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Abstract

Electron density profiles from the ionosphere of Mars that were obtained by the Mariner 9 radio occultation
experiment in 1971–1972 have unique scientific value because they extend to higher altitudes than comparable
datasets and were acquired during a tremendous dust storm that had substantial and poorly understood effects on
the ionosphere. Yet these profiles are not publicly available in an accessible format. Here, we describe the recovery of
these profiles, which are made available as part of this article. The validity of the profiles was tested by using them to
explore the effects of a dust storm on the topside ionosphere, the morphology of the topside ionosphere, the
behavior of the M1 layer, and possible meteoric layers. The dust storm that waned over the course of the primary
mission (November–December 1971) had major effects on the ionosphere of Mars. It elevated the M1 and M2 layers
of the ionosphere by 20–30 km, but the separation of the two layers stayed fixed throughout the primary mission,
which suggests that the neutral atmosphere at these altitudes was not heated during the dust storm. However, the
altitude of the 1500 cm−3 density level, a proxy for the top of the ionosphere, decreased steadily by 74 ± 12 km over
the course of the primary mission. Mariner 9 observations of the topside ionosphere differ from comparable Mars
Express observations. Compared to Mars Express, the Mariner 9 data, which were acquired during a period of relatively
high solar wind dynamic pressure, have lower densities at high altitudes. They are also more likely to have a “one scale
height” morphology than a “two scale height” morphology. The peak density of the M1 layer depends on solar zenith
angle and solar irradiance similarly to previous studies with Mars Global Surveyor observations, which indicates that
dust storms do not affect the behavior of the peak density. No clear meteoric layers were identified.
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Introduction
Mariner 9, the first spacecraft to orbit another planet,
reachedMars on 13 November 1971 and settled into a 12-
h orbit with an inclination of 65° (Kliore et al. 1972a, b). It
conducted radio occultation measurements of the atmo-
sphere and ionosphere of Mars in November–December
1971 (primary mission) and May–June 1972 (extended
mission) (Kliore et al. 1970, 1973). These observations
discovered the immense topographic range of the planet
(30 km), the strong response of the atmosphere and its
embedded ionosphere to suspended dust, and the day-
to-day stability of the ionosphere (Cain et al. 1972, 1973;
Kliore 1973). Over the course of its mission, Mariner
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9 acquired several hundred radio occultation measure-
ments. In this technique, a radio link between the space-
craft and Earth is monitored as the spacecraft goes behind
Mars as seen from Earth (ingress) and as the space-
craft emerges from behind Mars as seen from Earth a
short time later (egress) (Withers 2009a). However, the
mission was only able to obtain viable ionospheric elec-
tron density profiles for ingress occultations of the day-
side, about 114 profiles. Egress opportunities relied on
the stability of the onboard radio oscillator, which was
sufficient for the detection of the strong signature of
the neutral atmosphere, but not the weaker signature of
the ionosphere, whereas ingress opportunities could use
a two-way technique stabilized by a higher-performing
Earth-based oscillator that was able to measure both the
ionosphere and neutral atmosphere. Nightside occulta-
tions rarely produced robust electron density profiles due
to low nightside densities.
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Previous analyses of the Mariner 9 electron density
profiles have focused on the behaviors of the topside
ionosphere and the main peak of the ionosphere. In
the topside, they have interpreted the lack of distinctive
ionopause features at the top of the ionosphere in terms
of pressure balance with the solar wind (Kliore 1992;
Luhmann 1992; Luhmann et al. 1990; Shinagawa 1996;
Slavin and Holzer 1982; Zhang and Luhmann 1992). They
have noted that the morphology of the topside ionosphere
can be described by an exponential decay in electron
density with altitude, where the relevant scale height is
uniform with altitude (Breus et al. 1998; Kliore 1992; Ness
et al. 2000; Shinagawa 1996; Slavin andHolzer 1982). They
have shown that the topside plasma scale height increases
with increasing solar irradiance (Bauer and Hantsch 1989;
Fjeldbo et al. 1977; Ness et al. 2000; Shinagawa 1996;
Stewart and Hanson 1982). They have concluded that
the topside plasma scale height is not proportional to
the plasma temperature (Zhang et al. 1990). They have
inferred the presence of a horizontal magnetic field in the
ionosphere from the fact that the morphologies of vertical
profiles are photochemical equilibrium-like up to 240 km
(Breus et al. 1998; Luhmann et al. 1990; Ness et al. 2000).
At the main ionospheric peak, they have found that

the peak electron density is proportional to the square
root of the cosine of solar zenith angle (Hantsch and
Bauer 1990; Kliore 1992; Kliore et al. 1973; Luhmann and
Brace 1991; Schunk and Nagy 1980; Stewart and Hanson
1982; Zhang et al. 1990). They have found, with the sup-
port of additional datasets, that the peak electron density
increases with increasing solar irradiance (Hantsch and
Bauer 1990; Shinagawa 1996; Stewart and Hanson 1982).
They have found, with the support of additional datasets,
that the altitude of the peak electron density increases
with increasing solar zenith angle (Hantsch and Bauer
1990; Luhmann and Brace 1991; Shinagawa 1996; Stewart
and Hanson 1982; Zhang et al. 1990). They have dis-
covered that the ionospheric peak altitude is elevated
significantly during dust storms (Hantsch and Bauer 1990;
Kliore et al. 1973; Luhmann and Brace 1991; Shinagawa
1996; Stewart and Hanson 1982; Wang and Nielsen 2003;
Withers and Pratt 2013; Zhang et al. 1990).
The Mariner 9 electron density profiles have been

published graphically in Kliore et al. (1972a, b, 1973),
Zhang et al. (1990), and Kliore (1992). They were
archived as microfilmed data tables and images as
dataset PSPA-00141 at the National Space Science
Data Center (NSSDC), and this archive is described
further at http://nssdc.gsfc.nasa.gov/nmc/datasetDisplay.
do?id=PSPA-00141. However, they have never been made
readily available in digital format. Although some senior
scientists may have retained copies of this dataset over
four decades and many generations of computer equip-
ment, the vast majority of active scientists do not have

access to these profiles. The latter are the intended readers
of this article.
Relative to the Mars Global Surveyor (MGS) dataset

(Hinson 2007), which contains the only electron den-
sity profiles for Mars that are readily available to sci-
entists today, the Mariner 9 dataset has some unique
characteristics:

1. High vertical extent. The Mariner 9 profiles routinely
extend above 300 km, with many approaching 400
km, whereas MGS profiles rarely exceed 200 km
(Hinson 2007). The typical boundary between
ionospheric and solar wind plasma is 400 km, which
is sometimes called the ionopause or photoelectron
boundary (Mitchell et al. 2001).

2. Measurements during a tremendous dust storm.
Mariner 9’s first images from orbit, acquired as an
unsurpassed dust storm was raging, showed nothing
but dust and the Tharsis volcanic peaks. Conditions
in the atmosphere and ionosphere were severely
affected by this storm. The ionospheric peak was 20–
30 km higher during this storm than normal (Hantsch
and Bauer 1990), indicating immense expansion of
the lower atmosphere due to suspended dust.

3. Global coverage. The Mariner 9 profiles are globally
distributed, whereas almost all of the 5600 MGS
profiles are north of 60° N (Hinson 2007). The only
ones that are not are 220 profiles between 70° S and
64° S. The Mariner 9 profiles permit exploration of
the ionosphere within the tropical neutral
atmosphere and above a range of crustal
magnetization conditions (Acuña et al. 2001).

4. Solar zenith angle (SZA) coverage. SZA is the major
factor controlling ionospheric conditions on Mars
(Withers 2009b). All MGS profiles have SZAs of 71°
or more, where the Sun is very low on the horizon
(Hinson 2007). By contrast, the Mariner 9 profiles
sample SZAs as low as 47°, closer to the subsolar
point, which causes higher electron densities.

The aims of this article are to make the recovered
Mariner 9 electron density profiles widely available, to
describe how these profiles were recovered from the
NSSDC microfilm, and to place these profiles in the con-
text of current ionospheric studies. To address the last
of these aims, the profiles were analyzed. Our analysis
focused on topics that had not previously been addressed
using these profiles, namely the effects of a dust storm
on the topside ionosphere, the morphology of the top-
side ionosphere, the behavior of theM1 layer, and possible
meteoric layers. The M1 layer is visible in electron density
profiles as a shoulder approximately 25–30 km below the
main M2 layer (Fallows et al. 2015). As these topics have
recently been addressed using other datasets, the analysis
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reported here helps to place the recoveredMariner 9 elec-
tron density profiles in the context of current ionospheric
studies. It also serves to validate the recovered profiles.
The section “Recovery of Mariner 9 electron density

profiles” describes the recovery of the Mariner 9 elec-
tron density profiles. The section “Scientific analysis”
presents the results of our scientific analysis, with the
section “Effects of a dust storm on the topside ionosphere”
addressing the top of the ionosphere, the section “Vertical
structure of the topside ionosphere” addressing the verti-
cal structure of the topside ionosphere, the section “M1
peak electron density and solar zenith angle” address-
ing the relationship between M1 peak density and solar
zenith angle, the section “M1 peak electron density and
solar irradiance” addressing the relationship between M1
peak density and solar irradiance, the section “Separation
between the M1 and M2 layers” addressing the separation
between the M1 and M2 layers, and the section “Possi-
ble meteoric layers” addressing possible meteoric layers.
The section “Discussion and conclusions” summarizes the
conclusions of this work.

Recovery of Mariner 9 electron density profiles
Upon response to an initial inquiry concerning access to
the dataset PSPA-00141, NSSDC staff provided us with
images of 25 sample pages from Rev 57 (revolution or
orbit 57), which occurred on the day of the year 346 of
1971 (12 December). These included data tables for the
ingress occultation showing electron density, plasma scale
height, and inferred plasma temperature as functions of
radial distance and height; neutral mass density, number
density, temperature lapse rate, and pressure scale height
as functions of radial distance and height; and ellipsoid
parameters. Plots of the ingress results and tables of neu-
tral data products for the egress occultation were also
included.
Based on these samples, we requested data tables and

plots of ionospheric properties as functions of radial dis-
tance for all occultations for which ionospheric peak prop-
erties were reported in Kliore et al. (1972b) and Kliore
et al. (1973). We assumed that the absence of reported
peak properties for a given occultation meant that no
useful ionospheric profile was delivered to the archive.
This approach primarily selected ingress occultations with
solar zenith angles less than 90°, although a handful of
the selected occultations have solar zenith angles between
90° and 100°. Neutral properties, although present in the
archive and available to other interested researchers, were
not deemed useful for our purposes.
We provided a list of selected orbits to the NSSDC and

subsequently received approximately 768 TIFF images of
microfilmed information. A typical image is shown in
Fig. 1. The information in these images of data tables was
processed using optical character recognition software,

incorrectly recognized digits (which were legion) were
manually corrected, and results were stored as ASCII
tables. Quality control for each occultation was ensured
by reproducing the accompanying electron density-radial
distance plot and any similar plots in prior publications
(Kliore 1992; Kliore et al. 1972a, b, 1973; Zhang et al.
1990). This process generated an electron density-radius
profile labeled by its orbit number for each available
ingress occultation.
For productive scientific analysis, additional support-

ing information is required. Tables in Kliore et al. (1972b)
and Kliore et al. (1973) report latitude, longitude, solar
zenith angle, peak electron density, peak radial distance,
and peak altitude for each occultation.We verified that the
peak electron densities and peak radial distances reported
by Kliore et al. (1972b) and Kliore et al. (1973) are consis-
tent with the recovered electron density profiles.
Martian geodesy has evolved considerably since the

Mariner era, so the published latitudes, longitudes,
and peak altitudes need careful consideration. Generally
speaking, pre-MGS work tended to use areographic lati-
tudes and post-MGS work has tended to use areocentric
latitudes. However, Kliore et al. (1973) define latitude in
terms of a spherical planet, which leads to areocentric
latitudes. Since the difference between latitudes defined
with these two conventions is in any case always less than
1°, we have interpreted the reported latitudes as modern-
era areocentric values (Smith et al. 2001). Longitudes in
Kliore (1972b, 1973) are west longitudes, which were con-
verted into east longitudes by subtracting them from 360°.
Tracking the many different reference areoids used over
the past four decades to convert radial distance to altitude
is a major undertaking, which we sidestepped by convert-
ing each occultation’s list of radial distances into altitudes
using the radius of the MOLA areoid at the appropriate
latitude and longitude (Smith et al. 2001).
Precise timing information is not readily available for

these profiles, although it could perhaps be provided
by a diligent investigation of the relevant SPICE ker-
nels (http://naif.jpl.nasa.gov/pub/naif/M9/kernels/). We
assigned dates to each occultation based on the day of the
year information written on the microfilmed tables.
The end product is a set of 114 electron density

profiles as functions of radial distance and altitude,
each accompanied by orbit number, date, latitude, lon-
gitude, solar zenith angle, radius of areoid, radial dis-
tance to maximum electron density, altitude of maxi-
mumdensity, andmaximum electron density. This dataset
accompanies this manuscript as Additional file 1 and
is also in the process of being archived at the NASA
Planetary Data System (PDS). At the time of writing,
the dataset is under review and is available at http://
ppi.pds.nasa.gov/archive1/MR9RSS_0001/. Electron den-
sity uncertainties were neither archived nor discussed

http://naif.jpl.nasa.gov/pub/naif/M9/kernels/
http://ppi.pds.nasa.gov/archive1/MR9RSS_0001/
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Fig. 1 An example of the microfilmed images of Mariner 9 radio occultation data available from the NSSDC. This image is the first of a set of three
that displays radial distances, electron densities, plasma scale heights, and inferred plasma temperatures for the ingress occultation on revolution 1.
This image covers radial distances of 3644 to 3762 km (the topside ionosphere) and the complete set of three images covers radial distances of 3492
to 3762 km

extensively in publications from the Mariner 9 era, but
they can be estimated for each profile as the smallest value
in that profile.
Seventy-eight profiles were acquired during the pri-

mary mission on orbits 1–79 (solar zenith angles of 47°–
57°) and 36 profiles were acquired during the extended
mission on orbits 352–450 (solar zenith angles of 72°–
99°). In the primary mission, profiles typically spanned
80 to 300 km with a vertical resolution of 2 km and a
lowest reported density of 700 cm−3. In the extended
mission, profiles typically spanned 80 to 240 km with a
vertical resolution of 1 km and a lowest reported den-
sity of 1200 cm−3. Point-to-point fluctuations in electron
density are noticeably greater in the profiles from the
extended mission than in those of the primary mission.
The high-gain antenna was not pointed at Earth dur-
ing extended mission occultations, which reduced the
signal-to-noise ratio of the experiments (Kliore et al.
1973). Consequently, we focus exclusively on the pri-
mary mission profiles in several of the analyses reported
below.
The geographic coverage of the Mariner 9 dataset is

shown in Fig. 2. Figure 3 compares a plot of seven early
profiles from the recovered dataset to a similar plot from
an original publication; the agreement is excellent.

The profile from orbit 4 (39.1° S, 209.9° E) is quite
unusual: its peak density is more than 30% smaller than
the peak density of any other occultation from the primary
mission and its highest altitude data point is 60 km below
those of any other occultation from the first 50 orbits.
This may be connected with the unique nature of the local
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Fig. 2 Geographical coverage of the Mariner 9 electron density
profiles. Crosses and squares indicate occultations from the primary
and extended missions, respectively. The filled circle at 39.1° S, 209.9° E
highlights orbit 4. Colors indicate the magnetic field strength at 150
km based upon the model of Arkani-Hamed (2004)
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Fig. 3 Top. Electron density profiles from ingress occultations on
orbits 1–7, based on the data recovered in this project. Electron
densities in the profiles from orbits 1, 2, 3, 4, 5, 6, and 7 have been
multiplied by factors of 100, 101, 102, 103, 104, 105, and 106,
respectively, for clarity. This panel is truncated at 100 km for
consistency with the bottom panel. Bottom. Electron density profiles
from ingress occultations on orbits 1–7, as reported by Zhang et al.
(1990). A similar scaling was also applied to the electron density
profiles in this panel. Numbers above each profile indicate their solar
zenith angles (degrees). Bottom panel reproduced from Fig. 7 of Zhang
et al. (1990) by permission of American Geophysical Union

magnetic field conditions. The magnetic field strength
at 150 km at the location of this occultation is 270 nT
(Arkani-Hamed 2004), and the frequency of occurrence of
open magnetic field lines on the dayside at this location
exceeds 40% (Brain et al. 2007). None of the otherMariner
9 occultations have both a magnetic field strength above
210 nT and an open field line occurrence of over 33%.
This unusual profile contrasts markedly with the results of
Nielsen et al. (2007), who reported several case studies in
which peak densities were approximately doubled where
the magnetic field is strong and vertical.

Scientific analysis
Effects of a dust storm on the topside ionosphere
The ionospheric peak was 20–30 km higher than nor-
mal during the Mariner 9 primary mission (Hantsch and
Bauer 1990), indicating immense expansion of the lower
atmosphere due to suspended dust during this tremen-
dous dust storm. This unusual behavior was immediately
noted by the early investigators, who attributed it to the
subsidence of the neutral atmosphere during the wan-
ing phase of a tremendous dust storm (Kliore et al. 1973;
McElroy 1977). The steady descent of the ionospheric
peak during the primary mission of Mariner 9 becomes

noticeably clearer when peak altitudes are updated from
being referenced to the Mariner-era areoid (Kliore et al.
1972b) to being referenced to the MOLA areoid (Withers
and Pratt 2013). Withers and Pratt (2013) showed how
peak altitude dropped steadily from 150 to 140 km from
orbit 1 to 79. This cannot be attributed to solar zenith
angle effects. They concluded that “upper atmospheric
densities were 12 times greater than usual at the time of
Mariner 9’s arrival at Mars. Even larger densities likely
occurred at earlier times during this remarkable storm”.
The ionospheric peak has also been observed to change
during other dust events (e.g., Bougher et al. 2001; Wang
and Nielsen 2003; Withers and Pratt 2013). However, the
effects of a dust storm on the topside ionosphere have not
been addressed previously. We focus on the altitude of the
top of the ionosphere.
We define the top of the ionosphere as the altitude above

the peak at which electron densities first fall below 1500
cm−3 when moving upward in altitude. This threshold
value of 1500 cm−3 is larger than used in comparable
work (Kliore 1992), but the adoption of a smaller value
would lead to non-detections of the top of the ionosphere
in too many profiles. Here, we are primarily interested
in relative trends in the altitude of the top of the iono-
sphere, not its absolute value. Figure 4 shows how the
altitude of the top of the ionosphere varies with solar
zenith angle. Also shown are similar altitudes from Viking
Orbiter occultations, which were manually extracted from
figures in Zhang et al. (1990). For profiles in which
the top of the ionosphere was not detected, the alti-
tude of the top of the ionosphere is assumed to be the
altitude of the highest data point in the profile. There
is no appreciable difference between altitudes inferred
through such non-detections and altitudes found by actual
detections.
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Fig. 4 Altitude of the top of the ionosphere, as defined in the text, as
a function of solar zenith angle. Black and red symbols indicate
Mariner 9 and Viking Orbiter occultations, respectively. Crosses
indicate actual detections of the top of the ionosphere, and diamonds
indicate lower limits from non-detections. Orbit 4’s result is a
non-detection of 210 km at a solar zenith angle of 55.8°
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Relative to the Mariner 9 extended mission and the
Viking mission, the top of the ionosphere extended to
unusually high altitudes during the Mariner 9 primary
mission. The possible influence of solar zenith angle
effects is excluded by results from the Mariner 9 primary
mission data being considerably higher than Viking results
at the same solar zenith angle. The unusually high alti-
tudes appear to be connected with the waning dust storm,
as the top of the ionosphere descends as the orbit num-
ber increases (Fig. 5). The correlation coefficient is –0.58.
A linear fit to the data points gives an initial altitude of
330 ± 7 km and a decrease in altitude of 0.94 ± 0.15 km
per orbit, or a decrease in the altitude of the top of the
ionosphere by 74 ± 12 km from orbit 1 to orbit 79, a
period of 39 days.
The systematic nature of this trend argues against it

being caused by variations in solar conditions or the mag-
netic environment. It is reasonable that the expansion of
the neutral atmosphere during the dust storm can elevate
the top of the ionosphere much as the ionospheric peak is
elevated. However, the magnitudes of the altitude changes
are very different. Over the course of the primary mission,
the ionospheric peak descends by about 10 km, yet the top
of the ionosphere descends by about 70 km—seven times
more. This is illustrated in Fig. 6 by a representative set of
profiles.
For data from the Mariner 9 extended mission and

the Viking orbiters, the top of the ionosphere occurs at
approximately 250 km altitude. That is, electron densities
above 250 km are less than 1500 cm−3. This differs from
the work of Duru et al. (2008), who used in situ measure-
ments of local electron densities collected by the MARSIS
instrument on Mars Express (MEX) in 2005–2007 to find
that electron densities at 300–350 km and solar zenith
angles less than 80° are on the order of 2000–4000 cm−3.
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Fig. 5 Altitude of the top of the ionosphere, as defined in the text, as
a function of orbit number during the primary mission. Crosses
indicate actual detections of the top of the ionosphere, and diamonds
indicate lower limits from non-detections. The best fit line is
discussed in the text
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Fig. 6 Five electron density profiles from the primary mission. Orbit
numbers are given above each profile. Electron densities in the
profiles from orbits 3, 20, 42, 62, and 76 have been multiplied by
factors of 100, 101, 102, 103, and 104, respectively, for clarity. Squares
at electron densities of 1500 cm−3 indicate the altitude at which
electron densities first drop below this value, the top of the
ionosphere. Associated vertical lines emphasize the steady decrease in
this altitude over time during the primary mission. Crosses indicate
the main peak of the ionosphere, which drops in altitude over this
period by a much smaller amount

It is hoped that MAVEN studies of the boundary between
the ionosphere and the surrounding space environment
will shed light on why these differences exist.

Vertical structure of the topside ionosphere
Withers et al. (2012) investigated the vertical structure of
over 500 electron density profiles acquired by MEX radio
occultations. In 10% of the profiles, a single scale height
on the order of several tens of kilometers was sufficient to
describe the decrease in electron density with increasing
altitude in the topside ionosphere. In 25% of the pro-
files, two distinct scale heights were necessary, with a scale
height on the order of several tens of kilometers changing
above a threshold altitude to a scale height on the order of
100 km. A further 10% of the profiles had three regions
with distinct scale heights, while the vertical structure
of the topside ionosphere was not readily classifiable in
the remaining profiles. A possible interpretation of these
observations is that a “one scale height” morphology exists
where the vertical transport of plasma to high altitudes is
effectively suppressed by horizontal magnetic fields and
a “two scale height” morphology exists where it is not.
In this scenario, classifications of the morphology of the
topside ionosphere reveal information about the magnetic
environment and plasma transport.
Previous studies of the Mariner 9 electron density pro-

files have generally emphasized the presence of a “one
scale height” morphology (Breus et al. 1998; Kliore 1992;
Ness et al. 2000; Shinagawa 1996; Slavin and Holzer 1982).
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We fit electron densities between 170 and 230 km in each
Mariner 9 profile using an exponential dependence on
altitude, then tested whether electron densities at higher
altitudes were appreciably greater than those predicted by
a simple upwards extension of the fit. If they were, then
we labeled the profile as having a “two scale height” mor-
phology. The altitude range of 170 to 230 km was selected
because, as Fig. 7 makes clear, the observed electron den-
sity in that range is well represented by an exponential
decay. We found that a “one scale height” morphology
is five times more prevalent in the Mariner 9 primary
mission profiles than a “two scale height” morphology. Six
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Fig. 7 Top. Six electron density profiles from the primary mission that
have a “two scale height” morphology. Orbit numbers are given
alongside each profile. Electron densities in the profiles from orbits 1,
3, 6, 22, 30, and 59 have been multiplied by factors of 100, 101, 102,
103, 104, and 105 respectively, for clarity. The grey regions highlight
170–230 and 270–300 km altitude. Red lines show extrapolation of fits
to data in the 170–230 km altitude range. Observed densities exceed
the extrapolation at 270–300 km altitude for these “two scale height”
profiles. Bottom. Six electron density profiles from the primary mission
that have a “one scale height” morphology. Orbit numbers are given
alongside each profile. Electron densities in the profiles from orbits
10, 21, 28, 35, 46, and 57 have been multiplied by factors of 100, 101,
102, 103, 104, and 105 respectively, for clarity. Red lines and grey regions
as for the top panel, but observed densities do not exceed the
extrapolation at 270–300 km altitude for these “one scale height”
profiles

examples of profiles with a “two scale height” morphology
are shown in the top panel of Fig. 7, and six examples of
profiles with a “one scale height” morphology are shown
in the bottom panel of Fig. 7. The difference in the occur-
rence rate of these two topside morphologies emphasizes
the current inability to predict which morphology will be
present in any given observations. In future work, it would
be interesting to compare the morphology of the topside
ionosphere directly against the strength and direction of
the magnetic field.

M1 peak electron density and solar zenith angle
The dependence of the M1 peak electron density on solar
zenith angle has been studied recently by several work-
ers (Fallows et al. 2015; Fox and Yeager 2006; 2009; Liao
et al. 2006). However, all used the same dataset from
Mars Global Surveyor. It is important to test whether
their findings are supported by analysis of an independent
dataset. This will also test whether the M1 peak density
was disturbed by the dust storm that occurred during the
Mariner 9 primary mission.
In order to isolate the M1 layer, we begin with the main

peak or M2 layer. Once orbit 4’s anomalous result and
one result at a solar zenith angle greater than 95° (orbit
352, 98.9°) are set aside, the dependence of peak elec-
tron density on solar zenith angle appears quite consistent
with prior analysis and studies of other datasets (top panel
of Fig. 8) (Withers 2009b, and references therein). For
instance, a fit of peak density, Nm, to Ch−k , where Ch is a
dimensionless function that reduces to sec SZA for small
SZAs and plane-parallel geometry (Chapman 1931a, b;
Smith and Smith 1972; Withers 2009b), finds a best-fit
subsolar peak density N0 of (2.07 ± 0.03) × 105 cm−3 and
exponent k of 0.56±0.01. The fitted subsolar peak density
is also comparable to previous results (Fallows et al. 2015).
Moving to the M1 layer, we fitted the region near the

main peak with a Chapman function, which was then sub-
tracted from the observed densities to produce a set of
residuals. The residuals in the vicinity of the M1 layer
were then fitted with a parabola. The M1 peak altitude
was taken to be the fitted altitude of the maximum of
the parabola, and the M1 peak density was taken to be
the observed density at that altitude. Several profiles from
the extended mission did not yield good fits and were
not considered further. The fitted M1 peak densities that
were deemed acceptable are shown in the bottom panel of
Fig. 8. TheM1 peak density is proportional to Ch−k where
k = 0.50 ± 0.03. Other workers using electron density
profiles from Mars Global Surveyor have found similar
exponents (Fallows et al. 2015; Fox and Yeager 2006; 2009;
Liao et al. 2006). The fitted subsolar M1 density is also
comparable to previous results (Fallows et al. 2015). The
result reported here confirms those earlier findings using
an independent dataset and also demonstrates that the
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Fig. 8 Top. M2 peak electron density as a function of solar zenith
angle. Squares highlight data points excluded from fits. The black line
is a fit to data from the primary and extended missions that is
discussed further in the text. Bottom. As top panel, but for M1 peak
electron densities

Mariner 9 dust storm did not affect M1 peak densities.
Previous work found that the dust storm did not affect M2
peak densities (Hantsch and Bauer 1990).

M1 peak electron density and solar irradiance
Fox and Yeager (2009) investigated the dependence of M1
electron density on solar irradiance using Mars Global
Surveyor electron density profiles. Here, we test whether
their findings are consistent with analysis of the indepen-
dent Mariner 9 dataset.
We converted the fitted M1 peak densities obtained in

the section “M1 peak electron density and solar zenith
angle” to subsolar values using Nm = N0Ch−0.5. For the
solar irradiance proxy, we use “adjusted F10.7” values. F10.7
values at Earth from 1970–1971 were adjusted to values
appropriate for use at Mars by time shifting to account
for the non-zero Earth-Sun-Mars angle and by multiply-
ing by the inverse square of the Mars-Sun distance. These
subsolar M1 peak densities depend on the adjusted value
of F10.7, as shown in the bottom panel of Fig. 9. They are
proportional to the adjusted value of F10.7 raised to the
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Fig. 9 Top. Inferred subsolar M2 peak electron density as a function of
adjusted F10.7 (values in solar flux units). Crosses and diamonds
indicate occultations from the primary and extended missions,
respectively. The solid line is a fit to the primary mission data,
excluding the anomalous result from orbit 4 (square symbol). Bottom.
As top panel, but for subsolar M1 peak electron density. The
anomalous result from orbit 4, which is excluded from the fit, is below
the density range of this plot

power 0.59 ± 0.13. This fit excludes the extended mis-
sion data, since they display much greater scatter than the
primary mission data. Nevertheless, inspection of the bot-
tom panel of Fig. 9 shows that the extended mission data
are generally consistent with the primary mission data.
In their analysis of Mars Global Surveyor data, Fox and
Yeager (2009) found an exponent of 0.462 ± 0.012.
Due to the large uncertainty on theMariner 9 exponent,

these two exponents are formally indistinguishable. Nev-
ertheless, to explore this topic further, we repeated this
analysis for the M2 peak densities and found an exponent
of 0.26± 0.06. Fox and Yeager (2009) reported a very sim-
ilar value: an exponent of 0.263 ± 0.008. There does not
appear to be any systematic difference between Mariner 9
and Mars Global Surveyor results for how peak electron
densities depend on solar irradiance.
The extended mission M2 peak densities do not have

a clear and well-behaved dependence on adjusted F10.7
(Fig. 9). The degradation of the experiment between the
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primary and extended missions is one possible explana-
tion, but the well-behaved dependence of peak densities
on SZA during the extended mission (the section “M1
peak electron density and solar zenith angle”) argues
against this. The large Earth-Sun-Mars angle during the
extended mission (∼130°, in contrast to ∼40° during the
primary mission) and the consequent errors in adjusting
solar irradiances from Earth to Mars may be responsible.
The difference in exponents between the M1 and M2

layers means that the ratio of M1 to M2 density should
increase with increasing solar activity, a natural conse-
quence of the hardening of the solar spectrum. However,
due to the relatively small range of adjusted F10.7 experi-
enced by Mariner 9, the ratio of the M1 peak density to
the M2 peak density remains ∼0.4 in all profiles.

Separation between the M1 andM2 layers
The separation between the M1 and M2 layers was stud-
ied by Fallows et al. (2015), who found that it was 25–30
km and that it did not vary greatly with solar zenith angle.
Figure 10 shows theM2 andM1 peak altitudes throughout
the course of the mission. The effects of the waning dust
storm on the M2 peak altitude have been discussed previ-
ously (e.g., Kliore et al. 1973; McElroy et al. 1977; Withers
and Pratt 2013). Figure 10 shows that the M1 peak alti-
tude tracks the M2 peak altitude during the storm, being
consistently 27 km lower. With the reasonable assump-
tion that this altitude difference is proportional to the
neutral scale height and hence to the neutral tempera-
ture, the stability of this altitude difference implies that
neutral temperatures at 110–150 km do not change over
the course of the primary mission despite the raging dust
storm in the lower atmosphere. The M1 peak altitude is
less accurately determined for the extended mission, but
values are ∼30 km below the M2 peak on average.

Possible meteoric layers
The ablation of meteoroids in the upper atmosphere of
Mars introduces magnesium, iron, and silicon into the
atmosphere. These species modify the behavior of the

ionosphere and can produce layers of atomic metal ions
around 90 km (Pätzold et al. 2005; Withers et al. 2008).
Based on visual inspection of published figures for lay-
ers of plasma near 90 km altitude, Withers et al. (2013)
suggested that several Mariner 9 profiles contained mete-
oric layers and identified likely meteoric layers in profiles
from orbits 5, 6, 10, 30, 31, 43, and 67. The recovery of
the Mariner 9 profiles permits critical evaluation of the
findings of Withers et al. (2013).
Features suggestive of plasma layers can be seen near

90 km, as shown in Fig. 11, but none of them are reliable.
In all cases, the magnitude of the excess plasma density
is comparable to the likely uncertainty in the densities,
which can be considered equal to the smallest reported
density in a given profile. Comparison to the topside
strengthens this conclusion: fluctuations in topside den-
sity, which are probably caused by instrumental noise, are
comparable to the possible meteoric layers at low alti-
tudes. The densities in the possible meteoric layers are
roughly the same as those at which fluctuations in topside
density become significant. We conclude that no meteoric
layers have been firmly identified in theMariner 9 dataset.

Discussion and conclusions
The Mariner 9 ionospheric electron density profiles have
been recovered from their microfilm archive and have
been made widely available by incorporation into this
work as Additional file 1. Furthermore, we have recently
received a copy of the Viking Orbiter electron density
profiles, which are not available on the NASA Planetary
Data System, from Tamara Breus (personal communica-
tion, 2015). Preparation for documenting them, acquiring
the necessary supporting information, and archiving them
is underway.
One electron density profile from theMariner 9 primary

mission, orbit 4, is distinctly different from the rest. In this
profile, densities in the M1 and M2 layers are tens of per-
cent smaller than in other profiles and the top of the iono-
sphere is depressed by 60 km. The magnetic conditions
at the location of this profile are unlike those experienced
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Fig. 11 Seven electron density profiles from the primary mission that
have been suggested, based on visual inspection of published figures
for layers of plasma near 90 km altitude, to contain meteoric layers.
Orbit numbers are given below each profile. Electron densities in the
profiles from orbits 5, 6, 10, 30, 31, 43, and 67 have been multiplied by
factors of 100, 101, 102, 103, 104, 105, and 106 respectively, for clarity

by the other profiles: the magnetic field is relatively strong
and field lines have a relatively high probability of being
open. This unusual profile contrasts markedly with the
results of Nielsen et al. (2007), who reported cases in
which peak densities were approximately doubled where
the magnetic field is strong and vertical.
The immense dust storm that waned during the primary

mission occultations had major effects on the ionosphere
ofMars. It elevated theM2 peak altitude above its nominal
level by 20–30 km. It also elevated the M1 peak altitude
such that the separation of the M1 and M2 layers stayed
fixed throughout the primary mission. The altitude of the
top of the ionosphere, defined as the 1500 cm−3 density
level, was strongly affected by the dust storm. While the
M1 and M2 layers descended by 10 km over the course of
the primary mission as the dust storm waned, the top of
the ionosphere descended by 70 km.
The dramatic effects on the topside ionosphere are puz-

zling. The altitude of the top of the ionosphere could
be controlled by solar wind conditions, particularly the
dynamic pressure, but it seems unlikely that solar wind
conditions would exhibit a secular change over a period of
40 days (the primary mission). It would also be a remark-
able coincidence for this unusual behavior in the solar
wind to occur at the same time as the greatest dust storm
of the last four decades. If this behavior of the topside
ionosphere does reflect the effects of a dust storm, then
why should a dust storm in the lower atmosphere affect
the topside ionosphere so much more than it affects the
region around the ionospheric peak? We have no defini-
tive answer to this puzzle and merely note two related
recent observations. Liemohn et al. (2012) found that
periods of elevated dayside photoelectron flux at 400 km

could be correlated with the average dust opacity over the
preceding 7 months. Chaffin et al. (2014) used MEX SPI-
CAM ultraviolet observations to find that the hydrogen
escape rate from Mars decreased by an order of magni-
tude over six months in 2007, coincident with the waning
of a large dust storm in fall 2007 (Mars Year 28). This has
been corroborated by independent measurements by the
Hubble Space Telescope (Bhattacharyya et al. 2014; Clarke
et al. 2009).
Moving beyond the effects of the dust storm, there are

differences between the topside ionosphere as seen in the
Mariner 9/Viking era and as seen in the Mars Express
era. First, data from the Mariner 9 extended mission and
the Viking Orbiters suggest that electron densities above
250 km are less than 1500 cm−3, in contrast with Mars
Express MARSIS data that suggest that electron densities
at 300–350 km are on the order of 2000–4000 cm−3. Sec-
ond, the ratio of the occurrence rates of “two scale height”
to “one scale height” morphologies is much greater in
Mars Express radio occultation data than that in Mariner
9 extendedmission data. “Two scale height” morphologies
are associated with the ionosphere extending upwards
to relatively high altitudes. Both these differences may
be caused by relatively strong solar wind dynamic pres-
sures during the Mariner 9 and Viking era by comparison
to the Mars Express era (Richardson et al. 2001). Mars
Express has operated during a prolonged and deep solar
minimum, when solar wind dynamic pressures have been
weak. Strong solar wind dynamic pressures depress the
top of the ionosphere, which favors a “one scale height”
morphology and which also reduces electron densities
at high altitudes (Brain 2006; Crider et al. 2003; Mitchell
et al. 2001; Opgenoorth et al. 2013). A strong solar wind
dynamic pressure is likely to lead to greater penetration
of a horizontal magnetic field into the ionosphere, which
would suppress the vertical transport of plasma and may
therefore favor a “one scale height morphology”. In future
work, it would be interesting to compare the morphology
of the topside ionosphere directly against the strength and
direction of the magnetic field.
The M1 layer of the ionosphere has been little-studied

to date, with prior analyses having used only a single
dataset from Mars Global Surveyor. The dependence of
the M1 peak density on solar zenith angle and solar irra-
diance in theMariner 9 observations is similar to previous
Mars Global Surveyor results, which confirms these ear-
lier results and demonstrates that the intense dust storm
during the Mariner 9 primary mission did not affect the
M1 peak density appreciably. The separation of the M1
and M2 layers is consistently 25–30 km in the Mariner 9
dataset, similar to an analysis that used Mars Global Sur-
veyor data. This shows that atmospheric heating due to
the dust storm was confined to altitudes below the M1
layer.
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Additional file

Additional file 1: The 114 Mariner 9 electron density profiles
accompany this article as supplemental information. Each profile is
provided in an ASCII text file. A header in the file provides orbit number,
date, latitude, longitude, solar zenith angle, radius of reference areoid at
that latitude and longitude, radial distance to the maximum electron
density in the profile, and the value of the maximum electron density. The
body of the file consists of three columns: radial distance, altitude, and
electron density. The file naming convention is “orbitXXX.txt” where “XXX”
is the orbit number, which ranges from “001” to “450”. (ZIP 269 kb)
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