /δi ratio as a function of the plasma
density ni in the upper ionosphere. Even though there
is no definite information on this latter quantity it is
possible to assume that ni ≈ 300-600 cm 

-3 is adequate
for the 300-800 km altitude range of the upper iono-
sphere (values up to 700 cm 

-3 at ∼ 800 km altitude
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have been inferred from the Phobos observations. The
escape particle flux within the ionosphere should then
be ∼2 108 cm -2s -1 which is nearly one order of mag-
nitude larger than the peak ion fluxes reported in [1]
from the Phobos measurements across the wake (the
detected ion fluxes correspond to particles that move
with speeds much larger than the escape flow).

From equation (2) we can thus estimate that 0.1 ≤
δ ≤0.3, and hence that δsw ≈ 150 km for the assumed δi

≈ 500 km ionospheric width based on the Phobos ob-
servations. The implication here is that a narrow ve-
locity boundary layer in the solar wind is required to
carry off an ionospheric flow suitable to the low den-
sities observed in the Martian upper ionosphere. The
total particle loss eroded from the ionosphere around
the planet should be ∼ 2 1025 s-1 and a total mass loss
∼ 0.5 kg (for a O+ population) which is comparable to
that estimated from the Phobos measurements [1].
Since the total mass contained in the Mars atmosphere
is ∼ 3 1016 kg (for a 7 mbar pressure at the surface) the
predicted escape flux would remove that material in ∼
109 years.

Erosion in the Early Mars Ionosphere:  Differ-
ent δsw values can be predicted for a denser ionosphere
that could have existed in the Mars far past. In this
case it is possible to assume that the plasma densities
were comparable to those currently existing in the
Earth or Venus ionospheres even though the configu-
ration of the Mars ionosphere should have been very
different. It is useful, however, to consider the impli-
cations of assuming that the density in the early Mars
upper ionosphere reached values larger than 103 cm-3

as it is currently the case in the Venus upper iono-
sphere. As in that planet the thickness of the iono-
sphere at the terminator may have reached 1000 km so
that if ni = 2000 cm 

-3 we have δ = 1 in equation (2)
and thus δsw = 1000 km around the terminator. This
thickness of the velocity boundary layer is not contra-
dictory to that inferred from the PVO plasma data for
the boundary layer present around the Venus iono-
sphere. Measurements show that this feature is nearly
1000 km thick in the downstream vicinity of the ter-
minator [3] and thus represents a viable view of what
could have occurred in a dense Mars ionosphere. The
large δsw value expected in the early Mars conditions
results from the high total plasma content that may

have existed in the upper ionosphere. With densities
larger than 103 cm -3 and δi ≥ 10 3 km we find that
equation (2) leads to δsw values that are over an order
of magnitude larger than those inferred from the Pho-
bos measurements and in addition that are restricted
by geometric constraints. For example, with ni = 104

cm-3 and δi = 10 3 km we obtain δsw = 5000 km which
is far larger than the values inferred from measure-
ments of the boundary layer around the Venus iono-
sphere. It is unlikely that the density and the thickness
of the early Mars upper ionosphere exceeded those
seen in the Venus ionosphere but it is possible that
with comparable values the velocity boundary layer in
both cases had a similar geometry.

From equation (2) it can also be estimated that
with fixed values of the δ = δsw /δi ratio the flow speed
ui decreases with larger ionospheric densities ni and
can thus become smaller than the escape speed. With
δ = 1 the ionospheric flow can escape from Mars if ni

≤ 2 10 3 cm-3 but with larger densities the flow speed is
smaller than the escape velocity and the flow remains
captive to the gravitational field. When δ = 2 the iono-
spheric flow can escape from Mars up to ni = 5 10 3

cm-3 which implies a dense population in the upper
ionosphere. This case may represent the upper limit of
a suitable boundary layer since δsw = 2000 km (ob-
tained with δi = 1000 km) is already larger than the
values inferred from observations around the Venus
ionosphere. Independent of these numbers it is there-
fore possible that an ionospheric density within 10 3

cm-3 ≤ ni ≤ 2 10 3 cm-3 and the value δ ≈ 1 could fit
better the geometry suggested for the Mars early iono-
sphere. Within this range of values we would expect a
total particle flux ∼ 2 1026 s-1 moving with the escape
speed and, as a result, an effective mass loss ∼ 7 kg/s.
This amount is one order of magnitude larger than
that suggested for the present day conditions and im-
plies the removal of a mass comparable to that of a
few meter-deep global layer of water that could have
been eroded over the 4.5 109 years of martian history.
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