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Abstract. The Martian ionosphere has for the first time been probed by a low frequency topside
radio wave sounder experiment (MARSIS) (Gurnett et al., 2005). The density profiles in the Martian
ionosphere have for the first time been observed for solar zenith angles less than 48 degrees. The
sounder spectrograms typically have a single trace of echoes, which are controlled by reflections from
the ionosphere in the direction of nadir. With the local density at the spacecraft derived from the
sounder measurements and using the lamination technique the spectrograms are inverted to electron
density profiles. The measurements yield electron density profiles from the sub-solar region to past
the terminator. The maximum density varies in time with the solar rotation period, indicating control
of the densities by solar ionizing radiation. Electron density increases associated with solar flares were
observed. The maximum electron density varies with solar zenith angle as predicted by theory. The
altitude profile of electron densities between the maximum density and about 170 km altitude is well
approximated by a classic Chapman layer. The neutral scale height is close to 10 to 13 km. At altitudes
above 180 km the densities deviate from and are larger than inferred by the Chapman layer. At altitudes
above the exobase the density decrease was approximated by an exponential function with scale heights
between 24 and 65 km. The densities in the top side ionosphere above the exobase tends to be larger
than the densities extrapolated from the Chapman layer fitted to the measurements at lower altitudes,
implying more efficient upward diffusion above the collision dominated photo equilibrium region.
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1. Introduction

The Earth’s upper ionosphere is protected by strong geomagnetic fields from di-
rect interaction with the solar wind. Only at very high latitudes is the ionosphere
connected by field aligned currents to interplanetary space. Contrary to this Mars
has a rather weak crustal magnetic field over parts of the surface, and the rest of
the planet is essentially non-magnetic. The absence of a strong global magnetic
field allows the solar wind to directly interact with Mars’s upper atmosphere and
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ionosphere. For strong solar wind pressure a magnetic field may be induced in the
ionosphere in order to hold off and deflect the solar wind. The different magnetic
characteristics of Earth and Mars lead to significant differences between the top
side ionosphere on the planets. The lower ionosphere plasma is expected to be dom-
inated by photo-chemical equilibrium between solar electron/ion production and
local losses (Chapman, 1931; Budden, 1966). Apart from solar zenith angle effects,
there may be further spatial variations owing to crustal magnetic fields (Nagy et al.,
2004). However, at higher altitudes, above the photo chemical equilibrium region,
vertical diffusion and horizontal plasma transport processes as well as plasma wave
activity induced owing to planet rotation, magnetic fields, and solar wind interac-
tions lead to modifications of the plasma at Mars (Luhman et al., 1992; Shinagawa,
2000; Acuna et al., 1998, 1999; Ness et al., 2000; Wang and Nielsen, 2004).

The Martian ionosphere electron densities have been observed before using the
radio occultation technique by (Mars 2, 3, 4 and 6, Mariner 4, 6, 7, and) Mariner-9
(Kliore, 1992), by Viking orbiter and Viking landers (Hanson et al., 1977), by Mars
Global Surveyor (Hinson et al., 1999; Bougher et al., 2001), and by Mars Express
(Paetzold et al., 2005). Because Mars is an exterior planet the radio occultation
technique allows observations only in a zenith angle range of roughly ±45 degrees
around the terminator. Some results presented in this work are new in the sense
that such observations have not been presented before: observations of the Martian
ionosphere at small solar zenith angles, direct control of the electron density peak on
solar rotation (radiation), and presentation and discussion of virtual and real range
obtained by a topside sounder operating at Mars. Other results are new in the sense
that we have used a new kind of experiment on Mars and used the measurements to
confirm (or dispute) earlier results. Even if we only confirm old results it is worth
while to show that the same physics results from different experimental techniques.

MARSIS (= Mars Advanced Radar for Subsurface and Ionosphere Sounding)
is a top side sounder, which has been operated on board the ESA spacecraft Mars
Express (Nielsen, 2004) since July 2005. The observations are aimed to study the
Martian ionosphere and its interaction with the sun (Gurnett et al., 2005). The
MARSIS experiment is described by Picardi et al. (1999).

In this work we demonstrate, that the sounder yields convincing evidence that at
the lower altitudes the altitude profile of the electron densities follow the predictions
for a Chapman layer, both with respect to zenith angle variations as to control by
solar radiation. At higher altitudes the densities are variable and are typically larger
than the densities extrapolated from the Chapman layer dominating the densities
closer to the density maximum.

2. The Sounder

The radio wave sounder technique has been used extensively to explore the Earth’s
ionosphere (Budden, 1966; Kenneth, 1965). Sounders have been deployed both on
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the ground (Rishbeth and Garriott, 1969) and on orbiting satellites (Nelms et al.,
1966). Sounder measurements provide detailed information on variations of the
ionospheric electron density with distance from the sounder (Warren, 1963; Hagg,
1967).

Ionosphere soundings rely on the fact that electromagnetic waves can not prop-
agate in a plasma when the wave frequency, f , is below the electron plasma fre-
quency, f p, and that the wave is reflected where f = f p. The plasma frequency is
controlled by the electron density, Ne,

f 2
p = e2 N2

4π2mε0
(1)

f p = 8.97
√

Ne[el/cm3] [kHz] (2)

The basic sounding measurement consists of transmitting a radio wave pulse
at a discrete frequency. If the radio frequency is larger than the local plasma fre-
quency the radio wave propagates away from the radar. Specular reflection of the
radio signal occurs from regions where the ionosphere is stratified in directions
perpendicular to the radar wave vector, and where the plasma frequency (Equation
(2)) is equal to the radar wave frequency. The sounder detects the pulse return as a
function of time following transmission, the delay time.

The antenna used for transmitting and receiving the radio waves is a dipole,
which has a significant gain in all directions (except in directions parallel to the
dipole elements). Thus, reflected signals can be received from all directions.

The MARSIS sounder operates with radio waves in the frequency range from 0.1
to 5.4 MHz. This means that electron densities between 125 and 3.8 × 105 el/cm3

in the top side ionosphere are probed by the radar. Varying the sounder frequency
in steps, a spectrogram of the received signals is build up in a coordinate system
of frequency versus delay time. A spectrogram for normal operations displays the
intensity of reflected echoes as a function of time for each of 160 discrete frequen-
cies. The time resolution of the measurements is the same as the transmitter pulse
width and is 91.4 micros, corresponding to a spatial resolution of ∼13.7 km. After
transmission of the pulse and a further 162.5 micros dead time, the echo intensity
is measured 80 times, covering delay times up to 8 ms or a range of ∼1200 km.

3. Single Trace Spectrogram – The Vertical Echo

An example of a spectrogram with a single trace obtained with the top side sounder
MARSIS is shown in Figure 1.

This is a typical Martian spectrogram of reflections from the ionosphere in nadir.
For this event reflections were observed at frequencies between 1.0 and 3.4 MHz. At
low frequencies the echo merges out of background determined by the transmitter
power, antenna gain in direction of nadir, and absorption in the ionosphere. The
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Figure 1. MARSIS spectrogram with frequency versus delay time covering 7.54 ms. The horizontal
line near 2.4 MHz is instrumental in origin. A total frequency sweep lasts 1.23 s, and is repeated every
7.5 s.

echoes are reflected at electron densities between 1.24 × 104 and 1.44 × 105 el/cm3.
Delay times are from 0.8 to 1.44 ms. The delay times result from the combined
effects of the electron density altitude profile and the altitude of the sounder.

The maximum frequency reflected from the ionosphere is a measure of the
maximum plasma frequency (maximum electron density). The maximum plasma
frequency may be up to ∼1 MHz on the night side and ∼5 MHz on the dayside.

Since the electron density in the Martian ionosphere is generally decreasing with
altitude, low radar frequencies are reflected from the upper parts of the ionosphere,
and therefore associated with relatively short delay times. With increasing frequency
the reflections occur at larger distances and longer delay times. Radar signals with a
frequency exceeding the maximum plasma frequency of the target will penetrate the
ionosphere and reach the surface. There it will be reflected/scattered back towards
the radar, and if the ionosphere absorption is low enough the ground wave may be
detected at the radar (Nielsen et al., 2006). In this particular case no ground wave
is observed.

In Figure 1 notice several strong (resonance) horizontal echoes with a separation
between nearest neighbors of 265 kHz. These echoes are higher harmonics of the
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local plasma frequency at the spacecraft excited by the radar transmissions. The
harmonics are caused by nonlinear distortion in the receiver (Gurnett et al., 2006).
Using Equation (2) the observed frequency separation translates into a local density
of 860 electrons/cm3. This value of the local density is used later in the inversion
process of the spectrograms which yields the vertical electron density profile.

In the following are discussed the maximum electron densities, solar control of
the densities, and the altitude profile of the electron densities.

4. The Electron Density Maximum

In connection with ephemeris data the spectrograms yield the density maximum
and associated solar zenith angle as they vary during an orbit. We select every
5 minutes the maximum density and zenith angle from all orbits between July
and October, 2005. This ensures good coverage in zenith angle and yield a large
amount of observations. The Chapman theory predicts that the density maximum
(Nm) depends on the sub-solar density (N0) and zenith angle (θ ) as given by Budden
(1966)

Nm = N0 cosn(θ ) (3)

where the simple theoretical value of the exponent is n = 0.5. Equation (3) is
expected to be valid for zenith angles less than ∼85 degrees. Taking the logarithm
on both sides a linear least square fit yields n = 0.48 and N0 = 1.79×105[el/cm3],
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Figure 2. Least squares fit of Equation (3) to observations of maximum density versus zenith angle.
For the best fit the exponent is 0.48 consistent with the theoretical prediction, and the maximum
sub-solar density is 1.8 × 105 [el/cm3]. The data are from the latitude interval +75 (north) to −85
degrees.
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Figure 3. Time variation of the maximum sub-solar electron density (from July 22 to October 14,
2005).

see Figure 2. (This relation is similarly shown to be valid in Figure 3 of Gurnett
et al. (2005)).

The solid line is the best fit. For zenith angles <85 degree the function
sqrt(cos(θ )) is a realistic approximation. For θ > 85 degree (cos θ > 0.1) the pre-
dicted zenith angle dependence require the cos-function in Equation (3) be re-
placed by the function 1/Ch(x, θ ), which takes into account the complications of
radiative energy transfer to the atmosphere near the terminator (Chapman, 1931;
Rishbeth and Garriott, 1961). The parameter x = (RM + h)/H is about 350 for
Mars (RM = 3398 km, h(height of density maximum) ∼130 km, and H (the neu-
tral scale height) ∼10 km). Use of the Ch-function improves the fit for large zenith
angles. But the function still tends to be a lower limit for densities for zenith angles
>90 degrees (Gurnett et al., 2005). Just behind the terminator the electron densities
are larger than predicted by photochemical equilibrium. This is likely an effect of
transport by winds of dayside plasma across the terminator into the nightside. These
results are on line with Zhang et al. (1990a,b), Kliore (1992), and Gurnett et al.
(2005).

It was tested if there were time variations of the electron density taking place
during the time interval covered by the observations. For each orbit and for obser-
vations with zenith angle θ < 85 degrees the sub-solar density was estimated using
Equation (3). Thus, for each orbit the subsolar density was derived for each zenith
angle and the average subsolar density calculated. The average of these densities is
displayed as a function of orbit number (∼time) in Figure 3.

The quite smooth sinusoidal variation of the density with time implies a real
time variation of the sub solar densities. That the density variations have a period,
which is comparable to the solar rotation period of 26 (Earth-) days points to solar
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Figure 4. Sudden increase of the electron density maximum (top panel) nearly simultaneous to an
increase in solar X-ray flux of wavelength between 0.5 and 3 Angstrom (red curve) and between 1
and 8 Angstrom (blue curve) (bottom panel). The X-ray data are from the GOES spacecraft at the
Earth (Bornmann et al., 1996). The top panel covers 7 minutes from 0835 to 0842 UT. The bottom
panel covers from 0800 to 0900 UT. (All times are on September 15, 2005 (see also Gurnett et al.
(2005), Figure 3).

radiation as the factor controlling the Chapman layer electron density. This result
is consistent with Mendillo et al. (2003) and Withers and Mendillo (2005).

During orbit 2145 (September 15, 2005) at ∼0839UT (frame 36 in Figure 4)
the electron density maximum in the Martian ionosphere suddenly increased from
1.8 × 105 to 2.4 × 105 (Gurnett et al., 2005). This coincides closely in time with
an increase in solar X-ray fluxes (Bornmann et al., 1996) measured onboard GOES
spacecraft at the Earth (Figure 4). The X-rays precipitating into the atmosphere are
an additional agent of ionization. These X-rays have an ionizing effect at the altitude
of the density maximum sufficient to increase the equilibrium maximum electron
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density. Similar results on the effects of solar flares on the electron densities were
reported recently by Mendillo et al. (2006).

5. The Electron Density Altitude Profile

The (typical) echo trace in Figure 1 results from reflections of the sounder waves
from horizontally stratified layers of constant electron density in the ionosphere.
The trace displays the delay time as a function of sounder frequency.

If the radio waves travelled in vacuum, then the delay time multiplied by the
speed of light would equal two times the distance between spacecraft and reflection
region. Distances calculated this way are referred to as virtual (or apparent) ranges,
r ′, and have the form,

r ′ =
∫ td

0
cdt (4)

where c is the speed of light, td is delay time, and t is time. However, the radio
waves actually propagate through plasma with a group velocity equal to the product
of the speed of light and the refractive index of the plasma, n, given by

n =
√

1 −
(

f p

f

)2

(5)

where n is real for f > f p (indicating propagation). The group velocity of the radio
wave is,

νg = c · n = c ·
√

1 −
(

f p

f

)2

< c (6)

Since f 2
p is proportional to the electron density the speed with which the ra-

dio wave propagates is a function of the local electron density. The real distance
travelled by the radio wave in time td is

r =
∫ td

0
cndt (7)

Rewriting this equation we have an expression for the delay time,

td =
∫

dt =
∫

dr
c · n

(8)

the integral is along the round trip, radar-reflection-radar.
For each signal frequency the observed delay time multiplied by the speed of

light and divided by two is the virtual range to the reflection region where the
plasma frequency equals the signal frequency. The virtual ranges depend on the
spatial variations of the electron density between the spacecraft and the reflection
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Figure 5. The upper curve is derived from the data in Figure 1 by multiplying the observed delay
times with the speed of light (virtual range). This curve is known as an ionogram. The lower curve is
the real range variations derived using the lamination technique (see text).

region. Since the propagation speed is reduced in the plasma the virtual range is an
upper limit on the real range.

The echo trace in Figure 1 was digitized and the virtual ranges (or distances)
versus the sounder frequencies are shown by the upper curve in Figure 5. The
top-side sounder measurements cover that part of the ionosphere located below the
spacecraft and higher than the altitude of the maximum plasma frequency. For this
case the virtual distances vary from ∼110 to 160 km. In this case the virtual distance
increases with frequency in the whole interval. However, note that for some events
the slope of the curve for the lower frequencies is negative, i.e. the virtual distance
decreases with increasing frequency. If the distances were real this would not be
physically possible; because it implies that lower electron densities are observed at
larger distance than higher density layers. However the distances shown are virtual
distances. In order to reduce the virtual distances to realistic real distances one must
take into account the densities between the spacecraft and the region of reflection
of the lower frequencies.

The next step is to invert the observed virtual ranges into a self consistent real
electron density profile, with real ranges, such that Equation (8) is satisfied.

The ionogram can be inverted to a real height profile of electron densities using
the lamination technique (see Zou and Nielsen, 2004). In this method the ionosphere
between the spacecraft down to the maximum electron density is divided into a series
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of horizontal slabs (N ), and it is assumed that the real range varies linearly with
plasma frequency inside a slab such that dr/d f = constant. For distances closer to
the spacecraft than the distance to the lowest frequency reflection point the electron
density is assumed to decrease exponentially with altitude with a scale height Ht .

The variable ‘time’ (in Equation (4)) is replaced by the variable ‘real range’,
or distance. Using that dt = dr/cn and that dr/d f is constant within each slab,
Equation (4) is modified to

r ′ =
∫ td

0

1

n

∫ fmax

f0

1

n
dr
d f

∫ fmax

f0

1

n
d f (9)

where f0 is the plasma frequency at the spacecraft and fmax is the plasma fre-
quency at the maximum electron density. This form of the virtual height equation
reveals that the virtual range rapidly increases where the curve r ′ versus f ′ is steep
(dr/d f large). This is the case near the peak of a density layer, as for example
near the maximum plasma frequency. As noted above this effect can be seen in
Figure 1.

Writing this equation for each of the slabs starting from the top (i = 0) to slab
i = j and summing over range, we have,

r ′ =
j∑
i

dri

(
1

d fi,i−1

∫ fi

fi−1

1

n
d f

)
=

j∑
i

dri M( j, i) (10)

Here are N equations with N unknown real range intervals, dr j , one for each
slab. Recognizing that M is a matrix the set of equations can be inverted and solved
for dr ,

dr = M−1r ′ (11)

and finally the real range to slab j is,

r j =
j∑

i=1

dri (12)

First some general comments to the inversion process. If echoes were observed
all the way from the spacecraft to the density maximum the inversion could be
carried out self consistently. In this case the first slab is at the spacecraft and the
N ’th slab at the distance to reflection of the highest observed frequency. How-
ever, typically the range to the first reflection point is not zero but a considerable
distance from the spacecraft. The densities within this distance are not known.
In order to proceed with the inversion one must make an assumption about these
densities.

We have carried out the inversion using the local density at the spacecraft derived
from the plasma frequency oscillations as an ‘anchor point’. We use the earlier
determined density at the spacecraft and assume the density variation between the
spacecraft and the first reflection point is exponential with a scale height Ht (which
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Figure 6. The solid and dash-dot curve is the estimated profile of the top side electron densities derived
using the lamination technique. The solid curve covers the densities for which echoes were observed,
and the dash-dot curve the assumed exponential decrease. Note, the dash-dot curve starts at the derived
electron density (star) at the height of the spacecraft. The dashed curve is a Chapman layer fitted to
the observations. In the plot is noted the associated maximum electron density (148279 el/cm3) and
altitude of the maximum (∼124 km) in the sub solar region, together with the neutral scale height
(10.0 km), a top-side scale height (∼28 km), and solar zenith angle (∼28 degrees).

is determined by the analysis). This approach is only possible when the plasma
frequency can be determined from the observations. That is not always possible.

This approach is only valid within the assumption of exponential decay. The
actual profile may be non-exponential. If the profile is non-exponential that will
influence the derived distance and densities between spacecraft and the first point
of reflection. There seems to be a trend in the data that an exponential decay is a
good first approximation but not a complete description. If the assumed exponential
decrease is overestimating/under estimating the densities then the derived real dis-
tance from spacecraft to first reflection point will be an underestimate/overestimate,
and the altitude of the density maximum will be overestimated/underestimated.

The inversion technique has been applied to the data in Figure 1 and Figure 5.
Figure 5 also displays the derived real range curve (the lower curve). With the
spacecraft height this real range curve has been transformed to the height versus
electron density curve, solid in Figure 6. The exponential decrease (dash-dot curve)
of electron densities at high altitudes (with Ht ∼ 28 km) is also included in the
figure; the curve starts at the altitude of the spacecraft at the observed local electron
density (marked by a star).
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Next we test how the real density profile fits to the predictions of the Chapman
theory. The electron density profile in a Chapman layer is given by,

Ne(h) = No exp
1

2

[
1 − h − ho

H1
− sec(θ ) exp

(
−h − h0

H1

)]
(13)

where ho is the sub solar maximum electron density and altitude of the density
maximum. θ is the solar zenith angle. H1 is the neutral atmosphere scale height.
For a scale height of 10 km the layer is a good fit to the observed density profile. The
predicted profile for a zenith angle of 28 degrees is displayed in Figure 6 (dashed).
Clearly the observations and theory matches very well for altitudes around the
electron density maximum up to an altitude of 160 km. The scale height is in the
range determined in earlier Martian electron density measurements. It is concluded
that up to an altitude of ∼160 km, the observations are well represented by a
Chapman layer.

To check the derivations we have used the derived real profile curve for all
altitudes above the density peak to calculate the delay time versus frequency. We

Figure 7. Five electron density profiles from the same orbit (2277) for solar zenith angles between ∼7
and 60 degree, with fitted Chapman functions. Increased diffusion above ∼180 km leads to densities
which are relatively high when compared to the Chapman layer fitted to the observations at lower
heights.
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find the predicted time delays are in good agreement with the observed ones. This
implies self consistency of the inversion process.

In Figure 7 are shown 5 panels with electron density profiles derived as described
above in the solar zenith angle interval from 7 to 60 degrees. In all cases there is
a good fit of the data to a Chapman layer from the density maximum up to about
160 km. The neutral scale height is from 10 to 13 km. At higher altitudes the scale
height increases to values between 24 and 65 km. Thus the density in the top side
ionosphere exceeds the densities in the Chapman layer extrapolated above 160 to
180 km. With decreasing collisions the plasma is apparently able to more effectively
diffuse upward above 180 km.

It is concluded that the ionosphere at the density peak and in the altitudes above
up to ∼180 km is well described as a Chapman layer with a neutral scale height
from 10 to 13 km. This means that the photochemical equilibrium region extends
up to between 160 and 180 km in good agreement with earlier results. Above the
equilibrium region the scale height is between 24 and 65 km also in the same
framework as earlier results.

The measurements were obtained with a top side sounder radar, a new instrument
of a kind not flown before at Mars. The measurements extend for the first time
to zenith angles less than 48 degrees. Examples of MARSIS spectrograms have
illustrated several points about the day side Martian ionosphere:

1. the zenith angle dependence of the electron density maximum is as predicted by
the Chapman theory. This was shown in a statistical sense, in Figure 2;

2. the density maximum is controlled by solar radiation and varying with solar
rotation;

3. solar flare X-ray burst causes increase of the electron density maximum;
4. the electron density altitude profile just above the density peak is well described

by a Chapman function with a neutral atmosphere scale heights between 10 and
13 km,

5. the ionosphere above the photoequilibrium region, ending at between 160 and
180 km, is variable and was approximated by an exponential decrease corre-
sponding to minimum scale heights between 24 and 65 km.

These results were partly reached by analyzing the echoes reflected from the
ionosphere in the nadir using the lamination method to invert the observed iono-
grams.

6. Discussion

A top side ionospheric sounder measures the delay times for radio waves propa-
gating from the sounder to a reflection region and back, as a function of frequency.
MARSIS measures electron densities in the range from 125 to 3.8 × 105 el/cm3.
The sounder transmit in a broad angular interval (essentially 4π ) centered on the
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nadir. Specular reflections occur from the Fresnel zone which has a dimension of 23
km at a frequency of 2 MHz and a spacecraft altitude of 900 km. Altitude variations
in the reflections over the Fresnel zone would tend to widen the spectrogram trace.
Occasionally the width of the echo trace corresponds to a range interval of ∼30 km
indicating simultaneous reflections can occur in neighboring range bins.

Provided observations are available all the way from the spacecraft to the reflec-
tion point, Equation (10) can be inverted to yield the electron density as a function
of radar range (or of height above the planet surface). However, normally the clos-
est echo originates some distance from the sounder. Since the radio waves are also
influenced by the electron densities in the ‘blind region’ between the spacecraft
and the first echo, one must in order to proceed assume how the density varies in
that region. The local density at the spacecraft can often be derived from resonance
lines in the spectrogram. They occur with a separation between neighboring lines
at the plasma frequency of the local plasma. The density profile in the blind region
is assumed to start with the local density at the spacecraft altitude and to be ex-
ponentially decreasing with altitude below the spacecraft. This assumption allows
the data to be inverted to yield the real electron density profile using the lamination
technique.

In this report MARSIS observations between 7 and 60 degree solar zenith angle
are presented.

The ionosphere is typically characterized by a spectrogram with a single trace
of reflections. For each frequency there is only a reflection for one delay time.
This implies a horizontally stratified ionosphere with an electron density gradient
pointing towards the sounder.

The maximum plasma frequency corresponds typically to a maximum density
in the range 104 to 105 el/cm3, values consistent with earlier results. The solar
zenith angle dependence of the density maximum is as predicted by theory: the
density decreases as the square root of the cosine to the zenith angle (Equation (3))
for angles <85 degree and as the square root of the inverse Chapman function for
angles >85 degree.

The density maximum is varying periodically in time with the solar rotation
period implying that solar radiation controls the maximum. X-rays are known to
cause excess ionization in the Earth’s ionosphere, giving rise to Sudden Cosmic
Noise Absorption. X-ray bursts were found to coincide with a density increase
also in the Martian ionosphere. Such an effect of solar X-rays on Mars has been
suggested in the past (Nielsen, 1998).

The observations further confirm that the density profile from the maximum
and up to an altitude of 160 to 180 km is well described as a Chapman layer. The
equivalent subsolar altitudes of the electron density maximum is from 107 to 123
km. The neutral air scale height in the Chapman layer varied between 10 and 13
km. At higher altitudes the density decreased exponentially with a scale height
in the range 24 to 65 km. These parameter values are in general agreement with
earlier results. Note that the altitude of the density maximum is dependent on the
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assumed exponential decrease of the densities in the ‘blind region’. Deviations
from the assumption could raise or lower the altitude of the density maximum.
The assumption has however little influence on the values of the other parameters
characterizing the Chapman layer.

Note, that these results are also valid for zenith angles <48 degree. This is
outside the zenith angle range accessible to previous measurements.
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