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Abstract. Electron density profiles in the Martian iono- al., 1990), solar radiation (Stewart and Hanson, 1982), topog-
sphere observed by the radio occultation experiment omaphy (Bougher et al., 2001; Wang and Nielsen, 2004), sea-
board Mars Global Surveyor have been analyzed to deterson (Bougher et al., 1999), dust storms (Wang and Nielsen,
mine if the densities are influenced by the solar wind. Ev-2003a), and solar cycle (Hantsch and Bauer, 1990). It has
idence is presented that the altitude of the maximum iono-also been suggested that the altitude of the solar wind inter-
spheric electron density shows a positive correlation to theaction region suffered violent influence from the solar wind
energetic proton flux in the solar wind. The solar wind mod- (Mitchell et al., 2001). In this paper we look for signatures
ulation of the Martian ionosphere can be attributed to heatingof the solar wind variations in the ionosphere below the in-
of the neutral atmosphere by the solar wind energetic protorteraction region.

precipitation. The modulation is observed to be most promi-

nent at high solar zenith angles. It is argued that this is con- i

sistent with the proposed modulation mechanism. 2 Observations

Key words. lonosphere (Planetary ionosphere; lonosphericThe data set analysed here is Martian ionosphere electron
disturbances) — Magnetospheric physics (Solar wind interaceensity profiles obtained in December 2000 and January
tions with unmagnetized bodies) 2001 by the radio occultation experiment on board MGS

(Hinson et al., 2003). There are several advantages of this
data set compare to all previous measurements: it covers
nearly two solar rotation periods; the time resolution is 2h

(except for missing data); all the observations were made

When the solar wind encounters Mars it is deflected aroundt nearly & constant local time (2.76-3.08 LT) with slightly
the planet by forces, which arise in the interactions among/arying solar zenith angle (82.2-75)3n a rather small lat-
the solar wind, the ionosphere, the neutral atmosphere antiudinal region (67.5-77:®). Thus, daily-running averages
the planet's intrinsic magnetic field (crustal magnetic field, €&n be regarded as measurements made at nearly the same
perhaps by a magnetic field induced in the ionosphere). Ovelocal time and at roughly the same location on sequential
most of Mars it is the solar wind interaction with the neu- days. Moreover, all of the measurements are made in the
tral atmosphere that is the important process. The neutrakf€2 where neither noticeable crustal magnetic field nor sig-
atmosphere above the ionopause is ionised and carried awd}fficant topographical variation exists, so the data will not
by the solar wind, slowing the solar wind down and deflect- € influenced by these parameters. During this time period
ing it in the process (e.g. Luhmann and Bauer, 1992). InnO violent activity such as dust storms, which could bias the
this paper we examine experimental observations of electro§tudy; has been reported. Any effects related to the longitude
density profiles in the ionosphere to determine if the electron(€-9- Topographic effects, Bougher et al., 2000; Wang and
densities are affected by the solar wind. Measurements madii€lsen, 2003b) are easily removed by applying a running
by Mars Global Surveyor (MGS) provide altitude profiles of average to the data, and correction for the solar zenith angle
electron density with sufficient time resolution, as well as follows the well-known methods (e.g. Zhang et al., 1990).
time duration, to allow such an examination. Therefore, the data set is well suited for studies of temporal
The distribution of electrons in the Martian ionosphere is Variations in the ionosphere caused by the solar wind.
influenced by many factors: the solar zenith angle (Zhang et

1 Introduction
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Fig. 1. The flux of protons with energy of 761 to 1220keV in the solar wind (solid curve) and the corrected altitude of the ionospheric
electron density maximum (“+") are plotted against the decimal day from 1 January 2000. The proton flux is obtained by ACE at the Earth’s
orbit and the time is shifted 7 days due to the geometry of the Sun-Earth-Mars configuration (see text for details). The dotted curve is the
3-point running average of the “+"s.

The maximum electron density and the electron densitylogarithmic axis for the proton flux). For the high flux case
scale height above the density maximum have been foungwhen F, is more than~3 cm2s~1ster 1), the ionospheric
to relate to solar radiation, indicated by F10.7, as has beepeak altitude tends to saturate near 106.5km, and becomes
reported before in the literature (Stewart and Hanson, 1982independent of the magnitude of the proton flux.
Bauer and Hantsch, 1989). However, here it is shown for the This can be depicted more clearly by a scatter plot. In
first time, that the altitude of the maximum electron density, Fig. 2a, In(F,) is plotted against the 3-point running aver-
h,, is influenced by the solar wind. age values of f. The best linear fit is determined sepa-

The solar wind data were measured by the Electron, profately for the low and high fluxes. The fit (solid line) for the

ton, and Alpha Monitor (EPAM) on board the Advanced OW flux case is given by;h=106+0.82 In(F); that only four
Composition Explorer (ACE), which is located at a per- data points are outside tHel-sigma range (shown by dashed

manent vantage point 1.5 millionkm sunward of the EarthIines parallel to the solid_line) suggests thatig strppgly de-
(Stone et al., 1998). During the period of observations MarsP€ndent on f. For the high flux case, the best-fit is a nearly
was located about 85way from the Earth in the direction herizontalline (the slope is only0.005), suggesting that the

of their orbital motion. Thus, a fixed point on the solar disk Ncréase in the mean ionospheric peak altitude becomes sat-
would need about 6 days to turn from pointing towards theurated with the increase in the solar wind proton flux. The
Earth to pointing towards Mars. Considering an average somaximum electron density altitude has also been related to
lar wind speed of-400 km, a further 1 to 2 days accounting the solar radio flux F10.7 (in Fig. 2b), and no correlation be-
for the time it typically takes for the solar wind to flow from tWeen the parameters can be discerned.

the Earth’s orbit to Mars’ orbit must be included when com-

paring time variations at the Earth and at Mars. 3 Discussion

The integrated flux (f) of solar wind protons with energy
between 761 and 1220 keV is shown in Fig. 1 (solid curve).It has been shown before that the solar radiation strongly con-
It is possible to extrapolate the observations from the Earth’drols some key parameters of the Martian ionosphere. It has
orbit to the Mars’ (Schwenn, 1991), by considering a simplealso been shown that the solar radiation has no noticeable ef-
lag of 7 days. This lag has been introduced in Fig. 1, and isfects on the ionospheric peak altitudg,.hHere h, is for
found to be sufficiently accurate for this study. Also plotted the first time reported to be modulated by solar wind proton
are the daily i (“+”) and its 3-point-running average (dot- fluxes. The solar radiation control of the Martian ionosphere
ted curve). It is evident that there is a positive correlation be-is much stronger than the control exerted by the solar pro-
tween the proton flux and the ionospheric peak electron dentons. In order to account for the solar wind control of the
sity altitude. The proton flux is modulating the ionosphere: ionosphere, we will therefore assume that the parameter in-
its increase and decrease result in the rise and fall of the iondluenced by the proton fluxes is not affected by the solar radi-
spheric peak density altitude. Especially for the low flux ation (because otherwise the radiation effects would swamp
case (when Fis less tham~3 cnm2s~1ster 1, dashed line the proton flux effects).
in Fig. 1), the correlation coefficient is close to 0.7. The peak It is first noticed that dynamic processes in the Martian
altitude varies with the proton flux logarithmically (notice the ionosphere itself can only extend down to an altitude of about
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Fig. 2. The corrected altitude of the ionospheric electron den-

sity maximum versus the energetic proton flux in the solar wind ) )
(panel a) and the solar radiation F107 index (panel b). The solasity. Using a temperature dependent photochemistry model
wind proton flux control of the ionospheric peak altitude is differ- for the Martian ionosphere (Wang and Nielsen, 2003a), we

ent for low and high fluxes (see text for details). The solid lines in find, that at a solar zenith angle of 8@ 2 K change of the

(a) is the best fit for the scattered points and the dotted lines paralneutral temperature at 120 km altitude results in~88&m

lel to the solid curves showt1-sigma deviations. No correlation is  jncrease of |y, The day-to-day variation of his generally

found between the peak altitude and F10.7 Index. 1~2km. Thus, a variation of1K in the neutral air temper-
ature below the density peak would be sufficient to account
for the observations. Figure 3 shows the displacement of the

10 km above the electron density maximum,, iZhang et ~ ionosphere to a higher altitude, and also illustrates the near
al., 1990; Wang and Nielsen, 2003b). Therefore, dynamicconstancy of the maximum density, associated with a small
processes are unlikely to influencg.h increase in neutral temperature.

The fact that the ionospheric peak altitude is positively ~The strongest heating source in the upper atmosphere is
correlated with the solar wind energetic proton flux suggestghe solar EUV heating (indicated by F10.7), whose variation
that a possible explanation for the observed resuilts is that théan significantly change the neutral temperature above the
upper neutral atmosphere is ionised and heated by precipionospheric peak (Bougher et al., 2000). However, the mod-
tation of the protons. Solar wind particle’s deposit energyeIIing has also shown that an increase of the neutral temper-
in the Martian atmosphere has been demonstrated by sever@fure above the ionospheric peak can only change the iono-
authors (e.g. Kallio and Janhunen, 2001; Haider et al., 2002)SPheric peak density but not its altitude. This is the reason
Heating of the neutral atmosphere will — other parameters beWhy the solar EUV radiation can strongly affect the iono-
ing constant — result in an increase in the neutral gas tempegPheric peak density but not its altitude (e.g. Stewart and
ature. It has been shown before by modelling that an increasgl@nson, 1982).
in the neutral temperature below the ionospheric peak density Heating of the neutral gases due to precipitation is about
results in an increase in the altitude of the electron densityone order of magnitude less than that due to the solar EUV
maximum, without a noticeable change in the density of theradiation (Kallio and Janhunen, 2001) and the atmospheric
ionospheric peak (Wang and Nielsen, 2003a). This procesheating is therefore generally dominated by the EUV heat-
is very efficient, i.e. even a small temperature increase leadsxg. However, there is an altitude difference in the heating
to a significant increase in the altitude of the maximum den-rates between the two sources. The altitude of the heating
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rate peak due to precipitation of protons does not have a no4 Conclusion
table solar zenith angle (SZA) dependence, and is always
centred around 120 km; furthermore, the heating persists gexperimental evidence has been presented that the height of
night (Kallio and Janhunen, 2001). The altitude of the heat-the electron density in the Martian ionosphere is influenced
ing peak due to solar EUV radiation (which is the same asby the energetic proton flux in the solar wind, in such a way
the altitude of the electron density maximum) increases withthat the altitude increases when the flux increases. It has been
SZA and the heating disappears at night (Zhang et al., 1990)suggested that this may be caused by a small increase in the
At the mean solar zenith angle-80°) of the data set used heutral gas temperature (of the order of 1K) below the iono-
here the peak altitude of the precipitation heating.20 km) spheric peak electron density. It is suggested that the source
is about 20 km lower than that of the solar EUV heating or the©f the heating is solar wind charged particles precipitating
ionospheric density peakL40 km). This low altitude heat-  into the Martian atmosphere. The associated energy deposit
ing by the precipitating protons can play a significant role for may be sufficient to increase the neutral gas temperature by
the altitude distribution of the ionospheric electrons. It is the ~1K, which is a heating compatible with the observed in-
heating at relative low altitudes that causes the increase in therease in the altitude of the electron density maximum. It is
altitude of the electron density maximum. also argued that the solar wind control on the Martian iono-
sphere is more prominent at high solar zenith angle than at

low solar zenith angle.
According to Kallio and Janhunen (2001), at a solar zenith

tral atmosphere from the precipitation particles from 120 tc)making their ionospheric profile data available on a public web-
140 km can be derived as5x10-10J/cn?s and~24% of site. We also thank that the ACE EPAM instrument team and the
them are associated with ionization. Given a heating effi-ACE Science Center for providing the ACE data. This research

. . was funded by the Bundesministeriufir Bildung und Forschung
ciency of~0.2 (Fox and Dalgarno, 1979) and typical neutral through the Deutsche ZentruriarfLuft- and Raumfahrt e.V. (DLR)

atmosphere densities at this altitude range (e.g. Wang angrant # 50 QM 0004. J.-S. Wang is also partly supported by
Nielsen, 2003a), it can be concluded that the mean heatingational Natural Science Foundation of China (No. 40374058,

rate in this range is about2x 10 °K/s, or~1.5K/day. It  40134020).

should be'n.oted Fhaj[ th'$ estlma.tlon is under the'assumptlon Topical Editor M. Lester thanks H. Rishbeth for his help in eval-
that the original distribution function of the solar wind proton yating this paper.

is Maxwellian (Kallio and Janhunen, 2001). However, the

distribution, as a rule, deviates strongly from Maxwellian and
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