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[1] We present results of a systematic study of electron densities in the dayside Martian
ionosphere measured by the Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) instrument on board the Mars Express spacecraft. There are two
distinct regions controlled by different physical mechanisms. The first region is located at
altitudes up to about 5 neutral scale heights above the altitude of peak electron density.
Electron densities in this region are well described by the basic Chapman theory.
The observed small deviations can be most probably explained by the neutral scale
height and electron temperature increasing with altitude rather than being constant.
The second region is located at altitudes higher than about 10 neutral scale heights above
the altitude of peak electron density. It is controlled primarily by diffusion, and the
observed electron densities decrease exponentially with increasing altitude. The
corresponding diffusion scale height increases with increasing solar zenith angle, which
can be probably explained by nearly horizontal magnetic fields in the ionosphere induced
by interaction with the solar wind. The obtained dependencies can be used as a
simple empirical model of the dayside Martian ionosphere.

Citation: Němec, F., D. D. Morgan, D. A. Gurnett, F. Duru, and V. Truhlík (2011), Dayside ionosphere of Mars: Empirical
model based on data from the MARSIS instrument, J. Geophys. Res., 116, E07003, doi:10.1029/2010JE003789.

1. Introduction

[2] The classical Chapman theory [Chapman, 1931a, 1931b]
turns out to be a relatively good description of the dayside
ionosphere of Mars at altitudes near the altitude of the iono-
spheric peak [Gurnett et al., 2005, 2008; Morgan et al., 2008;
Withers, 2009]. This theory takes into account only photoioni-
zation and recombination, neglecting, among other things, any
plasma transport. Moreover, it assumes a single ionizing photon
energy and the neutral scale heightH and reaction coefficients to
be constant over all the altitudinal range. According to this
theory, the electron density n at any given altitude z is equal to

n zð Þ ¼ nm exp
1

2
1� z� zm

H
� exp � z� zm

H

� �h i� �
ð1Þ

where nm is the peak electron density and zm is the altitude of
peak electron density.
[3] Concerning the solar zenith angle (SZA) dependence

of the used parameters, the Chapman theory predicts that the
peak electron density decreases with increasing SZA as

nm ¼ n0ffiffiffiffiffiffi
Ch

p ð2Þ

where n0 is the peak electron density at the subsolar point and
Ch is the so‐called Chapman grazing incidence function that
takes into account the absorption of solar radiation as it passes
obliquely through the ionosphere. For not very large SZAs
the Chapman grazing incidence function can be reasonably
well approximated by 1/cos(SZA). At Mars, the cosine
approximation breaks down beyond around 75° (see Smith
and Smith [1972, Figure 7] for SZA dependence of its devi-
ation from real values, with XMars = (z + RMars)/H ≈ 300). The
altitude of peak electron density is predicted to increase with
increasing SZA as

zm ¼ z0 þ H lnCh ð3Þ

[4] At higher altitudes transport processes start to play an
important role and eventually control the structure of the
dayside ionosphere [Chen et al., 1978; Rohrbaugh et al., 1979;
Fox andDalgarno, 1979;Withers, 2009]. The deviations of the
ionospheric profiles measured by the Mars Advanced Radar
for Subsurface and Ionospheric Sounding (MARSIS) on board
the Mars Express spacecraft [Chicarro et al., 2004] toward
electron densities larger than the ones expected according to
the Chapman theory represent an indication of such a transition
[Gurnett et al., 2008; Duru et al., 2008]. Duru et al. [2008]
used local electron density data from the MARSIS instru-
ment to analyze median electron density profiles in the altitude
range from about 300 to 1200 km as a function of SZA. These
authors have shown that the electron density decreases expo-
nentially with increasing altitude. The appropriate scale height
was found to increase considerably with increasing SZA, from
about 80 km near the subsolar point up to 145 km close to the
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terminator. The role of the crustal magnetic fields of Mars on
the observed electron density variations was discussed by
Duru et al. [2008], who concluded that at the high altitudes
included in the study crustal fields are expected to have little
influence. However, the role of the magnetic field induced in
the ionosphere due to the interaction with the solar wind
[Crider et al., 2001; Brain et al., 2003;Crider et al., 2004] was
not discussed. This induced magnetic field is known to be
strongest and nearly horizontal at the subsolar point, with the
magnetic field inclination increasing as a function of SZA
[Brain et al., 2003; Crider et al., 2004].
[5] In the present study we report the overall results

obtained for the dayside ionosphere of Mars using the data
from the MARSIS instrument onboard the Mars Express
spacecraft. Ionospheric profiles obtained by the topside
ionospheric sounding and local measurements of electron
density are combined to obtain the best possible data cover-
age. The two regions of the dayside ionosphere are identi-
fied and simple relations describing the electron densities
are derived, resulting in an empirical model of electron
density in the dayside ionosphere of Mars.
[6] The electron density data acquired by the MARSIS

instrument since August, 2005 till the end of 2009 have been
used. MARSIS is a topside ionospheric sounder on board the
Mars Express spacecraft (eccentric orbit around Mars, peri-
apsis altitude 275 km, apoapsis altitude 11,000 km, orbital
inclination 86°, orbital period 6.75 h; seeChicarro et al. [2004]
for more details). A more detailed description of the MARSIS
instrument is given by Picardi et al. [2004] and Jordan et al.
[2009]. The connected data processing is described by
Gurnett et al. [2005], Duru et al. [2008], and Morgan et al.
[2008].
[7] The existence of the two regions of the ionosphere is

demonstrated in section 2. These are separately discussed in

sections 3 and 4. Section 5 gives an empirical guide to
estimation of electron densities in the transition region
between the two regions. A brief overview of the key func-
tions and parameters that form the empirical model is given
in section 6. Our results are discussed in section 7. Section 8
contains a brief summary of the main results.

2. Two Regions of the Dayside Ionosphere

[8] Altogether, we have analyzed 30,283 density profiles
acquired at SZAs less than 100°. Since the sounding fre-
quencies are logarithmically spaced with Df/f ≈ 2% [Duru
et al., 2008], the electron plasma frequency can be mea-
sured with an accuracy of about ±1%. This corresponds to
an accuracy for measuring the electron density of about
±2%. The uncertainty for measuring the apparent range is
about ±6.8 km [Morgan et al., 2008]. The uncertainty of the
corrected range is difficult to determine, but it is expected to
be roughly the same. For each of the density profiles we
have determined the best fit Chapman model (see section 1),
yielding the following three Chapman parameters: peak
electron density nm, altitude of the peak electron density zm,
and neutral scale height H. An example of one of the ana-
lyzed profiles is shown in Figure 1. The electron densities
determined as a function of altitude are plotted as solid black
circles. The solid black curve represents an exponential
interpolation. The vertical dashed line represents the lower
detection limit of the MARSIS sounding measurement for
this particular event. A single data point determined from
local plasma oscillations was used to determine the plasma
density at the spacecraft [Duru et al., 2008]. The best fit
Chapman model is given by a solid red curve. The peak
electron density and the altitude of peak electron density are
marked by vertical and horizontal dotted lines, respectively.
In addition to the ionospheric profiles obtained by iono-
spheric sounding, nearly 200,000 local measurements of
electron density obtained by the analysis of local electron
plasma oscillations at SZA < 100° were included in the
study.
[9] It can be seen that the Chapman profile shown in Figure

1 gives a good fit to the observed electron densities close to
the altitude of peak electron density in the ionosphere.
However, at higher altitudes there are significant differences.
These deviations turn out to be rather systematic, with
observed electron densities being generally larger than the
ones predicted by the Chapman theory [Gurnett et al., 2005,
2008]. A transition between the photoequilibrium‐dominated
region at low altitudes and the transport‐dominated region at
high altitudes [Chen et al., 1978; Rohrbaugh et al., 1979; Fox
and Dalgarno, 1979] has been suggested as a possible
explanation. Additionally, the electron temperature Te sig-
nificantly increases at these altitudes [Hanson and Mantas,
1988], which slows down the recombination rates [Schunk
and Nagy, 2000] (see Lillis et al. [2009, Figure 2d] for an
altitudinal dependence of the recombination rate.
[10] In order to study the observed electron densities as a

function of altitude in a more systematic way, we have
organized all the measured data as a function of the two
crucial parameters used in the Chapman theory: (1) the ratio
of electron density and peak electron density (n/nm) and
(2) the altitude relative to the altitude of peak electron density
normalized by the neutral scale height ((z − zm)/H). The

Figure 1. An example of one of the analyzed ionospheric
profiles. The measured data are shown by solid black circles.
The solid black curve represents an exponential interpolation.
The vertical dashed line marks the lower detection limit of the
sounding instrument for this particular event. A single data
point of lower electron density was obtained by the analysis
of local electron plasma oscillations. Peak electron density
and altitude of peak electron density are marked by dotted
lines. The best fit Chapman electron density profile is shown
by the red curve.
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results are shown in Figure 2. A vertical dotted line marks the
median detection limit of the ionospheric sounding.
[11] Data to the right of this line (i.e., at larger electron

densities) were obtained primarily by ionospheric sounding.
However, in some cases the electron densities were lower
than the detection threshold of ionospheric sounding. In
such cases, the electron density was estimated using an
exponential interpolation between the lowest‐density data
point obtained from ionospheric sounding and a data point
obtained by the local electron density measurement. The
median value of electron densities is plotted by a solid black
curve, and 0.25 and 0.75 quartiles are plotted by dashed
black curves in Figure 2.
[12] Electron densities lower than the median detection

limit usually cannot be detected by ionospheric sounding.
However, they are often still large enough to be determined
by a significantly more sensitive analysis of local electron
plasma oscillations. The corresponding values of median
and 0.25/0.75 quartile electron density are shown in the
high‐altitude low‐density part of Figure 2 using the same
representation as described above for the sounding results.
Moreover, the electron densities at altitudes between the
satellite altitude and the altitude where the electron density
reaches the ionospheric sounding detection limit can be
estimated by using an exponential interpolation. These data
points can be used to extend the range of data obtained by
ionospheric sounding to slightly lower densities. However,
as lower densities are approached and the ratio of data
obtained solely from exponential interpolation increases, the
precision of such an approach decreases significantly. Thus,
we have limited this type of analysis to an arbitrarily chosen

threshold of n/nm > 0.05. The corresponding median value is
shown by a thin solid black curve and the appropriate 0.25
and 0.75 quartiles are shown by thin dashed black curves.
[13] The dashed green and red curves show two simple

analytical approximations of the observed dependence. The
green curve is a dependence corresponding to the Chapman
profile according to equation (1). The red curve represents
an exponential decrease of electron density with increasing
altitude and is used to express the dependence observed in
the high‐altitude region. The solid blue curve shows the
result of an empirical model that is described in section 5
and that smoothly connects the two extreme dependencies.
[14] Two different regions can be clearly identified. Elec-

tron densities at altitudes up to about 5 neutral scale heights
above the altitude of peak electron density are well described
by the Chapman‐predicted profile. Hereinafter, this region
will be referred to as the “Chapman” region. Electron den-
sities at altitudes larger than about 10 neutral scale heights
above the altitude of peak electron density decrease expo-
nentially with increasing altitude, corresponding to diffusion‐
like behavior. This region will be referred to as the “diffusion
region”. Between these two regions, at altitudes from about
5 to 10 neutral scale heights above the altitude of peak elec-
tron density, there is a “transition region” where the resulting
dependence is a combination of the two extremes.
[15] The reason why these two regions are formed and our

choice of this terminology become clear when one considers
that the Chapman theory includes photochemical processes
but neglects plasma transport. Close to the altitude of peak
electron density, where the timescales of plasma transport
processes tD are much longer than the photochemical time-
scales tPC, such an approximation is sufficient. However,
since tPC increases exponentially with altitude and tD
decreases exponentially with altitude, transport processes at
larger altitudes become more important and eventually con-
trol the structure of the dayside ionosphere [see Withers,
2009, and references therein]. This corresponds exactly to
the dependence observed in the MARSIS data.
[16] Note that although Duru et al. [2008] reported iono-

pause detections in MARSIS data, there is no hint of an
ionopause in Figure 2. This is probably due to the fact that
an ionopause appears to be absent greater than 80% of the
time [Duru et al., 2008]. As such a rare phenomenon it
does not affect the average results. Hereinafter, we are
neglecting the possibility of an ionopause in our study.

3. Chapman Region

[17] As we show in section 2, electron densities in the
Chapman region of the dayside ionosphere of Mars can be
described by the basic Chapman theory expressed by
equation (1). It is thus of great importance to know the three
“free” parameters, nm, zm, H, needed to evaluate this equa-
tion at any given altitude z.
[18] In the basic Chapman theory the neutral scale height

H is supposed to be constant over all altitudes and SZAs.
The values nm and zm can be calculated from the values
n0 and z0 at the subsolar point using equations (2) and (3),
respectively. However, this does not entirely correspond to
the dependence observed in the MARSIS data, most likely
because both the neutral scale height H and electron tem-
perature Te increase with increasing altitude. A variation of

Figure 2. Observed electron densities normalized by peak
electron densities organized as a function of altitude relative
to the altitude of peak electron density normalized by the neu-
tral scale height. The vertical dotted line marks the median
lower detection limit of ionospheric sounding. The solid
black curves represent median values of observed electron
densities. The dashed black curves represent 0.25 and 0.75
quartiles. The Chapman profile, expressing the dependence
observed at altitudes near the ionospheric peak, is shown by
the dashed green curve. An exponential decrease of electron
density with altitude, expressing the dependence observed at
higher altitudes, is shown by the dashed red line. The blue
curve traces the empirical fit connecting smoothly the two
regions (see section 5).
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the three crucial parameters nm,Hm =H(zm) and zm as a function
of SZA angle can be studied directly using the MARSIS data
and the values determined from the best Chapman fits to the
measured ionospheric profiles.
[19] Measured peak electron densities nm as a function of

SZA are shown by black points in Figure 3a. Taking into
account that an increase in H with altitude causes in general
the peak electron density nm to decrease with SZA faster than
∼1/

ffiffiffiffiffiffi
Ch

p
predicted by the Chapman theory, the observed

dependence can be expressed by an empirical relation:

nm ¼ n0
Chk

ð4Þ

where k > 0.5 [Hantsch and Bauer, 1990, and references
therein]. The best fit obtained using equation (4) is shown by
a solid red curve in Figure 3a. The values of appropriate
parameters are k = 0.546 ± 0.001 and n0 = 1.59 × 105 cm−3 ±
0.1%. The values of n0 calculated for each of the profiles are
shown in Figure 3b as a function of SZA. Solid blue lines
marking 0.25 and 0.75 quartiles determined for every 10° of
SZA are shown in order to demonstrate that the values of
n0 do not exhibit any clear trend. The only exception might
be at SZA > 90° where the observed densities seem to be
larger than the predicted ones. This is consistent with results
obtained by Gurnett et al. [2008] and can be most probably
explained by additional ionization sources such as plasma
transport and impact ionization by precipitating electrons
that have to be taken into account beyond the terminator [Fox
and Brannon, 1993; Němec et al., 2010].
[20] We have also estimated the scatter of data points

around the median value. The two dashed red lines at values
1.45 × 105 cm−3 and 1.71 × 105 cm−3 mark 0.25 and 0.75
quartiles. The corresponding 0.25 and 0.75 quartile depen-
dencies of nm as a function of SZA are plotted in Figure 3a
by dashed red curves. The values of n0 and k obtained are in
good agreement with previously reported values. Namely,

Nielsen et al. [2006], Fox and Yeager [2006], and Morgan
et al. [2008] reported the values of n0 = 1.79 × 105 cm−3,
n0 = (1.82 ± 0.03) × 105 cm−3 and n0 = 1.58 × 105 cm−3 ±
0.01%, respectively. Hantsch and Bauer [1990] reported k =
0.57, while Nielsen et al. [2006] obtained a value of k = 0.48
and Fox and Yeager [2006] obtained a value of k = 0.465 ±
0.010. However, they used the equation (4) with the approxi-
mation Ch = 1/cos(SZA), resulting in a decrease of k as the
terminator is approached [Fox and Yeager, 2006].
[21] Figure 4 uses the same representation as Figure 3, but

it deals with the dependence on SZA of neutral scale height
Hm at the altitude of peak electron density. Although the
Chapman theory assumes no correlation between Hm and
SZA, it can be seen that Hm increases with increasing SZA.
This is most likely due to the fact that Hm at larger SZAs
corresponds to higher altitudes. In other words, the primary
reason for the effect is an altitude rather than a SZA
dependence of H. The increase of H with increasing altitude
is well documented by Withers [2006, Figure 2e] obtained
using Mars Global Surveyor and Mars Odyssey acceler-
ometer measurements and is consistent with models of the
Martian ionosphere [Krasnopolsky, 2002, and references
therein]. Taking into account the form of equation (3), it is
found that the observed dependence approximately follows

Hm ¼ H zmð Þ ¼ H0 þ l ln Ch ð5Þ

The values of the best fit parameters are l = 3.43 ± 0.04 km
and H0 = 12.16 ± 0.03 km. The values of 0.25 and 0.75
quartiles of the H0 parameter are 10.02 km and 13.88 km,
respectively. Solid blue lines in Figure 4b marking 0.25 and
0.75 quartiles determined for every 10° of SZA demonstrate
that there is no clear trend in H0 with the exception of
SZA > 90°. The predicted values of Hm beyond the termi-
nator are larger than the observed ones. This might be
related to the peak altitude at these large SZAs being so high
that it is out of the main region of neutral temperature

Figure 3. (a) Observed peak electron density as a function of SZA is shown by black points. The solid
red curve represents the best fit according to the Chapman‐based model (see text). The dashed red curves
represent 0.25 and 0.75 quartiles. (b) Calculated peak electron density at the subsolar point as a function
of SZA where the appropriate measurement was done. The solid red line represents the value correspond-
ing to the best fit Chapman‐based model, the dashed red lines represent 0.25 and 0.75 quartiles. The solid
blue lines mark 0.25 and 0.75 quartiles determined for every 10° of SZA.
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increase [see Krasnopolsky 2002, Figure 1] or it may indicate
a decrease of the neutral temperature close to the terminator.
The obtained values of l and H0 correspond to dH

dz (z0) =
l
H0

≈
0.28. This is larger, but at least roughly comparable with
results by Withers [2006] and Krasnopolsky [2002] (approxi-
mately 0.12 and 0.06 according to Withers [2006, Figure 2e]
and Krasnopolsky [2002, equation in paragraph 14] for low
solar activity, respectively).
[22] Finally, the results of the same analysis for the alti-

tude of peak electron density zm are shown in Figure 5.
Since the altitude of the ionospheric peak, unlike the peak
electron density, is not very sensitive to a change of the

neutral scale height above the ionospheric peak [Wang and
Nielsen, 2004] and, moreover, equation (3) seems to express
reasonably well the dependence observed in the data, no
additional correction was introduced to the original Chap-
man theory regarding the parameter zm. It is assumed that
the dependence follows equation (3) with the value of H =
H0. The best fit parameter z0 is found to be z0 = 124.7 ±
0.1 km. The parameter z0 for the 0.25 and 0.75 quartiles is
equal to 117.0 km and 132.6 km, respectively. Solid blue
lines in Figure 5b marking 0.25 and 0.75 quartiles deter-
mined for every 10° of SZA demonstrate that there is no
clear trend in z0.

Figure 4. (a) Neutral scale height close to the altitude of peak electron density determined from the best
fit Chapman model as a function of SZA. The solid red curve represents the best fit according to the used
empirical model (see text). The dashed red curves represent 0.25 and 0.75 quartiles. (b) Calculated neutral
scale height at the ionospheric peak at the subsolar point as a function of SZA where the appropriate mea-
surement was done. The solid red line represents the value corresponding to the best fit empirical model;
the dashed red lines represent 0.25 and 0.75 quartiles. The solid blue lines mark 0.25 and 0.75 quartiles
determined for every 10° of SZA.

Figure 5. (a) Altitude of peak electron density as a function of SZA. The solid red curve represents the
best fit according to the Chapman‐based model (see text). The dashed red curves represent 0.25 and 0.75
quartiles. (b) Calculated altitude of peak electron density at the subsolar point as a function of SZA where
the appropriate measurement was done. The solid red line represents the value corresponding to the best
fit Chapman‐based model; the dashed red lines represent 0.25 and 0.75 quartiles. The solid blue lines
mark 0.25 and 0.75 quartiles determined for every 10° of SZA.
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[23] Except for this basic dependence of the used param-
eters on SZA, it is clear that the electron density in the
ionosphere also depends on the intensity of the ionization
source, i.e. on the incoming solar radiation. This can be
approximated by solar radio flux F10.7 [Hantsch and Bauer,
1990; Morgan et al., 2008; Withers, 2009]. However, the
values of F10.7 are sampled at the Earth orbit and their
recalculation to Mars is rather tricky. As discussed by
Morgan et al. [2008], two different corrections are needed.
First, it is necessary to compensate for larger (and varying)
Sun distance as compared to Earth. This can be done given
the known Sun‐Mars distance and supposing that the solar
radio flux varies inversely with the square of the distance.
The need for the second correction stems from the relative
orbital position of Mars and Earth, i.e. from the fact that
they are in general not “aligned”. Following Morgan et al.
[2008], we use the idea that the first‐order variation of
F10.7 is due to the solar rotation and we account for this by
taking a weighted average of samples measured at Earth at
present Mars azimuth on the solar rotation before and after
the sampling time at Mars.
[24] The values of peak electron densities in the subsolar

point n0 as a function of solar radio flux F10.7 are shown in
Figure 6a. Following Withers [2009, and references therein]
we suppose that

n0 ¼ CFm
10:7 ð6Þ

and obtain the best fit values C = 40,786 cm−3 ± 1% and m =
0.388 ± 0.003. The resulting dependence is shown by a solid
red curve. Similar to those for the previous parameters, the
values of C obtained for each of the data points are shown in
Figure 6b as a function of SZA. The values of 0.25 and 0.75
quartiles are equal to 38,585 cm−3 and 42,145 cm−3,
respectively. Solid blue lines in Figure 6b marking 0.25 and
0.75 quartiles determined for every 5 × 10−22 W m−2 Hz−1

of F10.7 demonstrate that there is no clear trend in C. The
only minor deviation is at large values of F10.7, where
the observed electron densities are somewhat lower than
predicted. However, taking into account that the used values
of F10.7 are only estimates determined by weighted aver-
aging (see above), it is difficult to make any firm conclu-
sions from this. The obtained value of m is in rough
agreement with the previously reported values: m = 0.36
[Hantsch and Bauer, 1990], m = 0.37 ± 0.06 [Breus et al.,
2004], m = 0.30 ± 0.04 [Morgan et al., 2008].
[25] Although the estimate of solar radio flux F10.7 at

Mars includes Sun‐Mars distance (see its calculation above),
we have also analyzed the dependence on Sun‐Mars dis-
tance separately. Values of H0 do not exhibit any strong
dependence either on solar radio flux F10.7 or on Sun‐Mars
distance (the values of Spearman’s correlation coefficients
are about 0.08 and −0.11, respectively.) However, the values
of peak altitudes z0 at the subsolar point show a significant
correlation with the Sun‐Mars distance [Morgan et al., 2008]:
the value of Spearman’s correlation coefficient is about
−0.59. This can possibly be explained by cooling of the
atmosphere during the periods when Sun‐Mars distance is
larger [Kliore et al., 1973]. The values of z0 as a function of
1/R2 where R is the Sun‐Mars distance in AU are shown
in Figure 7a. It can be seen that z0 systematically increases
with 1/R2, i.e. z0 is higher when the Sun‐Mars distance is
lower. We have approximated this dependence by a simple
linear fit:

z0 ¼ z Að Þ
0 þ z Bð Þ

0

R2
ð7Þ

and obtained the best fit values z0
(A) = 83.5 ± 0.4 km and

z0
(B) = 92.4 ± 0.8 km AU2. The resulting dependence is
shown by a solid red curve. The values of z0

(A) obtained for
each of the data points are shown in Figure 7b as a function

Figure 6. (a) Calculated peak electron density at the subsolar point as a function of estimated F10.7 solar
flux (see text). The solid red curve represents the best fit supposing a power law dependence. The dashed
red curves represent 0.25 and 0.75 quartiles. (b) The constant from the power law dependence on F10.7

given in equation (6) as a function of F10.7 solar flux where the appropriate measurement was done.
The solid red line represents the value corresponding to the best fit power law dependence; the dashed red
lines represent 0.25 and 0.75 quartiles. The solid blue lines mark 0.25 and 0.75 quartiles determined for
every 5 × 10−22 W m−2 Hz−1 of F10.7.
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of 1/R2. The values of 0.25 and 0.75 quartiles are equal to
77.9 km and 89.1 km, respectively. Solid blue lines in
Figure 7b determined for every 0.02 AU−2 of 1/R2 demon-
strate that there is no clear trend in z0

(A).

4. Diffusion Region

[26] As can be seen from Figure 2, the median electron
density in the diffusion region as well as the 0.25 and

0.75 quartiles decrease exponentially with increasing alti-
tude. However, as reported by Duru et al. [2008], the
appropriate diffusion scale height increases significantly
as a function of SZA. This effect is studied in detail in
Figure 8. For each interval of SZAs, all available local
electron density measurements were used to evaluate the
median and the 0.25/0.75 quartile values of electron den-
sity as a function of altitude. This median/quartile profiles

Figure 7. (a) Altitude of peak electron density at the subsolar point as a function of 1/R2, where R is the
Sun‐Mars distance in AU. The solid red curve represents the best fit supposing a linear dependence. The
dashed red curves represent 0.25 and 0.75 quartiles. (b) The constant from the linear dependence given in
equation (7) as a function of 1/R2, using the value of R where the appropriate measurement was done. The
solid red line represents the value corresponding to the best fit; the dashed red lines represent 0.25 and
0.75 quartiles. The solid blue lines mark 0.25 and 0.75 quartiles determined for every 0.02 AU−2 of 1/R2.

Figure 8. (a) Diffusion scale height determined from local measurements of electron density as a func-
tion of SZA. The values obtained for median profiles are shown by crosses, the values obtained for 0.25
quartile profiles are shown by triangles, and the values obtained for 0.75 quartile profiles are shown by
squares. The red curve represents a fit taking into account the inclination of magnetic field induced in the
ionosphere due to the interaction with solar wind (see text). (b) Electron density at the reference altitude
z0
dif = 325 km as a function of SZA. The meaning of the individual symbols is the same as in Figure 8a.
The solid red horizontal line shows the mean value obtained for the median profiles at SZA < 70°. The
mean values obtained for 0.25 and 0.75 quartile profiles at SZA < 70° are shown by the dashed red hor-
izontal lines. The solid red line and the dashed red lines at SZA ≥ 70° represent a linear fit to the median
and quartile profiles at large SZAs, respectively.
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were then, for a given reference altitude z0
dif, fitted by an

exponential:

n ¼ ndif0 exp � z� zdif0

Hdif

 !
ð8Þ

to determine the values n0
dif and Hdif.

[27] The resulting values of Hdif and n0
dif are shown as a

function of SZA in Figures 8a and 8b, respectively. Each
data point represents the results obtained for the 20° interval
of SZA centered at the point. The values of Hdif and n0

dif

obtained for the median profiles are shown by crosses, the
values obtained for the 0.25 quartile profiles are shown by
triangles and the values obtained for the 0.75 quartile pro-
files are shown by squares. The reference altitude used was
z0
dif = 325 km. This value was chosen, because the electron
densities at this altitude are expected not to change signifi-
cantly with SZA up to about 80° [Duru et al., 2008]. This
is in good agreement with the dependence observed in
Figure 8b. Note that the change of n0

dif at SZA ≈ 70° as
compared to the change of n0

dif at SZA ≈ 80° reported
by Duru et al. [2008] is due to the 20° wide bins used in
the present study. This change is in good agreement with
ionospheric simulation models [Duru et al., 2008]. Quali-
tatively, it can be understood in such a way that up to SZA ≈
80° an increase of diffusion scale height with SZA com-
pensates for decreasing peak electron density. However,
at large SZAs the decrease of peak electron density with
SZA is so fast that the increase of diffusion scale height
cannot compensate for it anymore. The solid red horizontal
line in Figure 8b at n0

dif = 2800 ± 120 cm−3 shows the mean
value of n0

dif obtained for median profiles at SZA < 70°. The
mean values of n0

dif obtained for 0.25 and 0.75 quartile
profiles are shown by dashed red horizontal lines at values
of n0

dif = 1040 cm−3 and n0
dif = 4340 cm−3, respectively. At

larger SZAs the values of n0
dif decrease systematically. The

decrease of n0
dif corresponding to median profiles at SZA ≥

70° can be approximated by a linear dependence: n0
dif =

6530 cm−3 −57 cm−3/deg × SZA. The dependencies corre-
sponding to 0.25 and 0.75 quartile profiles have about the
same slope but are shifted toward lower/larger densities,
respectively (see Figure 8b).

[28] The diffusion scale height Hdif of the median profile
depicted in Figure 8a increases monotonically with SZA,
ranging from about 60 km near the subsolar point to nearly
200 km close to the terminator. The diffusion scale height of
the 0.25 quartile profile follows the same dependence, but it
is generally somewhat lower. Similarly, the diffusion scale
height of the 0.75 quartile profile is found to be in general
larger than the diffusion scale height of the median profile,
being in good agreement with Figure 2. The difference in
the diffusion scale heights of median and quartile profiles
significantly decreases at large SZAs, approaching zero near
the terminator. It means that the distribution of observed
electron densities does not get broader at higher altitudes.
This can be probably explained by the inclination of the
induced magnetic field in this region being large enough to
enable a close relation between electron densities over a
large range of altitudes. At lower SZAs this is prevented by
nearly horizontal induced magnetic field that slows down
any vertical plasma transport (see below).
[29] Taking into account that the crustal magnetic fields

seem to have little influence [Duru et al., 2008], the reason
that Hdif increases with SZA can be understood in terms of
the magnetic field induced in the ionosphere due to inter-
action with the solar wind. This magnetic field impedes
vertical transport of plasma [Shinagawa and Cravens, 1989,
1992]. Since it is primarily horizontal at the subsolar point
and its inclination slowly increases toward the terminator
[Brain et al., 2003; Crider et al., 2004], the diffusion scale
height is expected to increase with SZA. Assuming that the
plasma diffusion occurs primarily along magnetic field
lines, the vertical plasma scale height is in the first approxi-
mation reduced by a factor sinI, where I is the inclination of
the magnetic field [Rishbeth and Garriott, 1969; Schunk and
Nagy, 2000].
[30] The value of the magnetic field inclination I at an

altitude of about 400 km as a function of SZA can be
approximately estimated from Brain et al. [2003, Figure 7],
which shows both radial and horizontal component of the
induced magnetic field as a function of SZA. While the
radial component of the induced magnetic field Br remains
nearly constant at about 3 nT all over the analyzed SZA
range, the horizontal component of the induced magnetic
field Bh decreases monotonically with increasing SZA.
Although no approximate analytical formula to express
this dependence was given by Brain et al. [2003, Figure 7],
they suggest that in the SZA range of interest the horizontal
component of the induced magnetic field can be roughly
described by a simple linear dependence:

Bh ¼ 40 nT� 0:3 nT=deg� SZA ð9Þ

Knowing the radial and horizontal components of the
induced magnetic field, its inclination I can be calculated as
I = arctan (Br/Bh). The resulting dependence of the incli-
nation I on SZA shown in Figure 9 is in reasonably good
agreement with the dependence presented by Crider et al.
[2004, Figure 7a]. We suppose this value at any given
SZA to be constant with altitude. Although this does not
exactly correspond to the real situation, because the incli-
nation I has been found to increase with altitude [Crider
et al., 2004], it is a sufficient approximation for a rough

Figure 9. Inclination of the induced magnetic field deter-
mined using Br = 3 nT and Bh from equation (9).
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estimate of the SZA dependence. The red curve in Figure 8a
was obtained as

Hdif ¼ Hdif
0 sin I ð10Þ

where H0
dif = 781 ± 27 km is a constant corresponding to the

diffusion scale height in the absence of the magnetic field. It
was calculated from the values Hdif /sinI determined sepa-
rately for each of the crosses in Figure 8a.
[31] Knowing the value of the diffusion scale height H0

dif,
we can try to estimate the plasma temperature in the iono-
sphere. One has to assume the absence of upward fluxes
and, moreover, that the plasma temperature does not change
with altitude [Fox and Yeager, 2006]. Taking into account
diffusive equilibrium with the electron temperature Te of
the order of twice the ion temperature Ti [Hanson and
Mantas, 1988], Te = 2Ti, the scale height should be given
by H0

dif = 3kTi /mig, where mi is the ion mass. Assuming
that the diffusing ions are mainly O2

+ [Hanson et al., 1977;
Krasnopolsky, 2002] and taking the value of g ≈ 2.82 m · s−2

which corresponds to the altitudes of about 500 km above
the Mars surface, one obtains Ti ≈ 2840 K and Te ≈ 5680 K.
This is in a rough agreement with previously reported
temperatures [Hanson et al., 1977; Hanson and Mantas,
1988].

5. Transition Between the Two Regions

[32] Having studied separately the Chapman region and
the diffusion region and knowing thus the limiting depen-
dencies at low and high altitudes, our last goal is to construct
an empirical model that would describe the electron density
at all altitudes. At low altitudes this model should converge
to the Chapman profile given by equation (1), at high alti-
tudes it should converge to an exponential dependence
given by equation (8). At medium altitudes there should be a
smooth transition between the two.
[33] Such an empirical model can be conveniently described

in terms of a‐Chapman functions with scale heights H(z) that

varywith altitude [Rishbeth andGarriott, 1969;Reinisch et al.,
2004, 2007; Triskova et al., 2007]:

n zð Þ ¼ nm
Hm

H zð Þ
� �1=2

exp
1

2
1� y zð Þ � exp �y zð Þ½ �f g ð11Þ

y zð Þ ¼
Z z

zm

dz

H zð Þ ð12Þ

where nm, zm and Hm are the electron density, altitude, and
scale height of the ionospheric peak at a given SZA. One
can see that if H(z) = Hm at all altitudes z, then y(z) = z�zm

Hm

and equation (11) reduces to the ideal Chapman function
given by equation (1). At high altitudes, y(z) � 1 and
y(z)� exp[−y(z)] and equation (11) becomes an exponential
decay with y(z).
[34] Reinisch et al. [2007] suggested that an empirical

function using the hyperbolic tangent can be used to
describe the smooth transition between two values of
scale height. We suppose the scale height to increase with
altitude as:

H zð Þ ¼
Hdif

2 � H �∞ð Þ
2

tanh
z� zt
�

� �
þ

Hdif

2 þ H �∞ð Þ
2

ð13Þ

where zt, H(−∞) and b are unknown parameters. A sche-
matic representation of the dependence expressed by
equation (13) is shown in Figure 10.
[35] The values of individual parameters must be deter-

mined such that the resulting ionospheric profile fulfills two
required conditions. First, the ionospheric profile at high
altitudes must follow an exponential decrease with a known
diffusion scale height Hdif. Since limz→+∞ tanh(z�zt

� ) = 1,
one can see that limz→+∞ H(z) = Hdif/2. At high altitudes, it
is thus y(z) ≈ 2 z�zmð Þ

Hdif and the ionospheric densities given by
equation (11) follow the desired exponential dependence (8).
Second, the ionospheric profile at low altitudes must follow
the Chapman profile with known parameters nm, zm and Hm.
This requirement is fulfilled by putting H(zm) = Hm. Such a
condition enables us to express one of the unknown para-
meters using the remaining ones, decreasing the number of
unknown parameters to two. We have arbitrarily chosen to
express the parameter H(−∞):

H �∞ð Þ ¼
Hm � Hdif

4 1þ tanh zm�zt
�

� �h i
1
2 1� tanh zm�zt

�

� � ð14Þ

[36] There are two remaining parameters, zt and b.
Regarding equation (13), one can see that the parameter b
has the meaning of a scale length expressing the size of
the transition region and as such cannot be determined from
the limiting dependencies at low and high altitudes. On the
other hand, for a given value of b the value of zt is given by
the condition that at high altitudes not only the correct slope
of the exponential dependence has to be followed, but also
the absolute values of electron densities must be correct.
However, it is not simple to express the value of zt analyt-
ically. The appropriate value must be, for a given combi-
nation of other parameters, determined numerically. The

Figure 10. Empirical approximation of the scale height
used in varying Chapman function as a function of altitude.
Values of some key parameters used in the definition are
marked.
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only free parameter in the described approach is therefore
the scale length of the transition region b.
[37] The value of parameter b determines the shape of the

ionospheric profile in the transition region, and vice versa,
the shape of the ionospheric profile in the transition region is
needed to determine the value of b. Unfortunately, there is a
lack of measured data in this crucial region (see Figure 2)
and therefore the value of b can be determined only approxi-
mately. Assuming that the size of the transition region is pro-
portional to the neutral scale height, it is convenient towriteb =
gHm. Moreover, assuming that g is constant over the analyzed
range of SZAs, we can determine its value in such a way that it
corresponds to the experimental dependence from Figure 2.
Since g corresponds roughly to the interval between the
places where the data start to diverge from their respective
fits, Figure 2 places some obvious constraints on the value
of g. Values of g that are too low (g < 1) or too high (g > 20)
are clearly unacceptable. It is found that the ionospheric
profile obtained for g = 7 expresses the observed parts of the
median ionospheric profile rather well. The resulting depen-
dence is shown in Figure 2 by a solid blue curve. It is difficult
to provide any uncertainties on g. However, g is most cer-
tainly within the interval 3–11. The two extreme dependen-
cies obtained for g = 3 and g = 11 are shown in Figure 11 by
the dash‐dotted blue curve and the dashed blue curve,
respectively.

6. Recapitulation of the Empirical Model

[38] The purpose of this section is to briefly summarize
the form of our empirical model, so that the reader who
wants to use it can find all the crucial information in one
place. In this section, the 0.25 and 0.75 quartiles of indi-
vidual parameters are marked by “0.25” and “0.75” upper
indices, respectively.
[39] At altitudes up to ≈ z0 + 5Hm the electron densities are

calculated following the Chapman profile: n(z) = nm exp{12[1 −z�zm
Hm

−exp(−z�zm
Hm

)]}. The Chapman grazing incidence function
Ch can be approximated by 1/cos(SZA) for SZA < 75°. The
values of individual parameters are determined as follows:
[40] 1. zm = z0 + H0 lnCh, where H0 = 12.16 ± 0.03 km,

H0
0.25 = 10.02 km and H0

0.75 = 13.88 km. The value of z0 can

be taken either as z0 = 124.7 ± 0.1 km, z0
0.25 = 117.0 km, z0

0.75 =
132.6 km or, better, calculated for a given Sun‐Mars distance
R as: z0 = z0

(A) + z0
(B)/R2, where z0

(A) = 83.5 ± 0.4 km, z0
(A)0.25 =

77.9 km, z0
(A)0.75 = 89.1 km and z0

(B) = 92.4 ± 0.8 km AU2.
[41] 2. Hm = H0 + l lnCh, where l = 3.43 ± 0.04 km.
[42] 3. nm = n0 Ch

−k, where k = 0.546 ± 0.001 and n0 can
be taken either as n0 = 1.59 × 105 cm−3 ± 0.1%, n0

0.25 = 1.45 ×
105 cm−3, n0

0.75 = 1.71 × 105 cm−3 or, better, calculated for
a given solar radio flux F10.7 as: n0 = CF10.7

m , where m =
0.388 ± 0.003, C = 40,786 cm−3 ± 1%, C0.25 = 38,585 cm−3

and C0.75 = 42,145 cm−3.
[43] In the diffusion region, i.e. at altitudes higher than ≈

z0 + 10Hm, the electron densities are calculated as: n =
n0
dif exp(−(z − z0

dif )/Hdif ). The values of individual param-
eters are z0

dif = 325 km, n0
dif = 2800 ± 120 cm−3, n0

dif0.25 =
1040 cm−3, n0

dif0.75 = 4340 cm−3. The diffusion scale high
Hdif is calculated as: Hdif = H0

dif sinI, where H0
dif = 781 ±

27 km and I is the inclination of the induced magnetic
field. The value of I can be estimated as: I = arctan(Br /Bh),
where Br = 3 nT and Bh = 40 nT − 0.3 nT/deg × SZA. The
approximation of constant n0

dif value is applicable for
SZAs up to 70°. At larger SZAs the value of n0

dif decreases
with increasing SZA approximately as: n0

dif = 6530 cm−3

−57 cm−3/deg × SZA.
[44] At the transition altitudes between the Chapman

region and the diffusion region, i.e. at altitudes between ≈
z0 + 5Hm and ≈ z0 + 10Hm, a general empirical formula of
n(z) given by equations (11) and (12) must be used. The
value of H(z) is given by equation (13), where b ≈ 7Hm,
H(−∞) is given by equation (14) and zt must be determined
numerically from the condition that at high altitudes the
values of electron densities follow the dependence from the
previous paragraph.

7. Discussion

[45] Two different data sets acquired by the MARSIS
instrument have been combined in the present study in order
to obtain the best possible data coverage. The low‐altitude
high‐density Chapman region is well covered by the data
obtained from ionospheric sounding. However, at higher
altitudes the densities are too low to be measured by this
method and local measurements of electron plasma fre-
quency have been used to determine the electron density.
Unfortunately, since these are local measurements, they are
limited only to altitudes higher than the periapsis altitude,
which is about 300 km. Consequently, there is a significant
range of altitudes from about 200–250 km to about 300 km
which is not sufficiently covered by the measurements.
[46] Another complication stems from the fact that there is

no strict detection threshold of the ionospheric sounding;
although it is usually about 104 cm−3, it may significantly
vary from case to case. Calculating the median and 0.25 and
0.75 quartile profiles directly from the ionospheric sounding
data is therefore in principle possible only for electron
densities larger than the maximum detection threshold of all
the events. At lower densities low‐density profiles cannot be
measured properly and only high‐density profiles are included
in the analysis, which results in overestimating the median/
quartile values. We have at least partially solved this problem
by using an exponential interpolation between the lowest‐
density ionospheric sounding data point and the data point

Figure 11. Same as Figure 2 but for the two extreme
values of g: the dash‐dotted blue curve was obtained for
g = 3, and the dashed blue curve was obtained for g = 11.
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obtained from the local measurement. These interpolated
values were then included in the analysis and used for calcu-
lating the median/quartile values. Although this approach
significantly expands the density range where reasonable
results can be obtained, the obtained values of electron density
are a bit overestimated. This is due to the fact that the expo-
nential interpolation assumes a constant scale height, while in
the real situation the scale height increases with altitude. This
overestimating effect can be seen in Figure 2, where the
median/quartile values in the Chapman and diffusion regions
do not connect very well. Because of this effect, the median/
quartile electron densities determined from the ionospheric
sounding (and exponential interpolation, if needed) should not
be trusted at densities lower than the median detection
threshold marked by a vertical dotted line in Figure 2. It can be
seen in Figure 2 that our empirical model actually compensates
for this overestimate: the model fit is noticeably to the left of
the median data line at densities lower than the median
detection threshold.
[47] The approach of fitting a Chapman profile to each

electron density profile obtained from ionospheric sounding
enabled us to obtain for each of them the three Chapman
parameters nm, zm and Hm. These parameters were used in
the further analysis, enabling us to study subtler effects than
the approach used by Morgan et al. [2008], who analyzed
directly the measured electron densities as a function of
SZA. We have shown that the variation of the dayside
ionosphere at altitudes at and slightly above the altitude of
peak electron density can be well described by the Chapman
theory. The observed small departures from this theory can
most probably be explained in terms of the scale height
parameter H increasing with altitude rather than being
constant. There are two main factors that can cause the
increase of H with altitude, probably acting simultaneously:
(1) the increase of the (neutral) temperature and (2) the
change of the atmospheric composition toward the lighter
elements. Additionally, the electron temperature Te increases
with altitude [Hanson and Mantas, 1988]. This slows down
the recombination rates [Schunk and Nagy, 2000], causing
the electron densities to be larger than they would be if Te
were constant and effectively increasing the “apparent” value
of H. The empirical dependencies we have found enable us
to determine the Chapman parameters nm, zm and Hm as a
function of SZA (and, optionally, of the F10.7 solar flux
and Sun‐Mars distance), serving thus as a simple empirical
model of the dayside ionosphere at altitudes at and slightly
above the ionospheric peak.
[48] The Chapman theory is based on the assumption of a

local equilibrium between the ionization and recombination at
all altitudes, assuming no vertical plasma transport. However,
at higher altitudes the transport processes become more
important than photoionization, and eventually transport con-
trols the structure of the dayside ionosphere [Withers, 2009].
This transition is well documented in the high‐altitude part of
Figure 2 where an exponential decrease of electron density
with altitude is observed, corresponding to the situation of
plasma equilibrium.Given the exponential decrease of electron
density with altitude, this region of the ionosphere is conve-
niently described by the diffusion scale height Hdif and the
electron density n0

dif at a chosen reference altitude z0
dif. Fol-

lowing the results of Duru et al. [2008], we have chosen such
a reference altitude z0

dif that the electron densities n0
dif are

nearly constant up to SZA about 70°, where they start to
decrease with increasing SZA. At SZA > 70°, this would lead
to model electron densities at high altitudes being larger than
the real ones. In order to prevent this, a value of n0

dif determined
using a linear fit should be used at large SZAs (see section 4
and Figure 8b).
[49] Moreover, our results confirm that the diffusion scale

height Hdif increases with increasing SZA, as reported by
Duru et al. [2008]. Duru et al. [2008] suggested that this
could be interpreted in terms of the temperature increasing
with SZA, varying between about 285 and 520 K on the
dayside. These temperature estimates are significantly below
the previously reported values [Hanson et al., 1977; Hanson
and Mantas, 1988] and, moreover, there is no clear reason
why the temperature should increase with SZA. The
explanation that we propose is based on the diffusion being
affected by the magnetic field induced in the ionosphere due
to the interaction with the solar wind [Shinagawa and
Cravens, 1989, 1992]. Since this magnetic field is primar-
ily horizontal, it effectively slows down diffusion, i.e., it
decreases the diffusion scale height. Taking into account the
increase in inclination of the induced magnetic field with
SZA [Brain et al., 2003; Crider et al., 2004], this expla-
nation seems to be in agreement with the observed depen-
dence of the diffusion scale height (see the red curve in
Figure 8a). Finally, the resulting temperature estimates of
Ti ≈ 2840 K and Te ≈ 5680 K correspond reasonably well
with the previously reported values; according to Hanson
et al. [1977, Figure 7] the ion temperature at altitudes
close to 300 km should be about 2000 K and Te is of the
order of twice the ion temperature [Hanson and Mantas,
1988]. Note that our values of Ti and Te are expected to
be slightly larger than the values reported by Hanson et al.
[1977]; Hanson and Mantas [1988], because they were
obtained for higher altitudes.
[50] Concerning the possible influence of the crustal

magnetic fields, these do not seem to significantly affect the
results obtained. As argued by Duru et al. [2008], this might
be partly because the sample interval covers periods with
variations due to seasonal changes, heliocentric distance of
Mars, solar activity, solar wind pressure, etc., averaging out
any minor control due to the crustal magnetic field. More-
over, the magnitude of crustal magnetic field decreases with
increasing altitude and at an altitude of 400 km its median
value is according to Cain et al. [2003] model only about
5 nT. This is a rather small value as compared to the
magnitude of the magnetic field induced due to the inter-
action with solar wind, which is typically on the order of a
few tens of nT. This suggests that it is the induced magnetic
field rather than the crustal magnetic field that is principally
responsible for retarding diffusion.
[51] Having studied the dependence of electron density on

altitude both inside the low‐altitude Chapman region and the
high‐altitude diffusion region, it is of a great interest to find an
expression that would enable us to smoothly connect the two.
We managed to do this using the concept of a‐Chapman
functions with scale heights H(z) that vary with altitude.
Taking into account the required behavior at low and high
altitudes, all the parameters of the chosen empirical function
can be determined except one, the scale length of the transi-
tion region b. We did not express the value of b absolutely in
km, but rather in units of the Chapman scale height parameter
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Hm. Taking into account that Hm is a natural estimate of the
scale height of ionospheric changes, such a normalization is
rather reasonable. Moreover, it enables us to determine the
value of b from the overall results displayed in Figure 2. It is
in principle possible to determine the value of b in such a way
that the resulting profile represents the best fit to the observed
median electron profile. Unfortunately, due to the technical
limitations of theMARSIS instrument there is a lack of data in
this crucial region. Consequently, it was possible to deter-
mine the value of b only approximately.
[52] Concerning the accuracy of the presented empirical

model, we have determined the standard deviations of indi-
vidual fit parameters, along with the scatter in the data around
the median dependence, expressed as quartiles. If a depen-
dence is a function of two different parameters, we provide
quartile results only for one parameter, i.e. only for the
parameter that expresses the absolute value of the dependence.
The other parameter describes the shape of the dependence and
its uncertainty is given by the standard deviation.
[53] In order to enable a better estimate of how reliable

our empirical model is, we have validated the model against
other data sets. Namely, we have used the peak electron
densities and altitudes published by Kliore et al. [1972,
1973] and 5600 MGS RS profiles available at NASA Plan-
etary Data System [Hinson, 2008]. The results of this vali-
dation are presented in Figures 12 and 13 It should be
mentioned that all the MARSIS data used for the construc-
tion of the model were measured during solar minimum.
Median and mean Sun‐Mars distance for the data included in
the model were about 1.44 AU and 1.51 AU. The data of
Kliore et al. [1972, 1973] were both measured during the
solar mean, but they differed from each other by Sun‐Mars
distance. While the data of Kliore et al. [1972] were obtained
for Sun‐Mars distance about 1.43 AU, the data of Kliore
et al. [1973] were obtained for Sun‐Mars distance about
1.64 AU. Median Sun‐Mars distance for the 5600 MGS RS
profiles was about 1.56 AU, mean Sun‐Mars distance was
about the same. The MGS RS profiles were obtained during
1998–2005 and included data from the solar maximum.

[54] Figure 12a shows a comparison between the observed
and predicted peak electron densities for the data set ofKliore
et al. [1972] by red points, for the data set of Kliore et al.
[1973] by blue points and for the data set consisting of
5600MGS RS profiles by green points. It can be seen that the
peak electron densities of all the data sets are in good
agreement with the model. Most of the data points lie within
the dashed lines that mark the 0.25 and 0.75 quartiles of the
model. Figure 12b uses the same representation as Figure 12a,
but it presents the results obtained for the peak altitude. The
agreement between the model and the comparative data sets
is slightly worse in this case. Most importantly, the peak
altitudes of the MGS RS profiles seem to be somewhat lower

Figure 12. (a) Peak electron densities from Kliore et al. [1972] (red points), Kliore et al. [1973] (blue
points), and 5600 MGS RS profiles (green points) versus model peak electron densities. The solid black
line shows the 1:1 dependence. Black dashed lines correspond to 0.25 and 0.75 quartile dependencies of
the model. (b) The same as Figure 12a but for peak altitudes.

Figure 13. Electron density data from MGS RS profiles at
SZAs 70°–75° resampled to the altitudinal step of 5 km are
shown by green dots. Median profile and 0.25 and 0.75
quartile profiles are shown in red. Results of the empirical
model obtained for the corresponding value of SZA, Sun‐
Mars distance and F10.7 solar flux (see text) are shown in
black. The solid black curve represents the median profile;
0.25 and 0.75 quartile profiles are shown by dashed black
curves.
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than predicted. However, taking into account different phases
of solar cycle during the accumulation of the data, we can still
say that our empirical model performs well.
[55] Finally, we have compared the predicted profile

shape with the shape of the MGS RS profiles. We have
chosen the interval of SZAs 70°–75°, which contains 2241
profiles out of the total 5600 MGS RS profiles. Electron
densities corresponding to these profiles, resampled to the
altitudinal step of 5 km are plotted in Figure 13 by green
points. Median MGS RS profile in this SZA range is plotted
by a solid red curve and the corresponding 0.25 and 0.75
quartile profiles are shown by dashed red curves. Results of
the empirical model are shown in black. We used the
parameters equal to median values of the 2241 MGS RS
profiles, i.e. SZA = 73.2°, Sun‐Mars distance R = 1.54 AU
and F10.7 = 51.7 × 10−22 W m−2 Hz−1.
[56] The model profile and MGS RS profiles are in rea-

sonably good agreement. The model profile seem to slightly
overestimate the electron densities. Since we have only low
altitude “Chapman” portion of the profile, this is due to
badly chosen values of nm, zm and Hm parameters. While the
peak electron density is about correct, the model peak alti-
tude is slightly higher than the peak altitude of MGS RS
profiles (see above). Moreover, the model value of Hm is a
bit too large. Since the MGS RS profiles were obtained at
Sun‐Mars distances larger than the Sun‐Mars distances of
the MARSIS data used for the construction of the model,
this is probably at least partially related to the fact that when
constructing the model we have neglected the weak negative
correlation between Sun‐Mars distance and H0. However,
taking into account that our model is a general empirical
model designed for a large range of SZAs, Sun‐Mars dis-
tances and F10.7 values, it performs reasonably well.

8. Conclusions

[57] Dayside ionospheric profiles and local electron den-
sity measurements obtained by the MARSIS instrument
were combined to provide the best electron density data
coverage possible. The data were analyzed as a function of
SZA, altitude, F10.7 solar flux and Sun‐Mars distance to
reveal the principal dependencies governing the dayside
ionosphere.
[58] We have demonstrated that there are two different

regions of the dayside ionosphere with substantially differ-
ent characteristics and physical mechanisms taking place.
The region at altitudes up to about 5 neutral scale heights
above the altitude of peak electron density is controlled
primarily by photoionization and can be described by the
Chapman theory. At altitudes higher than about 10 neutral
scale heights above the altitude of peak electron density, the
ionosphere is controlled primarily by diffusion, and the
observed electron densities decrease exponentially with
increasing altitude. The appropriate diffusion scale height
increases with increasing SZA. This is most probably
caused by the magnetic field induced in the ionosphere
due to the interaction with the solar wind.
[59] Simple relations describing the electron densities in

the two regions have been found. Moreover, it has been
shown that it is possible to smoothly connect the photo-
ionization and diffusion regions and to construct an empir-

ical model of electron densities in the dayside ionosphere at
altitudes above the ionospheric peak.
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