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Abstract: Many Mars missions, e.g., Mariner, Viking, Mars Global Surveyor (MGS), Mars Express
(MEX), and Mars Atmosphere and Volatile Evolution (MAVEN), have been launched to study the
Martian atmosphere. These observations have improved our understanding of the ionosphere of
Mars. Observations show that the Martian ionosphere could be divided into an M2 layer (at ~140 km
altitude) and an M1 layer (at ~110 km altitude), ionized by EUV and X-ray solar radiation, respectively.
However, there are still many scientific questions about the Martian ionosphere. A transient topsider
layer (also called the M3 layer, at ~160–~220 km) can frequently be measured above the M2 layer in
the Martian ionosphere. The statistical characteristics of the M3 layer show that it is not irradiated by
solar incident radiation. Many candidate mechanisms have been suggested to explain the formation
of the M3 layer. However, the method of describing or modeling the M3 layer is still one of the many
open scientific questions about the Martian ionosphere. This study used a one-dimensional model,
including photochemical production, loss, and dynamic transport processes to simulate the transient
topside layer in the Martian ionosphere. The M3 layer was reproduced by a perturbed vertical plasma
drift in this study. The enhancement of the electron temperature induced by the dynamic process of
plasma could facilitate the formation of the M3 layer. Our results show that the vertical transport
process of plasma might be more crucial in producing the M3 layer in the topside Martian ionosphere.

Keywords: transient topside layer; Martian ionosphere; M3 layer; simulation

1. Introduction

In the past several decades, many missions to Mars, e.g., Mars Express [1], MGS [2],
and MAVEN [3], have improved our understanding of the atmosphere of Mars. The
Martian ionosphere, as an important part of the upper atmosphere, has also been further
investigated. The altitudinal structure of the Martian ionosphere is similar to that of the
terrestrial ionosphere. The regular electron density profile of the Martian ionosphere can
be divided into the M2 and M1 layers [4]. The M2 layer is mainly generated by EUV
photoionization, and it is located ~140 km above Mars. The maximum electron density
can be found in the M2 layer. The M2 layer varies with the solar zenith angle (SZA). The
M1 layer is located below the M2 layer (~30 km lower than M2 layer). Higher-energy
X-ray photons play a significant role in the formation of the M1 layer. Similarly, the M1
layer varies with the SZA. The metal ion layer, similar to the sporadic E-layer (Es layer)
on Earth, can be observed due the meteoric ablation [5,6]. It mainly occurs below the M1
layer. In the topside ionosphere of Mars (above the M2 layer), a topside layer (or “bulge”),
created by local enhancements of the electron density, can occasionally be measured at
~160–~220 km [7–9].

A simulation of the photochemical production and loss process can reproduce the M1
and M2 layers in the Martian ionosphere. However, the manner by which to produce the M3
layer in the Martian ionosphere is still unknown. Many candidate mechanisms have been
suggested an explanations for the formation of the M3 layer., including solar wind [10,11],
plasma instabilities [12–14], a crustal magnetic field [15,16], plasma temperature [17], Joule
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heating [18], wave-like structures [19–21], etc. Mayyasi et al. [8] analyzed MGS Radio
occultation data (about 5600 ionospheric profiles) to investigate the characteristics of the
M3 layer. They found that the M3 layer did not vary with the solar zenith angle, solar irradi-
ances, or seasons. These characteristics of the M3 layer are inconsistent with some popular
explanations that rely on plasma instabilities, a crustal magnetic field, etc. They might
suggest that the main driver of the M3 layer has still not been revealed and requires further
study. Mendillo et al. [22] further suggested that the altitudinal variations in the electron
temperature (enhancements in the 160–175 km region) might play an important role in the
formation of the M3 layer. Following the work of Mayyasi et al. [8], Mukundan, et al. [9],
studied the properties of the M3 layer (dayside ionospheric profiles) as measured by the Ra-
dio Occultation Science Experiment (ROSE) on MAVEN. They focused on two widely-cited
possible mechanisms (electron temperature and a crustal magnetic field). The results found
by Mukundan et al. [9] suggested that both electron temperature and crustal magnetic field
might not play significant roles in the formation of the M3 layer.

A comparative study of the terrestrial and planetary ionospheres might improve our
understanding of the planetary ionosphere. On Earth, the F3 layer above the regular F2
layer can occasionally be observed in the ionosphere in the equatorial and low-latitude
regions. The large vertical ExB drift plays a critical role in the formation of the F3 layer in
the terrestrial ionosphere [23]. In addition, gravity waves from the lower atmosphere can
also affect the structure of the ionosphere [24,25]. Different from the F3 layer mentioned
above, the F2 layer could be stratified and also form a new layer. In any case, both of the
driver forces can affect the vertical dynamic process of plasma in the ionosphere. Then, a
new additional layer can be produced. The physical mechanism of the F3 layer or F2-layer
stratification (the vertical dynamic process) might give us a candidate for an inspired
reason for the M3 layer in the Martian ionosphere. In the present study, a one-dimensional
model, which includes photoionization production and loss and dynamic processes, was
developed to simulate the M3 layer in the Martian topside ionosphere. It could help us
further understand the physical process involved in the formation of the M3 layer.

2. Model of Daytime Martian Ionosphere and Descriptions

In this study, a one-dimensional model was developed to solve O2
+, CO2

+, O+, and
N2

+ continuity equations for the photoionization production and loss and the dynamic
transport processes:

∂N
∂t

+∇ · (N
→
V) = P− L (1)

where N represents the density of ions,
→
V represents the vertical velocity of ions, P repre-

sents production rates, and L represents ion-loss processes.
The ions in the Martian lower ionosphere are mainly produced through photoioniza-

tion and chemical reactions. Solar radiation is the source of the photoionization, and the
neutral components of the atmosphere absorb the solar extreme ultraviolet (EUV) radiation
and part of the X-rays to produce the ions. Table 1 (a–b) shows the reaction equations
associated with solar radiation in the Martian atmosphere. At the same time, various
chemical reactions can occur between ions and ions, as well as between ions and electrons,
resulting in changes in their density. Table 1 (d–n) shows the chemical reactions and their
reaction rates as used in this model.
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Table 1. The reaction equations and their reaction rates used in the present model [26].

Reaction Rate Constant, cm3/s

(a) CO2 + hν→ CO+
2 + e−

(b) O + hν→ O+ + e−

(c) N2 + hν→ N+
2 + e−

(d) CO+
2 + O→ O+ + CO2 k1 = 9.6 × 10−11

(e) CO+
2 + O→ O+

2 + CO k2 = 1.6 × 10−10

(f) N+
2 + CO2 → CO+

2 + N2 k3 = 8.0 × 10−10

(g) N+
2 + O→ O+ + N2 k4 = 9.8 × 10−12

(h) N+
2 + O→ NO+ + N k5 = 1.3 × 10−10

(i) O+ + N2 → NO+ + N k6 = 1.2 × 10−12

(j) O+ + CO2 → O+
2 + CO k7 = 1.1 × 10−9

(k) CO+
2 + e− → CO + O α1 = 3.1× 10−7 ×

(
300K

Te

)0.5

(l) N+
2 + e− → N + N α2 = 2.2× 10−7 ×

(
300K

Te

)0.39

(m) O+
2 + e− → O + O α3 = 1.95× 10−7 ×

(
300K

Te

)0.7
, Te < 1200K

(n) NO+ + e− → N + O α4 = 4.0× 10−7 ×
(

300K
Te

)0.5

Mayyasi et al. [8] found that the plasma of the M3 layer does not respond to variations
in SZA, solar irradiances, or seasons. Therefore, the averaged values of solar irradiance and
neutral components measured by MAVEN in 2018 were used as the input for this model.
In this study, we averaged the measured irradiance of MAVEN in 2018 to create a new
irradiance model by using the same wavelength bin as SOLAR2000 [27]. This enables the
avoidance of the SOLAR2000 model’s potential inaccuracies associated with calibrating
the effect of solar rotation and orbital variations. Furthermore, the model obtained the
absorption and ionization cross-sections for bins #3–39 from Schunk and Nagy [26]. The
other two bin values were obtained from Verner and Yakovlev [28] and Verner et al. [29],
respectively [22]. Figure 1 shows the solar irradiance values from different wavelength
bins used in this model. In this study, we used three main neutral components, CO2, N2,
and O, which were obtained by averaging the data measured by the neutral component
of the MAVEN NGIMS in 2018. The approximate solution of Equation (1) is achieved by
using finite difference methods. Centered differences were used on the interior points, and
forward differences were used for the border points. The heights range from 125 to 300 km.
At first, the grid-spacing altitude was set to 1 km, 0.5 km, and 0.1 km, respectively, to test
the numerical convergence study of the finite difference methods. We considered the cost
of the running time and the fact that the velocity of plasma is less than 20 m/s in this study.
The grid-spacing altitude was set to 1 km, and the running time step was set to 0.01 s in
this model, which might be accurate enough for this study. Four ion densities of O2

+, CO2
+,

O+, and N2
+ were obtained. The electron density profile was then calculated by adding all

four ion densities together. The electron temperature used in this model was the average
electron temperature as measured by MAVEN during 2018. At first, only the processes of
photoionization production and loss were considered as we carried out simulation of the
background of the Martian ionosphere. Then, the transport process can be added to the
simulation of transient topside layer.
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this model.

Morgan et al. [30] used the ionospheric traces collected by MARSIS over the course of
2 years (from 14 August 2005 to 31 July 2007) to fit the Chapman ionospheric model. Three
parameters (maximum electron density, electron density altitude, and neutral scale height)
were estimated from the MARSIS data. Then, electron profiles were estimated from the
Chapman ionospheric model (an analytical photochemical theory); the electron density N
is given by:

ne = n0 exp
{

0.5 ·
[

1− h− h0

H
− Ch(χ) exp(−h− h0

H
)

]}
(2)

where h is the altitude, H is the neutral scale height of the planetary atmosphere, χ is the
solar zenith angle, n0 is the subsolar maximum electron density, h0 is the altitude of the
subsolar maximum electron density, and Ch is the Chapman grazing incidence function.
Morgan et al. [30] used ionospheric traces collected between August 2005 and July 2007
to fit to the Chapman ionospheric model. Their results showed that the value of n0 varies
from n0 = 1.4× 105 cm−3 to n0 = 1.8× 105 cm−3, h0 varies from 115 km to 135 km, and H
varies from 11 km to 17 km [30].

Although the years of the MARSIS data (August 2005–July 2007) used in the Chapman
model and the MAVEN data (2018) used in the present model are different, the solar
irradiances in these two periods are comparable. Therefore, the electron profiles estimated
from the present model were compared with those from the Chapman model [30] at
different SZAs to test the performance of our model. In this study, the parameters of the
Chapman model were set as n0 = 1.76× 105 cm−3, h0 = 125 km, and H = 11 km for the
Martian ionosphere.

Figure 2 shows the variations of the electron density profile with the solar zenith angle
according to this model, and Equation (2) fits the MARSIS data. The results show that
the electron density profiles matched well with the Chapman layer near the peak altitude
and bottomside ionosphere, especial for the low SZA cases. In the topside ionosphere,
the discrepancy was larger than in the bottomside ionosphere. Vogt et al. [31] also used
ionospheric data from MAVEN to fit the Chapman layer. Their results (see Figure 5
in Vogt et al. [31]) showed that the Chapman layer mostly underestimated the topside
electron density. It is well-known that the Chapman layer mainly represents photochemical
equilibrium in the ionosphere. To further validate the performance of the present model,
observations taken by ROSE on MAVEN in 2018 were also compared with the simulations.
Figure 3 shows the comparison between observations from ROSE on MAVEN and the
simulations. We found that there are some differences between them, especial for SZA = 60◦.
It should be noted that the number of electron profiles from ROSE (about 180 profiles, and
less than 20 profiles for SZA = 60◦) are rare for 2018. However, there are about 12,291 yield-



Remote Sens. 2023, 15, 770 5 of 11

acceptable profile fits to the Chapman ionospheric model [30]. Therefore, it might be
reasonable that the Chapman ionospheric model proposed by Morgan et al. [30] was used
to estimate the performance of this model. As a result, the electron density estimated by
the present model might be reasonable in our study.
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3. Results and Discussion

Both Mayyasi et al. [8] and Mukundan et al. [9] carried out statistical studies of the
characteristics of the M3 layer using the Mars Global Surveyor (MGS) radio occultation data
set and the MAVEN ROSE observations, respectively. Mayyasi et al. [8] proposed that the
M3 layer’s plasma does not respond to variations in the solar zenith angle, solar irradiances,
or seasons. Mukundan et al. [9] also found that the M3 peak density is insensitive to the
SZA. Both M3 peak density and altitude were found to show no latitudinal dependence [9].
Therefore, in this simulation, the SZA was set to 60 degrees to represent a typical case. In
the vertical transport process in the Martian ionosphere, only the perturbation vertical
velocity of plasma was considered for the simulation of the transient topside layer.
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Figure 4 shows the initial electron temperature (Figure 4a); densities of the O2
+,

CO2
+, O+, and N2

+ electrons (Figure 4b); and the perturbed vertical velocity of the plasma
(Figure 4c) profiles in the running model. The initial electron temperature is the average
electron temperature measured by MAVEN during 2018. The initial electron density is
derived from the equilibrium state of the photoionization production and loss processes
with SZA = 60 and the initial electron temperature. The maximum disturbed vertical
velocity is set to 20 m/s at 165 km in the topside Martian ionosphere. Yiğit et al. [32]
reported that the Martian thermospheric GW activity varies strongly with the altitude and
could reach a maximum perturbation at ~170 km. Therefore, it might be reasonable that
the maximum disturbed velocity is set at 165 km in this simulation.

In this simulation, two cases were run to determine the role of the electron temperature
in the formation of the M3 layer. Table 2 shows the two cases with different conditions. The
electron temperature was set to be constant in the first case. In the second case, we assumed
that electron temperature was in the equilibrium state before considering the disturbed
vertical transport of the plasma. Other than the simulations of the electron temperature
by Matta et al. [33], only the effect of the disturbed vertical transport process of ions (or
electrons) on the electron temperature was be considered.
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Table 2. Run modes of the simulation with different parameters.

Run Modes Description

Case 1 Electron temperature is constant in the
simulation.

Case 2
Electron temperature varies with the gradients
of the electron temperature and vertical
velocity, ∂Te

∂t = − 2
3 T ∂V

∂z −V ∂Te
∂z .

Figure 5 shows the altitudinal variations in electron density and temperature in the
present simulation. We found that the transient topside layer could be reproduced in the
topside Martian ionosphere. Case 1, as shown in Figure 5, demonstrates that the transient
topside layer (the M3 layer, located at about 170~180 km) could be simulated although
there were no enhancements of the electron temperature. It suggested that the vertical
transport induced by the perturbed vertical velocity of the plasma could also produce the
M3 layer. In Case 2, with the development of plasma transport in the Martian ionosphere,
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the electron temperature increased in the region of ~175–200 km and decreased in the
region of ~135–175 km (Figure 5). Figure 5 shows the transient topsider layer (the M3
layer, located at about 180 km) more obviously in Case 2 than in Case 1. Apparently, the
enhancement of the electron temperature facilitates the formation of the M3 layer. In the
present simulation, the maximum altitude is, respectively, about 175 km and 180 km in
Cases 1 and 2, respectively. The peak concentration of the M3 layer is about 4 × 104 cm−3.
Figure 6 shows the densities of the O2

+, CO2
+, O+, and N2

+ electrons in Case 1 (left) and
Case 2 (right) at a running time of t = 1000 s. It can be seen from Figure 6 that the M3
layer could also be observed in the main ion (O2

+), but it is not obvious in the other ions.
Figure 7 shows the variation of electron density with the running time used in this model.
The results show that the M3 layer started to occur at about t = 400 s and at t = 300 s in
Cases 1 and 2, respectively. Figure 7 further suggests that the M3 layer is more obvious in
Case 2 than in Case 1. Mayyasi et al. [8] reported that the M3 layer has an average peak
concentration of 9 × 103 ± 3.8 × 103 cm−3, which is mainly located at 175 ± 11 km. The
altitude of the M3 layer in this simulation is consistent with those observations. The peak
concentration of the M3 layer is larger than in those observations. In the region of the M3
layer (about 175 km), the electron concentration is about 3 × 104 cm−3 in the background
topside ionosphere (See Figure 4b). That is the reason that there are some slight differences
in peak concentrations between the simulations and the observations. This might suggest
that the photoionization process of the model overestimates the electron density in the
topside ionosphere. However, the dynamic process of the model was able to reproduce the
M3 layer above the M2 layer. It is still valuable to help understand how the M3 layer is
produced above the M2 layer in the Martian ionosphere.
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In the terrestrial ionosphere, the ionosphere can be divided into the E, F1, and F2
layers. Frequently, the F2 layer splits into two layers during the daytime in the F region
of the equatorial ionosphere. This splitting of the F2 layer was first reported as early as
the 1940s [34,35]. After many studies on the vertical structure of the terrestrial ionosphere,
it is well-known that the splitting of the F2 layer could be caused by the ExB drift and
gravity waves. However, the F3 layer, induced by vertical ExB drift, often lasts for more
than 1 h [24]. The F2 layer stratification induced by gravity waves usually lasts for about
15–60 min [24].
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Subsequently, the new, additional upper layer induced by the ExB drift was called
the F3 layer [23]. After many studies about the F3 layer in the terrestrial ionosphere,
the physical processes involved in the F3 layer became well-understood. The combined
effects of the ExB drift and the meridional neutral wind lift up the F2 layer. The upward
drift raises the peak of the ionosphere to a higher altitude with a lower recombination
rate, and then the plasma converges in the topside ionosphere to form the F3 layer [23].
At the same time, a new F2 layer could be formed in the original region by the usual
photochemical and dynamic effects. The splitting of the F2 layer caused by gravity waves
is F2-layer stratification. Although the driving forces of these two phenomena are different,
the processes of photoionization and the dynamic processes are similar and comparable.
Both can lead to the nonuniform upward drift of plasma in the ionosphere. As a result, a
split in the F2 layer could be formed.
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The process involved in the transient topside layer in Case 1 is similar to that of
F3-layer or F2-layer stratification in the terrestrial ionosphere. It should be noted that, in
Figure 4c, the largest upward velocity of plasma is about ~165 km. However, the transient
layer is located at about 175 km (see Case 1 in Figure 5). When the upward drift in the
Martian ionosphere occurs, the larger upward drift raises the plasma to a higher altitude,
and then the plasma starts to converge due to the lesser upward drift or the absence of
it. In addition, the recombination loss is also less in the higher altitude. As a result, the
transient layer could be formed above the region with the largest upward velocity in the
topside Martian ionosphere.

Many studies [8,17,22] have suggested that the enhancement of the electron tempera-
ture could play a significant role in the enhancement of the electron density in the topside
ionosphere. However, Mukundan et al. [9] found that, in some cases, an enhancement of
the electron temperature was not seen when the M3 layer could be observed. In the second
case, prior to the disturbed vertical transport of the plasma, we assumed that the electron
temperature was in the equilibrium state. Therefore, only the effect of the disturbed vertical
transport on the electron temperature was considered in the simulation. It is reasonable to
think that the enhancement of the electron temperature could lead to the enhancement of
the electron density due to the lower recombination loss. However, the results of this study
suggest that the seeding source of the enhancement of the electron density might not be the
electron temperature. The transport process of the plasma might be more important in the
formation of the transient topside layer. It could lead to plasma convergence due to the
nonuniform upward drift. On the other hand, it also could lead to variations in electron
temperature. Then, both the plasma convergence and the lesser recombination loss induced
by the enhancement of the electron temperature facilitate the formation of the transient
topside layer of the Martian ionosphere. Most important, only the nonuniform upward
drift could also produce the M3 layer. This can be used to explain why the enhancement of
the electron temperature is not seen when the M3 layer can be observed [9].

Could the vertical transport of plasma be present in the topside Martian ionosphere?
On Earth, the large-scale electric field in the F region could originate in the E region and
the magnetosphere. However, it is well-known that there is no global magnetic field
on Mars. Therefore, the electric field in the Martian ionosphere is different from that of
the terrestrial ionosphere. To the best of our knowledge, no directly measured electric
field in the Martian ionosphere has been reported up until now. Therefore, it seems to
be impossible to specify the role of an electric field in the physical mechanism of the
M3 layer in the Martian ionosphere. For that reason, the role of an electric field was not
considered in this study. However, gravity waves could be observed frequently in the
Martian thermosphere [36,37]. As mentioned above, the upward drift of plasma could
also be caused by gravity waves in the ionosphere. Yiğit et al. [32] studied the variations
of Martian thermospheric gravity-wave activity via MAVEN, and they found that GW
activity varies strongly as a function of altitudes, and it reaches a maximum at ~170 km.
This region is near the altitude of the transient topside layer. Collinson et al. [38] reported
the first extraterrestrial observation of traveling ionospheric disturbances (TIDs) in the
Martian ionosphere. TIDs, mostly induced by atmospheric gravity waves, manifest as
oscillating waves in the density, velocity, and composition of plasma in the ionosphere.
Collinson et al. [38] suggested that gravity waves could drive the vertical motion of ions
and produce TIDs in the Martian ionosphere. Jiang et al. [39] also carried out modeling
of ionospheric irregularity seeding via variations of neutral winds induced by gravity
waves. Tian et al. [40] further studied variations of Martian ionospheric irregularities
and suggested that both the upward propagation of atmospheric gravity waves and the
downward propagation of the perturbations of solar wind could drive the disturbance of
the Martian ionosphere. Therefore, it might be reasonable to think that the vertical drift in
the topside Martian ionosphere cannot be ignored when studying the altitudinal structure
of the topside ionosphere.
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4. Conclusions

In this paper, we present a simulation of the transient topside layer (M3 layer) in the
Martian ionosphere. Our results show that the nonuniform upward drift of the plasma
might play a crucial role in the formation of the M3 layer in the Martian ionosphere.
Vertical drift might be the seeding source of the M3 layer and the enhancement of electron
temperature. The vertical transport process could cause not only plasma convergence but
also the enhancement of the electron temperature. The lesser recombination loss caused
by the enhancement of the electron temperature further facilitates the formation of the
M3 layer. Both atmospheric gravity waves from the lower atmosphere and perturbations
of topside ionosphere from the upper solar wind could provide seeding sources for the
disturbances in the vertical transport of the plasma in the topside Martian ionosphere.
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