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Abstract Based on electron density proﬁles obtained from the Mars Global Surveyor (MGS) we report X-ray
ﬂare responses in the E region ionosphere of Mars during six events that occurred on 28 March and 6 April 2001,
17 and 18 March and 21 April 2003, and 19 February 2005. We have developed a time-dependent Analytical
Yield Spectrum model to calculate a time series of photoionization rate, photoelectron impact ionization rate,
photoelectron ﬂux, ion density, electron density, and ionospheric electron content (IEC) of the E region for each
ﬂare day. The estimated production rate, ﬂux, and densities increase by 1–2 orders of magnitude due to effect
of these ﬂares in the E region ionosphere of Mars. The estimated IEC are compared with the measured IEC. It is
found that the normalized IEC of the simulated E layer increased by a factor of 5–10 at the ﬂare time compared
to a factor of 2 enhancements in the normalized IEC of the corresponding MGS proﬁles.
1. Introduction
During 1965 to 1980, 443 electron density proﬁles were observed by radio occultation experiment from
various Mars’ missions [Mendillo et al., 2006]. Radio occultation measurements were not carried out between
1980 and 1998. Later, the MGS observed 5600 electron density proﬁles from this experiment during 24
December 1998 to 9 June 2005 [Withers et al., 2008]. The radio occultation experiment was also onboard
Mars Express (MEX) and has measured 500 electron density proﬁles [Haider and Mahajan, 2014]. These
proﬁles show E and F peaks at altitudes of ~115 km and 135 km due to absorption of X-ray (10-90 Å) and solar
EUV (90–1025 Å) radiations, respectively. In addition to the radio occultation experiment, the MEX also carried
the Mars Advanced Radar for the Subsurface and Ionosphere Sounding (MARSIS) experiment that measured
electron density proﬁles above the F peak. There are no measurements in the D region ionosphere of Mars
[Haider et al., 2012].
Responses to X-ray ﬂares in the Martian ionosphere were ﬁrst reported by Mendillo et al. [2006] who analyzed
two ﬂares that occurred on 15 and 26 April 2001. They found ~200% enhancement in electron density in the E
region ionosphere due to the effect of these ﬂares. Later, Haider et al. [2009] studied the response to the solar
X-ray ﬂare of 13 May 2005 in the Martian ionosphere. This ﬂare caused enhancement in the E region ionosphere by factors of 6 to 10. A response to coronal mass ejection (CME) was also observed at Mars after
~38 h when the CME encountered the GOES and deposited energy in the E region ionosphere. Mahajan
et al. [2009] reported effects of seven X-ray ﬂares in the Martian ionosphere that occurred on 24
November 2000; 2, 10, and 15 April 2001; 29 and 31 May 2003; and 13 May 2005. Their analysis have shown
three major results: (1) X-ray ﬂares produced a well-deﬁned E layer peak, not always seen in the Martian ionosphere on other days; (2) some X-ray ﬂares affected both the E and F layers of the Martian ionosphere; and (3)
the enhanced E peaks can be formed due to photon ﬂuxes of wavelength range of 10–13 nm. The extension
of ﬂare effect can also be found in the F layer due to hardening of the 26–91 nm spectral band as measured
by Solar EUV Monitor on Solar Heliospheric Observatory. Lollo et al. [2012] also studied ionospheric responses
to the X-ray ﬂares of 15 and 26 April 2001. They reported that the E-peak electron density can exceed that of
the F-peak during intense solar ﬂares. Haider et al. [2012] modeled the effects of solar X-ray ﬂares measured
by GOES 12 in the E region ionosphere of Mars during the periods 29 May to 3 June 2003, 15–20 January 2005,
and 12–18 May 2005. They investigated ionospheric responses to solar X-ray ﬂares and CME that occurred
within these intervals. A large increase in electron density, by factors of 5–8, was obtained by their model
in the E region ionosphere of Mars due to solar X-ray ﬂares that occurred on 29 May 2003, 31 May 2003,
17 January 2005, and 13 May 2005. They also identiﬁed shock-triggered enhancements, where electron densities in the E region ionosphere increased by a factor of 2 during 30–31 May 2003, 2–3 June 2003, and 16–17
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May 2005. Recently, Fallows et al. [2015] developed a response function to study the change in electron density due to solar X-ray ﬂares. This function can be used to predict electron density enhancements due to solar
ﬂare or to estimate the strength of a solar ﬂare which has impacted the Mars ionosphere. Using the response
function they conﬁrmed the earlier ﬁndings of Mendillo et al. [2006] and Mahajan et al. [2009] that the relative
enhancements in the electron density caused by solar ﬂares increase with increasing intensity of the solar
ﬂare. The MARSIS experiment also measured an increase in the peak electron density of about 30% during
a solar ﬂare, which returned to the preﬂare level within a few minutes [Nielsen et al., 2006]. The response
of this ﬂare in the F region was smaller than that observed in the E region, and therefore, it was not detected
by radio occultation observations.
In this paper we have studied six new electron density proﬁles obtained from MGS that we have found as
carrying signatures of a solar ﬂare response in the E region ionosphere of Mars. These proﬁles were obtained
on 6 days: 28 March and 6 April 2001, 17 and 18 March and 21 April 2003, and 19 February 2005 (these dates
have been identiﬁed previously by Fallows et al. [2015] for possible detections of a ﬂare response in the
Martian ionosphere). A time series of photoionization and photoelectron impact ionization rates, photoelectron ﬂux, ion/electron density, and ionospheric electron content (IEC) are also estimated using a timedependent Analytical Yield Spectrum (AYS) method for each ﬂare day between 00:00 to 24:00 UT at high solar
zenith angles (SZAs) (71°–73°) in the E region ionosphere. We have found that the ion production rates,
photoelectron ﬂux, and ion and electron densities increased by 1–2 orders of magnitude at the peak of
X-ray ﬂares. The estimated IEC values were compared with the IEC obtained from the measured E region
electron density proﬁles. We report that the normalized IEC of the simulated E layer increased by factors
of 5–10 at the peak ﬂare time compared to a factor of ~2 enhancements in the normalized IEC of the
corresponding MGS proﬁle, measured at variable times after the peak ﬂare.

2. Objectives
The three main points/objectives focused in this paper are as follows:
1. The solar ﬂare response is a key problem in the planetary ionospheres. In the past effects of several solar
ﬂares have been observed on Mars’ ionosphere. In this paper we have studied Martian E region ionospheric response to six new X-ray ﬂares that occurred on 28 March and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February, 2005.
2. We have developed a time-dependent model for the photoionization and photoelectron impact ionization rates, photoelectron ﬂux, ion/electron density, and IEC due to X-ray ionizations in the Martian ionosphere. This model is tested for six X-ray ﬂare measurements (listed in item 1 above).
3. Very little is known about the X-ray aeronomy on Mars during the ﬂare events. The production rates,
photoelectron ﬂux, ion/electron density, and IEC produced by X-rays are very much different in the E
region from the F region ionosphere. Our model describes the aeronomy of Mars in the E region ionosphere for the X-ray ﬂare condition.

3. Motivation
There are extensive literatures on the effects of solar X-ray ﬂares in the Earth’s ionosphere [viz. Rastogi et al.,
1999; Thomson et al., 2004; Xiong et al., 2011; Qian et al., 2012; Sripathi et al., 2013; Nogueira et al., 2015].
However, very little is known about aeronomy due to the effect of solar ﬂare in the Martian ionosphere. In
this paper we have attempted to make a comprehensive exposition of basic processes involved in the aeronomy of Mars for the E region ionosphere during solar ﬂares. Accordingly, we have obtained a balance
between general description of different phenomena in terms of modeling and actual observation. We have
calculated time series of photoionization rates, photoelectron impact ionization rates, photoelectron ﬂux, ion
density, electron density, and IEC due to effect of six X-ray ﬂares in the E region ionosphere of Mars. The
calculated IEC are compared with the measured IEC. It has been our goal to emphasize the fundamental character of the E region ionosphere of Mars without detailed descriptions of global morphology. Consequently,
considerable discussion has been given to production rates, photoelectron ﬂux, plasma density, and chemical reactions and to different collisional interactions involving X-ray radiation.
Bougher et al. [2001] modeled the MGS electron density proﬁles in the daytime ionosphere by using a
Mars Thermosphere General Circulation Model for MGS condition. They found E peak electron density

HAIDER ET AL.

X-RAY AERONOMY OF MARS

6871

Journal of Geophysical Research: Space Physics

10.1002/2016JA022435

smaller by a factor of 10 than the measurements. Therefore, they increased standard solar X-ray ﬂuxes
(18–50 Å) by a factor of 10 in their model to produce E layer electron density proﬁles for comparison with
MGS observations. Later Fox [2004] constructed standard models by adopting the SC#21REFW and
F79050N solar ﬂuxes [Torr and Torr, 1979] for the calculation of photoionization rate, photoelectron impact
ionization rate, ion density, and electron density in the daytime ionosphere of Mars at low and high solar
activity periods, respectively. They did not model the MGS electron density proﬁles observed at ﬂare time.
However, they argued that increasing the solar X-ray ﬂux by a uniform factor cannot reproduce the E peaks
that have been observed in most of the electron density proﬁles by the MGS. Recently, Lollo et al. [2012]
developed a one-dimensional ionosphere model for the calculation of electron density proﬁles, which were
compared with the MGS observations during the X-ray ﬂares of 15 and 26 April 2001. They assumed a neutral
model atmosphere, which was required to reproduce the electron density proﬁles observed by MGS during
these ﬂares. Using this model they predicted that the peak electron density in the E region can exceed from
the F region ionosphere for a short period during intense ﬂare time. Thus, the ionospheric predictions of E
region ionosphere are not perfectly consistent with the MGS observations. Therefore, an accurate representation of physical and chemical models in the E region ionosphere of Mars is required for ﬂare conditions. The
simulation presented in this paper calculates photoionization rates, photoelectron impact ionization rates,
photoelectron ﬂux, ion density, electron density, and IEC simultaneously in the E region ionosphere of
Mars due to effect of solar X-ray ﬂares. Our simulations are most consistent with the MGS observations for
ﬂare conditions.
For the ﬁrst time, we have developed a time-dependent AYS model of ionization to study the ionospheric
response of a solar X-ray ﬂare that can be modeled in time throughout the ﬂare event. This model has been
found very useful to study the X-ray aeronomy in the E region ionosphere of Mars. The calculations based on
AYS model are simpler to carry out as compared to those by other methods such as two-stream [Nagy and
Banks, 1970; Haider et al., 1992], Boltzmann transport [Mantas and Hanson, 1987], Monte Carlo [Kallio and
Barabash, 2001; Haider et al., 2002], and hybrid and magnetohydrodynamic models [Nagy et al., 2004; Ma
et al., 2008; Kallio et al., 2010]. However, simplicity of this model is not at the cost of accuracy of the results
[Singhal and Haider, 1984]. The ease of the use of this model has been clearly demonstrated in the present
simultaneous calculations of time-dependent photoionization rates, photoelectron impact ionization rates,
photoelectron ﬂux, ion density, electron density, and IEC in the E region ionosphere of Mars. This model is
based upon the sets of several atmospheric parameters like solar spectrum, neutral densities, plasma temperature, elastic and inelastic cross sections, photoabsorption, and photoionization cross sections. Such an
approach is unique and involves the large number of calculations that have gone into preparation of results
presented in this paper. The model sensitivity/uncertainty is given in section 8.

4. Solar X-ray Flare Observations
Several solar ﬂares have been observed from Geostationary Operational Environmental Satellite (GOES),
which are measuring solar ﬂuxes at smaller wavelength bands from 0.5 to 3 Å and 1 to 8 Å [Bornmann
et al., 1996]. Figures 1a–1f represent a time series of solar X-ray ﬂux distributions that were observed by
GOES 10 on the selected days. These observations show a greater enhancements in the wavelength bands
0.5–3 Å and 1–8 Å, which can increase electron densities in the E region ionosphere of Mars. The dashed vertical lines in Figures 1a–1f represent the ﬂare time when electron density proﬁles on Mars were measured by
the MGS.
The solar soft X-ray varies between wavelengths 1 and 90 Å [Haider et al., 2011; Haider and Mahajan, 2014].
The E layer is mostly formed at about 112–115 km due to ionization produced by X-ray ﬂux in the wavelength
range of 18 to 50 Å [cf. Martinis et al., 2003; Fox, 2004; Haider et al., 2002]. There are no measurements of X-ray
ﬂuxes at this wavelength region during the ﬂare period. GOES measured X-ray ﬂuxes at shorter wavelength
range of 1–8 Å during the ﬂare events. The solar ﬂuxes for X-ray ﬂares at wavelengths ≤10 Å will be attenuated
at lower altitude and can contribute more to the E region ionization. Haider et al. [2002] found that X-ray
ﬂuxes at wavelengths ≥10 Å contributed smaller to the E region ionization by about an order of magnitude
in comparison to the ionization produced by X-ray ﬂuxes at shorter wavelength range (1–8 Å) during the ﬂare
period. This is consistent with the results predicted by Lollo et al. [2012] in the E region ionosphere of Mars for
ﬂare condition. Therefore, we have used GOES 1–8 Å ﬂux in our model calculation.
HAIDER ET AL.
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5. Response of Mars
Ionosphere to Solar Flares
The MGS data set is the largest and
has highest cadence in observations
during solar maximum condition at
Mars. Therefore, it is best suited to
study the effects of solar ﬂares on
Martian ionosphere. At 2 h cadence
the effects of a solar ﬂare are found
to be visible in only a single proﬁle.
However, several additional proﬁles
are available within 2 h at the ﬂare
peak for comparison of the ﬂare
affected proﬁles. In Figures 2a–2f we
have plotted 52 electron density
proﬁles with apparent solar ﬂare
responses in six proﬁles on 28 March
and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February
2005 at 12:28, 20:13, 19:38, 13:17,
13:17, and 12:24 UT, respectively
(the ﬂare proﬁles were observed at
high latitudes with the coordinates
given by (85.4°N, 207.2°E), (84.8°N,
252.5°E), (82.0°N, 315.7°E), (81.7°N,
58.6°E), (74.8°N, 48.6°E), and (79.5°N,
349.3°E), respectively). In these ﬁgures most of the plasma resides in
the F region at about 140 km, where
neutral atmosphere molecules are
ionized by EUV radiation [Fox and
Yeager, 2006]. Below this region the
E layer is formed where soft X-ray
photons ionize the neutral molecules.
The E layer does not represent always
a clear peak. Out of 52 electron density proﬁles, 10 proﬁles showed a
clear peak at altitudes 105 to
110 km, 18 proﬁles at altitudes 110
to 115 km, and 15 proﬁles at altitudes
Figure 1. Time series of solar X-ray photon ﬂuxes for (a and b) 28 March and
115 to 120 km. We have integrated
6 April 2001, (c–e) 17 and 18 March and 21 April 2003, and (f) 19 February 2005
these proﬁles from their lowest
as observed by GOES 10. The dashed vertical lines in each panel represent ﬂare
height
to E-F valley altitudes to
time when electron densities were measured by MGS on Mars.
obtain the IEC in the E region ionosphere. There are nine electron density proﬁles, which did not show E peaks clearly. These proﬁles are integrated from their lower altitude to 120 km (the IEC values are not changing signiﬁcantly if the upper limit
of the integration is changed between 105 km and 120 km). All these proﬁles were observed at high latitudes
and high SZA. About 3% error is found in these observations [Hinson et al., 1999]. Mendillo et al. [2006] have
reported about 10–15% day-to-day and longitudinal variability in the E layer peak.
We have plotted all the proﬁles in Figures 2a–2f (left column) for each ﬂare day. In these ﬁgures, lines marked
with stars (red) represent ﬂare-time electron density proﬁles and the thin solid lines (black) represent proﬁles
observed at other times on the respective day. Universal times (UT), local times (LT), SZA, and latitudes for
these proﬁles are also shown in each ﬁgure. It can be noted that the electron densities were enhanced in
the E region ionosphere during these ﬂares. These effects can be understood more clearly in Figures 2a–2f
HAIDER ET AL.

X-RAY AERONOMY OF MARS

6873

Journal of Geophysical Research: Space Physics

10.1002/2016JA022435

Figure 2. (a–f, left) Electron density proﬁles observed by MGS on each of six ﬂare days. Flare proﬁles are plotted by red lines
with star. (a–f, right) Flare time proﬁle is compared with the average of nonﬂare proﬁles for the respective day. The standard
deviation bars are also plotted over averaged nonﬂare proﬁles. The latitude, LT, and SZA refer to the ﬂare time.

(right column), where ﬂare-induced proﬁles are compared with the average of nonﬂare proﬁles for the
respective day. The standard deviation bars are plotted over averaged nonﬂare proﬁles. We report that the
ﬂare time proﬁles were observed mostly during the decay phase of the solar X-ray ﬂuxes of those ﬂares.
The ﬂare-time proﬁles on 6 April 2001, 17 March 2003, 21 April 2003, and 19 February 2005 represent a
well-developed E peak at about 115 km. The E layer peak is not always seen in the other ﬂare and nonﬂare
proﬁles. The electron density proﬁles on 28 March 2001 and 6 April 2001 were recorded when X-ray ﬂuxes
HAIDER ET AL.
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Table 1. Characteristics of Solar X-ray Flares and Affected MGS Electron Density Proﬁles
Date
28/3/2001
6/4/2001
17/3/2003
18/3/2003
21/4/2003
19/2/2005

Start
Time (UT)

Peak
Time(UT)

End
Time (UT)

Flare
(Class)

Location
(Sun Disc)

Region

MGS
ProﬁleNo.

MGS Flare
ProﬁleNo.

ESM

SZA

11:21
19:10
18:50
11:51
12:54
10:36

12:40
19:21
19:05
12:08
13:07
11:01

13:06
19:31
19:16
12:20
13:14
11:13

M 4.3
X 5.6
X 1.5
X 1.5
M 2.8
M 3.3

N17E11
S21E47
S14W26
S16W39
N18E09
S09W32

9393
9415
0314
0314
0338
0732

9
11
7
7
11
7

1087Q29A
1096U17A
3076T44A
3077N24A
3111N21A
5050M3FA

34.6°
30.2°
62.3°
61.7°
46.3°
97.2°

72°
72°
71°
71°
73°
73°

were quite high. Therefore, the ﬂare effects in the E layers are quite prominent for these particular events. In
Figure 2b (left column) the E layer peak value at 22:11 UT is larger at altitude 113 km by ~5–10% than the peak
ﬂare proﬁle at 20:13 UT. However, the average of nonﬂare proﬁles of E region does not increase from the ﬂare
proﬁle on this date. Therefore, the enhancement in the peak electron density at 22:11 UT may be associated
with postﬂare effect on 6 April 2001. Thus, the effects of X-ray ﬂares are found to be visible in some cases
during 2–3 h cadence period. Supporting information for selected X-ray ﬂares and MGS ﬂare proﬁles are
given in Table 1.

6. Modeling of the X-ray Ionization on Mars
We have calculated temporal variability of photoionization rate, photoelectron impact ionization rate, photoelectron ﬂux, electron density, and IEC using time-dependent AYS method for X-ray ionization on Mars. This
method is based on Monte Carlo approach. Initially, X-ray radiation is introduced in the Martian atmosphere
at solar zenith angle χ and time t. Later, the energy of photoelectrons and their positions were calculated. In
this method the elastic and inelastic collisions are included between photoelectrons and neutral species and
photoelectron-photoelectron Coulomb collision. The scattering due to photoelectron-ion interaction is
neglected. The photoelectrons are produced in the Martian atmosphere at time t, solar zenith angle χ, and
some pitch angles. We have generated a real number between 0 and 1 from a random generator. It determined whether a collision took place or not. The Coulomb losses were calculated from Butler-Buckingham
formula [Dalgarno et al., 1963]. The elastic and inelastic scattering calculations are carried out by Porter and
Jump [1978] method and Jackman et al. [1977] method, respectively. It is assumed that photoelectrons are
ejected isotropically. We have used mixture of ﬁve gases CO2, N2, O2, O, and CO in the AYS model at altitude
h and time t. This method has been used by us in several research problems related to electron energy
degradation in planetary atmospheres [Green et al., 1977; Singhal et al., 1980; Singhal and Green, 1981;
Haider and Singhal, 1983; Singhal and Haider, 1984; Seth et al., 2002, 2006; Bhardwaj and Jain, 2009; Haider
et al., 2010; Pandya and Haider, 2014].
Recently, Pandya and Haider [2014] used the AYS method to calculate the altitude proﬁle of electron density
due to impact of meteoroids, solar X-ray, and EUV radiation in the dayside atmosphere of Mars. We have now
extended this method by including a time variable to study the temporal variability in the E region ionosphere of Mars. This method calculates photoionization and photoelectron impact ionization rates, photoelectron ﬂux, ion/electron density, and IEC simultaneously at different height, time, and energy. Following
Pandya and Haider [2014] the analytical form of the AYS method is represented by
UðE; E o Þ ¼ C 0 þ C 1 X þ C 2 X 2

(1)

0:585

X¼

ðE o =1000Þ
Eþ1

(2)

where C0, C1, and C2 are adjustable parameters of CO2, N2, O2, O, and CO. These parameters were obtained
by a nonlinear least squares ﬁtting procedure [Singhal and Green, 1981]. The parameters C0, C1, and C2 do
not depend on time because it embodies the nontime variable information of the degradation process. The
ﬁrst term of equation (1) arises from primaries, while the second and third terms are produced from secondary and tertiary generations of the electron collisions respectively. The U(E, Eo) is deﬁned as N(E)/Δ(E)
[Green et al., 1977], where N(E) is the number of electrons in the bin centered at energy E after one bin
has been emptied and before the next lower nonempty bin of width Δ(E) centered at E is considered. In this
approach the energy range between initial values and threshold of the state is divided into bins. The
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equation (1) calculates yield of a single gas in the Martian atmosphere. The composite yield spectrum for a
mixture of gas i is obtained at time t by weighting the component of yield spectrum as given below:
X
Uc ðE; t; E o Þ ¼
f i ðt Þ Ui ðE; E o Þ
(3)
i

The value of fi is a fractional composition and is related to time t as
Si ni ðh; tÞ
f i ðtÞ ¼ X
Sj nj ðh; tÞ

(4)

j

where Si/Sj is the average value of σ Ti(E)/σ Tj(E) between Emin = 2 eV to Eo, σ Ti(E) is the total (elastic + inelastic)
cross sections of ith gas, and ni(h, t) is the neutral density at altitude h and time t. The neutral densities of CO2,
N2, O2, O, and CO are taken from Mars Climate Database (MCD) model for six ﬂare days at different time and
locations of MGS observations [Millour et al., 2014]. The time-dependent photoelectron impact ionization
rates are calculated as given below:
J ðh ; χ ; tÞ ¼

∞

∞

Wi

E

∫ dEo ∫ Pi ðE; tÞ

Qðh; χ; E ; t Þ Uc ðE; E o ; tÞ

dE

(5)

where J(h, χ, t) is the photoelectron production rate at altitude h, solar zenith angle χ, and time t; Q(h, χ, E, t) is
the primary photoelectron production rate; Wi is the threshold energy for ionization of gas i; and Pi(E, t) is the
ionization probability as given below:
ni ðh; t Þ σ i ðE Þ
Pi ðE; tÞ ¼ X
nj ðh; t Þ σ j ðE Þ

(6)

Here σ i is the photoelectron impact ionization cross sections of CO2+, N2+, O2+, O+, and CO+, which are taken from
Joshipura et al. [2007, 2009]. The primary photoelectron energy spectrum Q(h, χ, E, t) is calculated as given below:


X
X
hc
Q ðh ; χ; E; tÞ ¼
 E  Wi
ni ðh; t Þ
σ Ii ðλÞ I ð∞; λ; tÞ δ
λ
λ
" i
#
∞
(7)
X
σ Ai ðλÞ ∫ ni ðh; tÞ Ch ðX; χ Þ dh
exp 
h

i

where σ Ii ðλÞ and σ Ai ðλÞ are respectively the photoionization and photoabsorption cross sections at wavelength


λ, I(∞, λ, t) is the incident X-ray photon ﬂux at time t, and δ hcλ  E  W i is the delta function, in which hc
λ is
incident photon energy and E is the energy of ejected photoelectrons. The term Ch (X, χ) is the Chapman
function for grazing incidence [Smith and Smith, 1972], which is used to calculate the absorption of X-ray
radiation obliquely through the atmosphere. Here χ is solar zenith angle and X = (Rm + h)/H, where Rm is
the radius of Mars and H is scale height of the neutral atmosphere. In equation (7) the incident X-ray photon
ﬂux is taken from Figure 1 between wavelength range of 1–8 Å at 5 min time resolution and energy bins of
0.2 Å. The photoabsorption and photoionization cross sections of CO2, N2, O2, O, and CO are taken from
Pandya and Haider [2014], who compiled it in Tables A1 and A2, respectively, from different investigators
[Torr and Torr, 1979; Cairns and Samson, 1965; Cook et al., 1966; Lee et al., 1973; McCulloh, 1973; Iida et al.,
1986; Watanabe et al., 1967]. The photoionization rate Q(h, χ, t) is obtained from primary photoelectron spectrum Q(h, χ, E, t) by integrating it over energy E. The time-dependent photoionization and photoelectron
impact ionization rates are calculated for six ﬂare days on 28 March and 6 April 2001, 17 and 18 March and
21 April 2003, and 19 February 2005 at solar zenith angles 72°, 72°, 71°, 71°, 73°, and 73° respectively. The general expression for photoelectron production rate is given below:
∞

J ðh; χ; t Þ ¼ ni ðh; tÞ ∫ ϕ ðh; χ ; E; t Þ σ i ðE Þ dE

(8)

Wi

Comparing equations (5) and (8) we can obtain expression for photoelectron ﬂux as given below:
∞

ϕ ðh; χ; E; t Þ ¼

χ; E; t Þ
∫ Qðh;X

E
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Table 2. Chemical Reactions


Rate Coefﬁcient ðcm3 s 1 Þ

Reaction
Nþ2
Nþ2
Nþ2
Nþ2
Nþ2
Nþ2

COþ2
þ

þ CO2 →
þ N2
þ O →k2 NO þ N
þ CO →k3 COþ þ N2
þ NO →k4 NOþ þ N2
þ e →k5 N þ N
þ O2 →k6 Oþ2 þ N2
COþ2 þ O →k7 Oþ þ CO2
COþ2 þ O →k8 Oþ2 þ CO
COþ2 þ O2 →k9 Oþ2 þ CO2
COþ2 þ NO →k10 NOþ þ CO2
COþ2 þ e →k11 CO þ O
COþ þ CO2 →k12 COþ2 þ CO
COþ þ O →k13 Oþ þ CO
COþ þ NO →k14 NOþ þ CO
COþ þ e →k15 O þ C
Oþ þ NO →k16 NOþ þ O
Oþ þ O2 →k17 Oþ2 þ O
Oþ þ N2 →k18 NOþ þ N
Oþ þ CO2 →k19 Oþ2 þ CO
Oþ þ e →k20 O
Oþ2 þ e →k21 O þ O
Oþ2 þ NO →k22 NOþ þ O2
NOþ þ e →k23 N þ O
k1

 10

k1 = 7.7 × 10
 10
k2 = 1.3 × 10
 11
k3 = 7.4 × 10
 10
k4 = 3.3 × 10
7
1/3
k5 = 3.0 × 10
× (300/Te)
 11
k6 = 5.0 × 10
 11
k7 = 9.6 × 10
 11
k8 = 1.64 × 10
 11
k9 = 5.0 × 10
 10
k10 = 1.2 × 10
 04
1
k11 = 1.14 × 10
× (Te)
 09
k12 = 1.0 × 10
 10
k13 = 1.4 × 10
 10
k14 = 3.30 × 10
7
0.5
k15 = 2.7 × 10
× (300/Te)
 11
k16 = 1.0 × 10
 11
0.5
k17 = 2.0 × 10
× (300/Tn)
 12
k18 = 1.2 × 10
× (300/Tn)
9
k19 = 1.1 × 10
 12
0.7
k20 = 3.26 × 10
× (30/Te)
6
 0.67
k21 = 8.75 × 10
× (Te)
 10
k22 = 6.3 × 10
7
1.2
k23 = 1.08 × 10 (1000/Te)

Reference
Fehsenfeld et al. [1969]
Fehsenfeld et al. [1970]
Ikezoe et al. [1986]
Fehsenfeld et al. [1970]
Frommhold and Biondi [1967]
Golden et al. [1968]
Fehsenfeld et al. [1970]
Fehsenfeld et al. [1970]
Fehsenfeld et al. [1970]
Fehsenfeld et al. [1970]
Bauer [1973]
Anicich and Huntress [1986]
Anicich and Huntress [1986]
Fehsenfeld and Ferguson [1972]
Fehsenfeld and Ferguson [1972]
McFarland et al. [1974]
Ferguson et al. [1969]
Ferguson [1967]
Fehsenfeld et al. [1970]
Molina-Cuberos et al. [2002]
Walls and Dunn [1974]
Fehsenfeld et al. [1970]
Biondi [1972]

The photoelectron ﬂux is calculated at time t for energy grids of width 2 eV from 0 to 10 eV and of 2.5 eV
between 10 to 1000 eV.
The photoionization and photoelectron impact ionization rates of ﬁve ions CO2+, N2+, O2+, O+, and CO+ are
added to obtain the total ion production rates, which have been used in the continuity equations. The altitude proﬁles for the densities of six ions (CO2+, N2+, O2+, O+, CO+, and NO+) and electron are calculated at
different time under charge neutrality condition by iteration process. In the chemical model the production
rate of NO+ is obtained from the chemical reactions. The production rate of NO+ is not calculated from the
time-dependent AYS method because direct ionization of NO has little effect on the density proﬁle of NO+
[Fox, 2004]. The neutral density of NO is not given by MCD model. We have taken it from Fox [1993]. It is
assumed that the density of NO is not changing signiﬁcantly with time and locations. The chemical reactions
used in our model are given in Table 2. The neutral temperature necessary to calculate the ion and electron
densities is taken from the MCD model. The electron temperature is taken from Fox [2009]. The electron density is integrated between altitudes 80 km and 120 km to obtain the IEC in the E region ionosphere. This
method is used where the magnetic ﬁeld is uniform and horizontal in direction. This assumption is appropriate at high latitude of Mars where the magnetic ﬁeld of solar wind is horizontal in direction such as observed
by MGS in the dayside ionosphere [cf. Ness et al., 2000; Haider et al., 2010]. In this case the vertical transport of
photoelectrons is inhibited and they lose their energy at the same height where they were produced.

7. Results and Discussion of Model Results: E Region Ionosphere of Mars
Since the distance of Mars from the Sun is greater than that of the Earth from the Sun, the effect of ﬂares in
the solar X-ray radiation should be registered on Mars with a longer time delay as compared to that on the
Earth. We have calculated the time delay for each ﬂare by dividing the observed distance of the Sun to
Mars with the velocity of light. Based on the distance of Mars from the Sun as observed by the MGS
[Hinson et al., 1999], the peak solar ﬂux arrived at Mars with a time delay of ~2–5 min after it arrived at
Earth. GOES observed the peak X-ray ﬂuxes on 28 March and 6 April 2001, 17 and 18 March and 21 April
2003, and 19 February 2005 at 12:40 UT, 19:21 UT, 19:05 UT, 12:08 UT, 13:07 UT, and 11:01 UT, which are
inferred to reach Mars ~5 min later, i.e., 12:45 UT, 19:26 UT, 19:10 UT, 12:13 UT, 13:12 UT, and 11:06 UT respectively. The MGS measured the electron density proﬁles a few hours before and immediately after the solar
ﬂares on each day.
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Figure 3. Time series of photoionization rates of CO2 produced by X-ray ﬂares on (a) 28 March 2001, (b) 6 April 2001, (c) 17
March 2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 in the E region ionosphere of Mars at altitudes 80,
90, 100, 115, 130, 150, 175, and 200 km.

Figures 3a–3f represent a time series of photoionization rates of major ion CO2+ at 80, 90, 100, 115, 130, 150,
175, and 200 km due to impact of solar X-ray ﬂares, which occurred on 28 March and 6 April 2001, 17 and 18
March and 21 April 2003, and 19 February 2005 respectively. The photoionization rates produced by X-ray
radiation (wavelength band 1–8 Å) peaks at about 100 km in the E region ionosphere of Mars. Due to these
ﬂares the peak photoionization rates of CO2+ are estimated to be 3.5 × 101, 4.6 × 102, 1.3 × 102, 1.2 × 102,
2.1 × 101, and 2.5 × 101 cm3 s1 at ﬂare time 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT, respectively.
The photoionization rates increased by 2 orders of magnitudes at the peak X-class ﬂares on 6 April 2001 and
17 and 18 March 2003. These production rates also increased by 1 order of magnitude at the peak M-class ﬂares
on 28 March 2001, 21 April 2003, and 19 February 2005. The variations in the photoionization rates after and
before the peak ﬂares are also produced each day due to the variations in the X-ray spectrum observed by
GOES 10. Figures 4a–4f represent a time series of ﬂare-induced photoelectron impact ionization rates of major
ion CO2+ at 80, 90, 100, 115, 130, 150, 175, and 200 km. The photoelectron production rates are larger than the
photoionization rates. This is because X-ray produces energetic photoelectrons which are attenuated at lower
altitude and contribute more to photoelectron impact ionization rates [Haider et al., 2002]. The X-rays have
shorter wavelength than the EUV radiation. It does not contribute greatly to photoelectrons which are attenuated at high altitude. The EUV radiation contributes more to photoionization rates than that produced by solar
X-rays. The peak photoelectron production rates of CO2+ are estimated to be 1.0 × 102, 2.0 × 103, 5.5 × 102,
4.6 × 102, 8.0 × 102, and 1.3 × 102 cm3 s1 due to X-ray ﬂares of 28 March and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February 2005, respectively. We have plotted photoionization and photoelectron
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Figure 4. Time series of photoelectron impact ionization rates of CO2 produced by X-ray ﬂares on (a) 28 March 2001, (b) 6
April 2001, (c) 17 March 2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 in the E region ionosphere of
Mars at altitudes 80, 90, 100, 115, 130, 150, 175, and 200 km.

impact ionization rates of CO2+ only. The production rates for other ions (N2+, O2+, O+, and CO+) are not plotted
because their values are low.
Figures 5a–5f represent an energy distribution of photoelectron ﬂuxes in the E region ionosphere of Mars at
peak ﬂare time 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT due to X-ray ﬂares which occurred on 28 March
and 6 April 2001, 17 and 18 March and 21 April 2003, and 19 February 2005, respectively. The photoelectron
ﬂuxes are decreasing with increasing energy because solar X-ray ﬂux and photoionization cross section are
decreasing with increasing energy. As expected a major peak near 25–27 eV is not found in the estimated
photoelectron spectra because this peak is produced due to absorption of He II Lyman α at wavelength
304 Å [cf. Haider et al., 2010]. We have used ﬂare-induced X-ray ﬂuxes observed by GOES 10 in the wavelength
range 1 to 8 Å for ionization in the E region ionosphere of Mars. The photoelectron spectra are shown
between energy 1–1000 eV at altitudes 80, 90, 100, 115, 130, 150, 175, and 200 km. It is found that the photoelectron ﬂuxes are nearly independent of altitude above 115 km because X-ray produces maximum ionization below this altitude. We have also found a small peak at about 200 eV in the photoelectron spectra.
This peak can be related to X-ray ionization producing C, N, or O by Auger electrons as reported by
Mitchell et al. [2000] in their photoelectron spectra observed by MGS. Figures 6a–6f represent energy distribution of photoelectron ﬂuxes due to X-ray ionizations on 28 March and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February 2005, respectively, in the absence of ﬂare X-rays (at 0.0 UT), when the
ionosphere was quiet. We have compared photoelectron spectra for each day between peak ﬂare time
and no ﬂare time. The photoelectron ﬂuxes are larger at the peak ﬂare time by 1–2 orders of magnitude than
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Figure 5. The photoelectron energy ﬂuxes at ﬂare time 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT on (a) 28 March 2001,
(b) 6 April 2001, (c) 17 March 2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005, respectively, at altitudes
80, 90, 100, 115, 130, 150, 175, and 200 km.

those estimated at no ﬂare time. In Figures 5b–5d photoelectron ﬂuxes are higher by 2 orders of magnitude
due to ionization produced by the peak X-class ﬂares on 6 April 2001 and 17 and 18 March 2003, respectively.
In Figures 5a, 5e, and 5f the photoelectron ﬂuxes increased by 1 order of magnitude due to ionization
produced by the peak M-class ﬂares on 28 March 2001, 21 April 2003, and 19 February 2005, respectively.
We calculated the ﬂare-induced densities of six ions CO2+, N2+, O2+, O+, NO+, and CO+ in the E region ionosphere of Mars between altitudes 80 and 200 km. Figures 7a–7f, 8a–8f, and 9a–9f show the temporal variations
of ion densities for three major ions NO+, CO2+, and O2+, respectively, at altitudes 80, 90, 100, 115, 130, 150, 175,
and 200 km due to the six selected X-ray ﬂares, which occurred on 28 March and 6 April 2001 (ﬁgures a and b),
17 and 18 March and 21 April 2003 (ﬁgures c, d, and e), and 19 February 2005 (ﬁgure f). The densities of other
ions O+, N2+, and CO+ are not plotted because their values are very low. Initially, the major ion CO2+ is produced
due to X-ray ionization. Later, it is quickly removed by atomic oxygen and O2+ is formed as a dominant ion in the
E region ionosphere. The second major ion NO+ is produced in the E region due to loss of O2+ with NO. The ion
NO+ is fully destroyed by dissociative recombination with electron. The densities of CO2+ and O2+ are enhanced
by 2 orders of magnitude due to the impact of peak X-class ﬂares on 6 April 2001 and 17 and 18 March 2003.
These ion densities also increased by 1 order of magnitude due to the impact of peak M-class ﬂares on 28
March 2001, 21 April 2003, and 19 February 2005. In Figures 7a–7f the peak increase of NO+ due to the ﬂare
(from the background) is less than the corresponding peaks of CO2+ and O2+ because NO+ is not produced
in the ion-neutral model due to primary production source (photoionization rates + photoelectron impact ionization rates). Therefore, X-ray ﬂare produces only a small peak value at about 100 km for the ion density of NO+.
The densities of NO+, CO2+, and O2+ are also changing with time on each ﬂare day because of temporal
variations in solar X-ray ﬂuxes, neutral densities, and temperatures. The ﬂare-induced peak increase in the
NO+ density are 1.71 × 103, 1.56 × 103, 1.75 × 103, 1,74 × 103, 1.5 × 103, and 1.6 × 103 cm3 at 12:45, 19:26,
19:10, 12:13, 13:12, and 11:06 UT, respectively. In the E region ionosphere of Mars the densities of O2+ and
HAIDER ET AL.

X-RAY AERONOMY OF MARS

6880

Journal of Geophysical Research: Space Physics

10.1002/2016JA022435

Figure 6. The photoelectron energy ﬂuxes on (a) 28 March 2001, (b) 6 April 2001, (c) 17 March 2003, (d) 18 March 2003, (e)
21 April 2003, and (f) 19 February 2005 for no ﬂare time (0.0 UT) at altitudes 80, 90, 100, 115, 130, 150, 175, and 200 km.

NO+ are proportional as [O2+] α [CO2+] [O]/Ne and [NO+] α [O2+] [NO]/Ne, respectively, where [Ne] and [CO2+]
are the densities of electron and CO2+, respectively. The peaks of CO2+ and O2+ are located at about 115 km and
100 km, respectively. The peak ion densities for six selected ﬂares are estimated to be 5.2 × 101, 6.2 × 102,
1.2 × 102, 1.0 × 102, 3.1 × 101, and 4.0 × 101 cm3 for CO2+ and 2.0 × 104, 7.4 × 104, 3.8 × 104, 3.5 × 104,
1.4 × 104, and 1.5 × 104 cm3 for O2+ at 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT, respectively. The electron
density in the E region can be estimated approximately as Ne = sqrt (q/α), where q is a sum of photoionization
and photoelectron impact ionization rates of CO2+ and α is a dissociative recombination rate coefﬁcient equal
to 1.9 × 107 (300/Te)0.5 cm3 s1 [Mul and McGowan, 1979]. The total production rates (photoionization rates
+ photoelectron impact ionization rates) of CO2+ at the ﬂare peaks are estimated to be 2.6 × 102, 2.4 × 103,
8.4 × 102, 7.6 × 102, 1.3 × 102, and 1.6 × 102 cm3 s1 at 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT, respectively. These production rates yield the ﬂare peak electron density Ne ~ 1.2 × 104, 1.0 × 105, 6.0 × 104,
6.0 × 104, 2.4 × 104, and 2.7 × 104 cm-3 at the ﬂare time 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06
UT, respectively.
Figures 10a–10f represent a time series of electron densities produced by the six selected X-ray ﬂares in the
E region ionosphere. The electron densities increased by about an order of magnitude due to the impact of
X-class ﬂares on 6 April 2001 and 17 and 18 March 2003, whereas the increases produced by M-class ﬂares
on 28 March 2001, 21 April 2003, and 19 February 2005 were smaller. The X-ray ionization produces a broad
peak in the electron density proﬁles at about 100 km. In Figures 2a–2f E region peaks are observed at altitudes 108, 113, 115, 105, 109, and 112 km due to the ﬂares of 28 March and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February 2005, respectively. Due to these ﬂares the peak electron densities in the
E region were observed to be 6 × 104, 5.8 × 104, 5 × 104, 5.5 × 104, 5.0 × 104, and 5.2 × 104 cm3 at 12:28,
20:13, 19:38, 13:17, 13:17, and 12:24 UT, respectively The peak electron densities for these six selected X-ray
ﬂares were estimated to be ~ 2 × 104, 7.5 × 104, 4.0 × 104, 4.3 × 104, 1.5 × 104, and 1.9 × 104 cm3 at 12:45,
19:26, 19:10, 12:13, 13:12, and 11:06 UT, respectively. The E region peaks are produced due to absorption of
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Figure 7. Time series for ion density NO produced by X-ray ﬂares on (a) 28 March 2001, (b) 6 April 2001, (c) 17 March 2003,
(d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 in the E region ionosphere of Mars at altitudes 80, 90, 100, 115,
130, 150, 175, and 200 km.

X-rays between wavelength range 10–50 Å [cf. Haider et al., 2002; Mendillo et al., 2006]. We have used solar
X-ray ﬂux observed by GOES 10 between wavelength range 1 to 8 Å. Our estimated peak heights of the E
region ionosphere are lower by 5–10 km as compared to the measured heights. In Figures 10a, 10e, and 10f
the calculated ﬂare peak electron densities for ﬂares of 28 March 2001, 21 April 2003, and 19 February 2005
are lower by a factor of 2 to 5 in comparison to that observed by MGS at the ﬂare time 12:28 UT, 13:17 UT,
and 12:24 UT, respectively. In Figures 10b, 10c, and 10d, we have found reasonably good agreement
between estimated and measured peak electron densities produced by X-ray ﬂares on 6 April and 17
and 18 March 2001, respectively (compare peak electron densities observed by MGS in Figures 2b–2d at
ﬂare time 20:13 UT, 19:38 UT, and 13:17 UT, respectively with the estimated peak electron densities in
Figures 10b–10d at the ﬂare time 19:26 UT, 19:10 UT, and 12:13 UT, respectively).
Figures 11a–11f represent a time series of measured and calculated normalized IEC for X- ray ﬂares on 28
March and 6 April 2001, 17 and 18 March and 21 April 2003, and 19 February 2005, respectively (the IEC is
normalized with minimum value for each respective day of the ﬂare between 00:00 to 24:00 UT). Before
the solar ﬂares occurred, the ionosphere of Mars was calm. Just after the ﬂare an increase of a factor of
~5–10 in the normalized IEC was estimated at 12:45, 19:26, 19:10, 12:13, 13:12, and 11:06 UT on 28 March
and 6 April 2001, 17 and 18 March and 21 April 2003, and 19 February 2005, respectively. The decay of the
ﬂare continues for a longer time period in comparison to the rise of the ﬂare, so it is possible that the
Martian ionosphere can observe this effect after the peak of the ﬂare. Therefore, the effect of X-ray ﬂare
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Figure 8. Time series for ion density CO2 produced by X-ray ﬂares on (a) 28 March 2001, (b) 6 April 2001, (c) 17 March
2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February in the E region ionosphere of Mars at altitudes 80, 90,
100, 115, 130, 150, 175, and 200 km.

remains about an hour in the E region ionosphere of Mars. As a result, measured relative IEC increased by a
factor of ~2.0 at 12:28, 20:13, 19:38, 13:17, 13:17, and 12:24 UT on 28 March and 6 April 2001, 17 and 18 March
and 21 April 2003, and 19 February 2005, respectively. There is a reasonable agreement between measured
and estimated IEC during the ﬂare times, considering that the measurement of the IEC was available only
during the decay phase of the ﬂares. It should be noted that our estimated IEC values are most consistent
with the previous calculated values of Haider et al. [2012] at the ﬂare time. However, a small difference in both
calculations at other UTs is not surprising because their atmospheric conditions are not the same. Both
calculations are made at different MGS observing conditions.

8. Uncertainty in the Model
The time-dependent AYS model depends on the elastic and inelastic cross sections, photoabsorption and
photoionization cross sections, neutral densities, and various chemical reactions. We have taken photoabsorption and photoionization cross sections from different laboratory measurements with uncertainties of
7–12% [cf. Cairns and Samson, 1965; Cook et al., 1966; Lee et al., 1973; McCulloh, 1973; Iida et al., 1986;
Watanabe et al., 1967]. The theoretical cross sections for elastic and inelastic collisions are taken from
Porter and Jump [1978] and Jackman et al. [1977], respectively. These cross sections were found in good
agreement with several investigations and can produce uncertainty about 10% as against the usual experimental uncertainties of 10–15% [cf. Joshipura et al., 2009]. This error can cause 5–7% uncertainties on the
model results at energies above 50 eV [Bhardwaj and Jain, 2009]. We have used solar X-ray ﬂux observed
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Figure 9. Time series for ion density O2 produced by X-ray ﬂares on (a) 28 March 2001, (b) 6 April 2001, (c) 17 March 2003,
(d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 in the E region ionosphere of Mars at altitudes 80, 90, 100, 115,
130, 150, 175, and 200 km.

by GOES at shorter wavelength range 1–8 Å, which has produced ionization peak at about 100 km. This is
below the E region peak by 5–10 km. The soft X-ray varies between wavelength range of 1–90 Å [Haider
et al., 2011; Haider and Mahajan, 2014]. Using solar ﬂuxes at this wavelength range Haider et al. [2002] estimated mean ionization peak at about 112 km in the E region ionosphere of Mars. There is no measurement
of X-ray ﬂux at longer wavelengths during the ﬂare period. Until more observations of X-ray ﬂux at longer
wavelengths are not available GOES 1–8 Å ﬂux at shorter wavelength will remain useful for studying the
X-ray aeronomy of Mars due to effect of ﬂares in the E region ionosphere. The neutral atmosphere and
plasma temperature are not observed for speciﬁc days and locations of MGS observations. Therefore, we
have used estimated neutral density and plasma temperature with uncertainties of ~5–7% [Millour et al.,
2014; Fox, 1993, 2009]. The future measurements of neutral density and plasma temperature will provide
better data than what is known at present. The chemistry in the upper atmosphere depends on neutral
density and plasma temperature. Therefore, it is expected that ion and electron densities can possibly
change when new measurements of neutral density and plasma temperature become available.
Our model does not calculate solar X-ray ﬂux. Therefore, we have used X-ray ﬂux observed by GOES at shorter
wavelength range of 1–8 Å. GOES does not observe a full X-ray spectrum at wavelength range of 1–50 Å
required for the formation of E layer of the ionosphere. There are existing self-consistent models of ionosphere
that can be reﬁned in future to perform such simulations for ﬂare period [Bougher et al., 2004; Gonzalez-Galindo
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Figure 10. Time series for electron density produced by X-ray ﬂares on (a) 28 March 2001, (b) 6 April 2001, (c) 17 March
2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 in the E region ionosphere of Mars at altitudes 80,
90, 100, 115, 130, 150, 175, and 200 km.

et al., 2011, Haider et al., 2012]. The time-dependent production rates, ion density, electron density, and IEC
were not calculated earlier. For the ﬁrst time, we have developed this model. The transport effect is neglected
in our chemical model because this effect is important above 200 km. Our model is useful for studying the time
dependent aeronomical processes due to effect of X-ray ﬂares in the E region ionosphere of Mars.

9. Conclusion
We have identiﬁed six new solar ﬂares that occurred on 28 March and 6 April 2001, 17 and 18 March and 21
April 2003, and 19 February 2005, which have produced enhancement in the electron density of Martian
ionosphere. The time series of photoionization rate, photoelectron impact ionization rate, photoelectron
ﬂux, ion density, electron density, and IEC have been calculated in the E region ionosphere of Mars using
GOES X- ray spectra (1–8 Å). We carried out these calculations at ﬁxed SZA for each ﬂare day because electron densities were observed by the MGS at ﬁxed SZA between 00:00–24:00 UT. The production rates, photoelectron ﬂux, and densities increased by 1–2 orders of magnitude due to the effect of these ﬂares in the E
region ionosphere. The normalized estimated IEC is in reasonable agreement with the normalized IEC
observed by the MGS at most of the UT, except at the ﬂare time. It should be noted that the aeronomy of
Mars in the E region is different from the F region ionosphere. The solar ﬂares increased about 200% and
30% ionizations in the E and F regions as reported by MGS and MEX respectively [cf. Mendillo et al., 2006;
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Figure 11. Time series of the normalized IEC estimated and observed by MGS (a) 28 March 2001, (b) 6 April 2001, (c) 17
March 2003, (d) 18 March 2003, (e) 21 April 2003, and (f) 19 February 2005 due to X-ray ﬂares. The peak ﬂare times
estimated and observed by MGS are indicated on each curves.

Nielsen et al., 2006; Haider and Mahajan, 2014]. During solar quiet condition, the E and F peaks were formed
in the Martian ionosphere at altitudes ~112–115 km and ~125–145 km due to the impact of X-rays (10–90 Å)
and solar EUV (90–1026 Å) radiations, respectively [Haider et al., 2009, 2011]. The E region ionosphere is
strongly perturbed due to X-ray ﬂares. The GOES 1–8 Å ﬂux contributed more to the X-ray aeronomy of
Mars during ﬂare period. The E-peak production rates and photoelectron ﬂuxes increased by 1–2 orders
of magnitudes at ﬂare time. A large increase (by a factor of ~10) in the E-peak density and normalized
IEC were obtained due to X-class solar ﬂares that occurred on 6 April 2001 and 17 and 18 March 2003.
These enhancements were reduced by ~50% due to M-class solar ﬂares, which occurred on 28 March
2001, 21 April 2003, and 19 February 2005. The normalized IEC obtained from the MGS observations
increased by a factor of 2 within 2 h after the ﬂare peak. Thus, a large difference between model and observations can occur, depending upon the time displacement of the measurement with respect to the ﬂare
peak time. A large enhancement in the modeled IEC can also be produced due to the use of GOES X-ray
ﬂux of wavelength range of 1–8 Å, which contains only a small portion of the X-ray spectrum for generation
of the E layer of the ionosphere. The real cause of this difference between observation and model at the
ﬂare peak is not fully known. To understand this difference clearly we need measurements of solar X-ray
ﬂux at required wavelength range (1–50 Å) and MGS proﬁle of electron density at the ﬂare peak time.
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