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Abstract: 

Prior to the Mars Atmospheric Volatile EvolutioN (MAVEN) mission, altitude profiles of 

the electron temperature in the Martian thermosphere were measured only twice. Because 

the rates of several geophysically important processes depend strongly on the electron 

temperature, models of the Martian thermosphere and atmospheric escape rates have not 

been well constrained. In this paper, we use densities and temperatures measured by 

MAVEN instruments and the one-dimensional model of Matta et al, (2014) to test our 

understanding of the processes which determine the electron temperature. Our analysis is 

limited to inbound orbits where the magnetic field is within 30° of horizontal and the 

satellite is within 30° of the sub-solar point at altitudes from 120 to 250 km. We introduce 

empirically adjusted electron temperatures below 180 km, where the MAVEN electron 

temperature measurements are known to be biased high. We introduce the concept of a 

local electron heating efficiency which we define at a given altitude as the ratio of electron 

heating from photoionization to the total EUV energy deposited.   
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Our analysis shows that MAVEN observations are consistent with the one-dimensional 

model below ~210 km if the electron heating efficiency varies with altitude and the electron 

temperature is within the empirical bounds below 180 km we introduced. It indicates that  

above ~210 km electron heat conduction dominates EUV heating in determining electron 

temperature. Our analysis also suggests that in the sub solar region electrons and neutrals 

are in thermal equilibrium below 120 km. 

 

Main point #1: Densities and temperatures measured by MAVEN are used to evaluate 
electron heating and cooling terms in a 1-D energy equation. 
 

Main point #2: MAVEN observations are consistent with the 1-D energy equation below 
~210 km if the temperature is within the empirical bounds below 180 km.  
 
Main point #3: The analysis suggests that electrons and neutrals reach thermal equilibrium 
below 120 km. 
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Introduction 
In planetary ionospheres, electron temperature is determined by a balance between 

heating, cooling, and heat transport and is sensitive to many local and remote drivers. The 

topic has been extensively investigated in the ionospheres of Earth, Venus, Mars, and some 

planetary moons (e.g. Schunk and Nagy, 2009). Until the arrival of the Mars Atmospheric 

Volatile EvoluntioN mission (MAVEN) at Mars in 2014, there were only two measured 

Martian electron temperature altitude profiles from the Viking landers above 200 km 

(Hanson et al., 1977). The rates of several geophysically important processes, such as the 

escape of energetic Oxygen atoms produced by dissociative recombination of O2
+, depend 

strongly on the plasma electron temperature (e.g. Fox and Hac, 2009, Andersson et al., 

2010, Lillis et al. 2015, Ergun et al., 2016, Brecht et al, 2017, and others). Attempts to 

reconcile the Viking electron temperature profiles with models of the ionosphere required 

reasonable but unverified assumptions (e.g. Fox and Yeager, 2006; Withers et al., 2014; 

Matta et al., 2014, Cui et al., 2015; Fallows et al., 2015a, 2015b). 

Recent progress has been made in understanding the Martian thermosphere and 

ionosphere with the advent of better estimates of the EUV spectra incident on Mars and 

observations of Martian photoelectrons (e.g. Liemohn et al., 2003, Xu et al., 2015, Peterson 

et al., 2016, Sakai et al., 2015, 2016). The MAVEN data provide an opportunity to test our 

understanding of the relative importance of the various drivers of electron temperature in 

the Martian ionosphere.  

Here we use measured values of densities and temperatures of thermospheric and 

ionospheric constituents in a one-dimensional formulation of the energy equation. 

Specifically, we follow the formulation used by Matta et al., (2014) which is shown as 

Equation 1. 
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Here Ne and Te are the electron density and temperature, k is the Boltzmann constant; 

Qe is the local electron heating from solar EUV radiation; Le is the sum of the 5 electron 

cooling terms described in Appendix A of Matta et al., (2014);  is the angle between the 

magnetic field direction and the horizontal, i.e. the dip angle; Z is the local vertical direction; 

 e is the electron coefficient of thermal conductivity; and Ve is the electron velocity. We use 

the expression for   e given in Matta et al. The five terms on the right side of Equation 1 

represent local electron energy source and loss rates. Here we refer to them respectively as: 

electron heating, electron cooling, conduction, adiabatic expansion and advection. This 

equation is valid under draped magnetic field conditions where the magnetic field is nearly 

parallel with the Martian surface. 

Equation 1 states that the sum of energy source/loss rates at any altitude is 

proportional to the time derivative of the electron temperature at that altitude. All terms in 

the energy equation except the heating term depend on the local electron temperature. If 

there are no missing heating / cooling terms, and if the sum of the terms is zero within 

observational uncertainties at a given altitude, electrons are near thermal equilibrium there. 

The purpose of this paper is to get a better understanding of the relative magnitudes of 

electron thermalization processes in the energy equation. MAVEN measurements are used 

to calculate the magnitude of the sum of the electron energy source/loss rates and it’s 

observational uncertainty as a function of altitude within 30° of the sub solar point on 

draped magnetic field lines at altitudes from 120 to 250 km. Values of the sum near zero 

indicate thermal equilibrium; values greater than the uncertainty of the sum indicate 
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missing heating/cooling terms. As part of this analysis, we develop an empirical method to 

adjust for the systematic upward bias in MAVEN electron temperature measurements 

below ~750 Kelvin (Ergun et al., 2015), and estimate the uncertainty in the measured sum 

terms in the energy equation.  

Data and Analysis 
Data from three of the MAVEN instruments are presented: Electron temperature and 

density from the Langmuir Probe and Waves (LPW) instrument (Andersson et al., 2015), 

thermal ion and neutral densities and temperatures from the Neutral Gas and Ion Mass 

Spectrometer (NGIMS) instrument (Mahaffy et al., 2015), and daily total solar ionizing 

irradiance incident on Mars from the Extreme UltraViolet Monitor (EUVM) instrument 

(Eparvier et al, 2015). Data from the Magnetometer (MAG) instrument (Connerney et al., 

2015) are used to select orbits for analysis. 

We focus on data obtained from the inbound leg of the 218 orbits within 30 of the sub 

solar point from 120 to 250 km. These data were acquired in near northern spring 

equinoctial conditions in May 2015 and May 2017. During the 2015 interval, a MAVEN deep 

dip campaign sampled altitudes down to ~120 km (Ergun et al., 2015). During the 2017 

interval periapsis was at ~160 km. All altitudes presented and discussed are with respect to 

the aeroid. The observed magnetic field was in a fully draped configuration (i.e. magnetic 

dip angle less than 30 in each of the 5 km sample bins) for the inbound portion below 300 

km for 64 of these orbits. Data obtained under draped magnetic field conditions were 

obtained in 2015 on 25 orbits and in 2017 on 39 orbits. Figure 1 presents median electron 

temperature vs altitude in 5 km altitude bins for all 218 orbits considered in panel A. In 

panel B electron data for the subset of 64 orbits the magnetic fields was in the draped 



 
© 2018 American Geophysical Union. All rights reserved. 

configuration are displayed. For electron temperatures below ~750 Kelvin, the uncertainty 

in the LPW electron temperature fitting procedure becomes larger than the estimated 

temperature. Below this range the measured LPW temperatures are generally upper limits 

to the electron temperature (Ergun et al., 2015, Fowler et al., 2015). The temperature 

values near 550 Kelvin independent of altitude on some orbits between 150 and 180 km are 

features of the fitting procedures. The feature in the electron temperature around 150 km 

in Figure 1 is currently under investigation by the LPW team. It is unclear if this feature is 

real or an instrumental artifact. We note that the variability of the electron temperatures 

above 160 km is not significantly reduced under draped magnetic field conditions. Below 

160 km the effect of draped magnetic fields on temperature variability is not clear because 

of limited data.  

For each of the 64, sub solar, draped magnetic field configuration orbits we have 

assembled the density and temperature data presented in Figure 2. These data have been 

broken down into data acquired in May 2017 during low solar irradiance conditions in 

panels A and C and in May 2015 during more active solar conditions in panels B and D. The 

median solar irradiance at Mars in the 0 - 90 nm range is 34% higher in the 2015 interval, 

being 1.82 x 10-3 compared to 1.36 x 10-3 W/m2 in the 2017 interval. Panels A and B show 

the electron temperature data shown in Figure 1 sorted into solar quiet (A) and active (B) 

intervals. The vertical lines in panels A and B below 190 km show the CO2 temperatures 

derived from the CO2 density profile below 190 km. Panels C and D present the electron, O, 

and CO2 densities as indicated. Individual orbit data are shown as black lines. Median values 

are indicated by red lines. Note that the CO2 temperatures are a median characteristic 

temperature below 190 km for the selected orbits, not a temperature profile. The median 

Mars Solar Orbit (MSO) latitude and solar zenith angles where the data in panels A and C 
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were acquired are 21° and 38°; for panels B and D the median MSO latitude and solar zenith 

are 3° and 20°, respectively. In a typical deep dip pass below 200 km shown in panels B and 

D, MSO latitude and solar zenith angle varied by ~ 20 degrees. For the data shown in panels 

A and C, MSO latitude and solar zenith angle varied by ~15 degrees below 200 km. 

We use MAVEN measured quantities to calculate or estimate the magnitudes of the five 

terms in the energy equation as a function of altitude for the inbound segments of the 64 

orbits meeting our criteria. Equation 1 applies locally. Calculation of local electron heating 

from photoionization (Qe) directly from MAVEN measurements requires a model that 

calculates both the local total energy deposition rate (QT), and the rates of processes, such 

as neutral heating, air glow production, and energetic photoelectron production that do not 

contribute to local electron heating. The purpose of this paper is to test our understanding 

of the processes that determine the electron temperature, not to develop a new model for 

the Martian thermosphere. Our approach to estimating Qe is to first calculate QT by using 

MAVEN EUVM solar EUV and NGIMS density data to produce a daily Chapman production 

function as a function of altitude for each 0.1 nm bin and integrating it from 0.5 to 90 nm as 

described in Thiemann et al., (2017). We use the cross sections given in Fox (1991). QT is an 

upper limit to Qe. In the discussion section below we introduce “electron heating efficiency” 

to explore how varying the relative magnitude of Qe/QT affects agreement between MAVEN 

data and the model. 

Figure 3 shows the values of the first three terms: The upper limit of electron heating 

indicated by red, the negative electron cooling rate indicated by blue, and conduction 

indicated by the + symbols. Negative conduction rates are not shown. The total heating 

term in panel B maximizes at 6x105 at eV-cm-3-s-1 at ~140 km. The second term in the 
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energy equation (Le) is the sum of electron cooling resulting from electron scattering. 

Following Matta et al., (2014) we consider elastic collisions of electrons and CO2, inelastic 

vibrational and rotational collisions of electrons and CO2, inelastic fine structure interactions 

of electrons and atomic O, and elastic collisions with ions. To evaluate the cooling terms, we 

use the equations and electron thermal conductivity given in Appendix A of Matta et al., 

(2014).  The sum of electron cooling from these processes is indicated by the blue lines in 

Figure 3. The sum of the cooling terms in panel B minimizes at -1 x 106 ev-cm-3-s-1 at 120 km. 

The third term in the energy equation shown in Figure 3 as + symbols is conduction. This 

term depends on the product of second derivative of temperature as a function altitude and 

the sine squared of the magnetic dip angle. The majority of conduction values are positive 

and shown in Figure 3. The temperature altitude profiles shown in Figure 2A and B are often 

nonlinear with altitude which results in larger second derivatives as a function of altitude. 

The combination of relative small sine squared terms and larger second derivatives of Te 

with altitude associated with rapid spatial and/or temporal variations of Te results in the 

large variations in the conduction term.  

The fourth and fifth terms of the energy equation (1) are adiabatic expansion and 

advection respectively. Both terms depend on the vertical electron velocity (Ve). Vertical 

electron velocity is approximately upward and perpendicular to the draped magnetic field in 

the orbits we selected. MAVEN instruments lack the sensitivity to determine Ve. However, a 

robust upper limit to Ve can be obtained by considering measurements of field aligned 

currents. Brain and his colleagues (David Brain, private communication) have used 

magnetometer data from MAVEN and Mars Global Surveyor (MGS) to study field aligned 

currents and their relation to Martian aurorae. They estimate that the MAVEN and MGS 

magnetometers are sensitive to field aligned currents (FAC) greater than 10-7 A/m2. They 
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have detected field aligned currents only near regions with strong crustal fields where the 

magnetic field is not in the draped configuration we are investigating. They have not 

detected FAC’s on draped magnetic field lines. Fillinghim (2018), however, has observed 

horizontal (not vertical) FACs on draped magnetic field lines below 200 km on MAVEN with 

an intensity of ~10-6 A/m2. If we assume an upward uniform current of 10-6 A/m2 in the 

draped magnetic field region, we obtain an extreme upper limit of the electron upward 

velocity and therefore upper limits to the adiabatic expansion and advection terms. Upper 

limits to these terms are shown in Figure 4. The low values of the upper limits to the 

adiabatic expansion and advection terms shown in Figure 4, compared to the heating, 

predominant cooling, and conduction terms shown in Figure 3 demonstrate that adiabatic 

expansion and advection are not dominant drivers of electron temperature in the Martian 

sub-solar ionosphere. 

Figure 5 shows the sum of the five terms of the energy equation (1) as a function of 

altitude. This sum is proportional to the time derivative of Te at each altitude. The sum 

comes from a large positive term (estimated upper limit of the heating rate), a large 

negative term (cooling), and the conduction term which is variable. Values less than the 

uncertainty in the sum indicate local thermal equilibrium. Before discussing the uncertainty 

in the values presented in Figure 5 we examine the components of the cooling term.  

In the paragraphs below we use medians of the quantities shown in Figures 3,4, and 5. 

We defer discussion of the uncertainties associated with the deviation of measured values 

from the medians. We also address the known upward bias of measured electron 

temperatures less than 750 Kelvin below. Figure 6 shows the absolute values of the median 

values of the upper limit of heating (black line) and conduction (dashed black line) profiles 

from Figure 3.  Also shown with colored lines are the components of the cooling term 



 
© 2018 American Geophysical Union. All rights reserved. 

explained in the Appendix of Matta et al., (2014). Note that to evaluate the CO2 vibrational 

cooling rates, we have used the formulation given in equation 43 of Dalgarno (1969) which 

differs from than that given in equation A12 in Matta et al.  The colored lines in Figure 6 

display these sub-terms as a function of altitude. The dot-dash black lines are the sum of the five 

cooling terms. The orange lines show cooling by inelastic collisions with CO2 due to vibrational 

interactions. The purple lines give cooling by rotational interactions with CO2. The blue lines show 

cooling by inelastic fine structure interactions with O. The red lines present cooling by elastic 

collisions with ions. Finally, the brown lines give cooling by elastic collisions with CO2. The dominant 

cooling term is CO2 vibrational cooling. 

The cooling rates shown in Figure 6 depend on electron, ion, and neutral temperatures. 

We set the ion temperature to the average of the electron and neutral temperatures.  

Measured electron temperatures are upper limits below values of about 750 Kelvin 

(Andersson et al., 2015, Ergun et al., 2015, Fowler et al., 2015). This means that the cooling 

rates below ~180 km come from using upper limits of the electron temperature, rather than 

actual values of the electron temperature, which we know to be lower. In addition to 

adjusting the cooling rates by using more accurate temperatures, we also must consider the 

possibility that one or more of the cross sections used to calculate cooling could be 

incorrect. In particular, we consider the work of Campbell et al., (2008), who suggest, based 

on model/data comparisons of the Venusian thermosphere, larger cross sections of electron 

impact excitation of CO2 vibrational modes. These larger cross sections increase the cooling 

rate of electrons interacting with CO2 at the lowest temperatures.  

There are several ways to estimate the electron temperature as a function of altitude 

where only upper limits to its value are available. The simplest is to scale linearly in altitude 

from 180 km where the MAVEN LPW temperature values are valid (i.e. > 750 Kelvin) to the 
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neutral temperature at the altitude where electrons are in thermal equilibrium with the 

neutrals. The altitude and temperature where thermal equilibrium is established is, 

however, uncertain. Bougher et al., (2015) report modeled and observed neutral 

temperature profiles to the lowest altitude (120 km) sampled by MAVEN. Their model 

profile is reproduced as the red line in Figure 7.  

To bound the range of possible low altitude temperatures, we assumed two extreme 

temperature extrapolations. The first indicated by dashed lines scales linearly from an 

assumed thermal equilibrium of 75 Kelvin at 120 km to those measured by MAVEN/LPW at 

180 km. The second method, indicated by the dash dot lines, scales from an assumed 

thermal equilibrium of 100 Kelvin at 80 km to the temperature measured by MAVEN/LPW at 

180 km. 

Ergun et al., (2015) have also reported an empirical fit to the temperature profiles 

obtained in the sub solar region during high solar irradiance conditions. These orbits include 

ones not meeting our draped magnetic field line conditions. The Ergun fit to measured 

temperatures is shown as a green line in Figure 7. It gives higher electron temperatures 

below 160 km than either of our empirical extrapolations. 

Figure 8 presents temperature adjusted cooling rates using the electron temperature 

profiles shown in Figure 7 where the solid and dashed colored lines correspond with the 120 

km and 80 km temperature extrapolations, respectively. Only the dominant C02 vibrational 

cooling rates are shown. The orange lines are derived from the CO2 vibrational cooling rates 

given in Dalgarno (1969). The green lines report cooling rates calculated using the Campbell 

et al., (2008) cross sections. Also shown are the unadjusted cooling rates (dotted green and 

orange lines), and an estimate of the upper limit of the electron heating term Qe (solid black 

lines).  For both intervals cooling is dominated by vibrational interactions between CO2 and 
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supra thermal electrons. The cooling rates calculated using the Campbell et al., (2008) cross 

sections are more sensitive to electron temperature variations. There are uncertainties 

associated with both the observed neutral and adjusted electron temperatures used to 

calculate the cooling rates seen in Figure 8. Uncertainties in the neutral temperature are a 

few 10’s of degrees Kelvin. The uncertainty of several hundred degrees Kelvin in the 

adjusted electron temperatures shown in Figure 7 below 160 km leads to the large range of 

possible cooling rates, i.e. the range between the solid and dashed colored lines shown in 

Figure 8.  

Figure 9 presents estimates of the sum of the median values of the five terms of the 

energy equation (1) as a function of altitude for temperature adjusted cooling rates (green) 

and cooling rates calculated using measured electron temperatures (black). Solid lines 

indicate positive values; dot dash lines below ~ 155 km indicate negative values of the sum. 

Terms calculated using temperatures extrapolated to 75 Kelvin at 120 km are shown as solid 

lines; terms calculated using temperatures extrapolated to 100 Kelvin at 80 km are shown as 

dashed lines. The sum using the temperature extrapolation to 120 km is positive over the 

full altitude range; the sum using the extrapolation to 80 km is negative below 140 km as 

indicated by the green dash dot line. The electron heating rates used to produce Figure 9 

are upper limits to electron heating (QT). The error in the sum of heating rates depends on 

both measurement error and uncertainties in the cross sections used. We estimate the error 

in the sums to be the square root of the sum of squares of 25% of the absolute magnitude 

of the upper limit of the heating, cooling, advection, and adiabatic expansion terms and 

100% of the conduction term. The error estimate of the sum of terms is shown as a red line 

in Figure 9. Note the sums in this and following figures includes the Campbell et al., (2008) 
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vibrational interaction terms. We have elected to use the Campbell et al. cross sections 

because they are more consistent with work of Morrison and Green (1978). 

Figure 9 shows that the net sum of heating and cooling terms above ~160 km is larger 

than its uncertainty for high (Panel B) solar activity. Below this altitude the sum is a sensitive 

function of the electron temperature adjustment used. The adjustment that assumes 

thermal equilibrium with the neutrals at 120 km (solid green line in Figure 9) gives lower 

electron temperatures and lower cooling rates. The other extreme adjustment that assumes 

thermal equilibrium at 80 km (dashed green line in Figure 9) gives electron temperatures in 

the 400 to 550 Kelvin range between 120 and 140 km, higher cooling rates, and a negative 

net sum. 

The heating term included in the sums shown in Figure 9 (QT) is the total energy 

deposited as a function of altitude. This includes energy that goes into heating neutrals, 

generating visible and UV emissions, production of energetic photoelectrons and other 

process that do not contribute to local electron heating (Qe). The purpose of this paper is to 

use MAVEN data to test our understanding of the relative importance of the various drivers 

of electron temperature in the Martian ionosphere, not to develop and implement a 

detailed model of how energy flows through the system and heats electrons. In the 

introduction, we introduced “electron heating efficiency” analogous to (neutral) heating 

efficiency used in many thermospheric models (e.g. Bougher et al., 2009 or Richards, 2012 

and references therein). We defined electron heating efficiency as the per-cent of local 

energy deposited by EUV irradiance (QT) that results in local heating of electrons (Qe). This 

efficiency factor is inherently a function of altitude.   

Figure 10 presents on two linear scales the net heat/cooling rate using electron heating 

efficiencies of 10% (black), 20% (orange), 30% (purple), and green (90%) using the Campbell 
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et al., (2008) vibrational cooling rates for the two intervals under consideration. The top 

panels (A and B) cover the ranges from  2x104 and  4x105 respectively; the bottom panels 

(A* and B*) cover the ranges from  2x103 and  4x104. Data are shown for the two 

temperature adjustments of cooling rates given in Figure 8. Solid lines indicate cooling rates 

calculated assuming electron/neutral temperature equilibrium at 120 km at 75 Kelvin. 

Dashed lines assume electron/neutral temperature equilibrium at 80 km at 100 Kelvin. 

The net electron heating/cooling rates at any altitude are proportional to the time 

derivative of the electron temperature at that altitude. Values of the sum that are within the 

limits of uncertainty (i.e. red lines in Figure 10) are consistent with electron thermal 

equilibrium. Although not visible in Figure 10, even the 10% local electron heating efficiency 

assumption results in sums that are greater than the estimated uncertainty above ~200 km. 

This and other features in Figure 10 are discussed below.  

Discussion 
MAVEN measurements of electron temperature and calculated local energy source/loss 

rates in the Martian sub-solar ionosphere in the framework of the one-dimensional model 

of Matta et al., (2014) have been presented above. MAVEN data were acquired in sub-solar 

regions where the magnitude of the latitude and longitude in MSO coordinates are less than 

30° and the magnetic field is in a draped configuration (i.e. the direction of the local 

magnetic field is within 30° of horizontal below 300 km for the inbound portion of each 

orbit).  

The energy equation (1) relates the time derivative of the electron temperature to the 

sum of local energy source/loss rates. Because electrons have high collision rates below 250 

km, they equilibrate to local conditions on time scales much shorter than the ~10 minutes 

required to obtain an altitude profile on an inbound MAVEN orbit. All terms in the energy 
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equation except the heating term depend on the local electron temperature, so if the sum 

of the terms is near zero within observational uncertainties at a given altitude, electrons are 

near thermal equilibrium there.  

Ergun et al., (2015) show that the electron temperatures measured by the MAVEN LPW 

instrument and presented in Figure 2 are generally valid for values greater than ~750 Kelvin. 

They are systematically biased to yield a higher measurement of Te than the actual value for 

a temperatures below this threshold detection value. We introduced an empirical method 

to adjust the measured Te to more accurately reflect the actual electron temperatures 

below 180 km. Specifically linear extrapolations of the electron temperature at 180 km to an 

estimate of the neutral temperature at an estimated altitude where the electron and 

neutral temperatures are equal are used. We choose the two end points of the 

extrapolation to bound the range of possibilities: 75 Kelvin at 120 km and 100 Kelvin at 80 

km. The measured and empirically adjusted electron temperature profiles are presented in 

Figure 7. The Ergun et al., (2015) fit to the measured temperature profile also shown in 

Figure 7 gives higher temperatures below 160 km than either of our empirical adjustments. 

The dominant vibrational electron-CO2 cooling rates presented in Figure 8 were 

calculated using measured densities and temperatures and two independently determined 

cross sections. The values given by orange lines were calculated using the equation 43 in 

Dalgarno (1969). The values presented as green lines were calculated using the Campbell et 

al., (2008) cross sections. Campbell et al., used these larger cross sections to explain 

Venusian electron temperatures. Campbell and his colleagues suggested the cross sections 

should also be applied to the Martian ionosphere. Above 180 km, where the temperatures 

are not adjusted, the Campbell cross sections give systematically larger cooling rates. Below 

180 km we consider a range of adjusted temperatures.  Below 160 km the range of adjusted 
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cooling rates calculated using the Campbell cross sections is larger and includes the range 

calculated using the Dalgarno cross sections. We have elected to use the Campbell et al. 

cross sections in the analysis below because Campbell et al. show that they are more 

consistent with work of Morrison and Green (1978). 

The upper limit to the heating rates (QT) presented in Figure 8 and used in calculating 

the net sum of heating and cooling rates displayed in Figures 9 show that the sum of the 

heating and cooling rates, even when adjusted electron temperatures are used, is greater 

than or equal to the error estimate for altitudes above 140 km under both conditions of 

solar irradiance considered. It is necessary therefore to consider the partition of deposited 

energy into processes that do and do not locally heat electrons. Rather than develop and 

implement a new photochemical model that includes photoelectron energy transport, we 

introduced the concept of local electron heating efficiency. We defined electron heating 

efficiency as the per-cent of local energy deposited by EUV irradiance (QT) that results in 

local heating of electrons (Qe in equation 1). Richards (2012) estimated that, on Earth, half 

of the locally deposited EUV photon energy goes into the translational energy of 

photoelectrons and most of the other half goes into the potential energy of ions which 

drives the local photochemistry. The model developed by Jain and Bhardwaj (2011) shows 

that ~10% of the solar EUV irradiance goes directly into visible and UV emissions and that 

this fraction is relatively constant with altitude. EUV irradiance also provides energy to 

neutrals, ions and photoelectrons. It also provides chemical energy that can lead directly to 

ion or neutral escape (e.g. Richards, 2012; Lillis et al., 2017), and not contribute to local 

heating of electrons. Energetic photoelectrons can deposit their energy either locally, when 

their mean free paths are short, or non-locally, when their mean free paths are long.  
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Figure 10 demonstrates that the net heating/cooling rates between ~140 and ~210 km 

calculated using MAVEN data are generally within their estimated uncertainties for electron 

heating efficiencies between 10% and 30%. In the rest of this section we discuss the relative 

importance of terms in the energy equation in the altitude region between ~140 and ~210 

km, above 210 km, and below 140 km. 

Altitudes between 140 and 210 km 
 

The comparison of   model, observations, and observational uncertainties between 

~140 and ~210 indicates that equation 1 evaluated with temperature adjusted MAVEN data 

and the electron-CO2 vibrational excitation interaction parameterized by Campbell et al., 

(2008) is consistent with electron thermal equilibrium in this altitude range. We do not have 

to introduce other sources or sinks of energy or systematic errors in the cross sections used 

to calculate the heating and cooling rates to get model/data consistency. The relatively large 

uncertainty of the values shown in Figure 10, however, do not allow us to determine if the 

electron-C02 vibrational excitation interaction parameterized by Campbell et al., (2008) is 

better than that used by Dalgarno (1969).    

The empirical electron heating efficiency factor shown in Figure 10 appears to depend 

on solar activity as well as altitude. Low solar activity (Panel A) suggests a factor less than 

10%, whereas high solar activity suggests a factor of ~20%. The large uncertainties in the 

sum of the terms in the energy equation do not allow us to confirm this suggestion, 

however.     

Regarding photoelectron energy transport: most energetic photoelectrons depositing 

energy in the sub-solar region are produced there.  In the sub-solar region below 200 km 

and in the draped magnetic field configuration we are investigating, photoelectron energy 

deposition is essentially a local process. Peterson et al., (2016) and others have shown that 
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most of the photoelectron energy is carried by photoelectrons with energies less than 100 

eV. Below 200 km the electron gyro radius for electrons with energy less than 100 eV is on 

average less than 1.5 km. In the draped magnetic field geometry and 5 km altitude bins 

under consideration this means that vertical transport of energy by photoelectrons is 

negligible. 

Photoelectrons carry energy parallel to the draped magnetic fields and deposit it away 

from their production point. The characteristic distance for parallel energy transfer is their 

mean free path, which depends on energy, neutral density, and total cross sections. We 

determined that for the average low solar activity conditions and magnetic configurations 

below 200 km investigated the mean free paths for 1, 20, and 100 eV photoelectrons are 

less than 200, 800, and 2000 km respectively. For the densities encountered in the average 

high solar activity conditions investigated, the mean free paths are at least half those values. 

We are comparing data acquired in the sub-solar region within 30° or ~1,700 km of the sub-

solar point. Most photoelectrons produced in this region will therefore deposit their energy 

within it. More important most energetic photoelectrons depositing energy in the sub-solar 

region as we define it are produced there.  

 

Altitudes above 210 km 

Figure 3 shows that above 210 km the conduction term, sin2


 

  
    

   

  
 , is 

comparable in magnitude to, and has more variability than, the other terms in the energy 

equation. The conduction term depends primarily on the second derivative of the electron 

temperature with altitude (z). The magnetic dip angle () is less than 30 for the data 

presented here, and the electron coefficient of thermal conductivity (e) increases 

monotonically with altitude. Sub solar electron temperature altitude profiles, however, are 
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seldom monotonic. Ergun et al., (2015), Fowler et al., (2015), Sakai et al., (2016), and Figure 

2 show altitude profiles of electron temperature above 200 km which do not have a 

monotonic increase of temperature with altitude, but rather increasing and decreasing rates 

of temperature with altitude. These normally occurring changes in electron temperature 

with altitude give rise to large and variable values of the second derivative of temperature 

with altitude and consequently to the magnitude of the conduction term. It is not possible 

to determine the relative magnitudes of the spatial and temporal components of the 

observed electron temperature variations. The estimate of total uncertainty in the sum of 

terms in the energy equation shown in Figures 9 and 10, includes an estimate of 100% 

uncertainty in the median value of the conduction term. The analysis above shows that the 

conduction term dominates the sum of the terms in the energy equation above 210 km 

altitude. The data above 210 km also suggest that there are energy sources (heating terms) 

at high altitudes and/or upstream or downstream of the sample locations that are not 

included in the energy equation we are using.  

Ergun et al., (2006) suggested that ionospheric electrons could be directly heated by 

electric field power generated in the solar wind that propagates into the ionosphere. Fowler 

et al., (2017), show that below about 200 km, heating by this mechanism is negligible. At 

higher altitudes wave heating, a term not included in the energy equation used here, would 

increase the electron temperature. Sakai et al., (2016), however, found that higher than 

expected electron temperatures in 300 km altitude range could be reproduced using specific 

sub solar magnetic field configurations. 

We find that, above 210 km in the sub solar region, electron heat conduction is the 

dominant term in the one-dimensional heat equation considered. The analysis is also 

consistent with plasma wave heating and magnetic configuration effects significantly 
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contributing to determining electron temperature above 210 km.  The observations 

presented here, however, do not have adequate time or altitude resolution to determine 

the relative magnitudes of these processes. 

 

Altitudes below 140 km 
 

Figure 3 shows that the maximum rate of EUV energy input occurs below ~140 km and 

that cooling rates continue to increase below this altitude. This is consistent with the 

altitude of peak electron density (124 km) derived by Ergun et al., (2015) from 28 sub-solar 

orbits including both those from the draped magnetic field conditions investigated here as 

well as magnetic field configurations modified by Martian crustal fields. It is also consistent 

with the EUV absorption estimates of 135 km for the same orbits made by Mendillo et al., 

(2017).  

Below the altitude of peak EUV energy deposition the neutral density becomes so large 

that even the most energetic photoelectrons deposit their energy locally. Since ~10% of the 

EUV energy goes directly into visible and UV emissions (e.g. Jain and Bhardwaj, 2011), the 

maximum possible heating efficiency is ~90%. Figure 8B shows that below 200 km cooling 

rates depend strongly on electron temperature. Temperature adjusted cooling rates that 

assume electron-neutral thermal equilibrium at 120 km and a 90% heating efficiency (solid 

green line) give a sum of the terms in the energy equation near or below the lower limit of 

the uncertainty in the sum. Whereas, the significantly larger temperature adjusted cooling 

rates assuming electron-neutral thermal equilibrium at 80 km (dashed green lines) give a 

sum of terms in the energy equation less than the upper limit of the uncertainty below ~140 

km.  This is consistent with the two assumed adjusted temperature profiles shown in Figure 

7 bounding the range of actual temperature profiles.  This result suggests: 
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1. That the altitude where electrons and neutrals are in thermal equilibrium lies 

below 120 km.  

2. The electron temperature profile given by Ergun et al., (2015) shown by the 

green line in Figure 7 over estimates the electron temperature below ~150 km. 

It is important to note that all of the data obtained below 140 km are obtained near 

periapsis.  Here the separation of vertical and horizontal variations in plasma parameters is 

difficult and the empirically adjusted electron temperatures used in the calculation are all 

below 750 Kelvin, and as such may be biased.  The limited data available to date below 140 

km in the sub-solar region, therefore, preclude a more detailed examination of variations in 

peak EUV energy deposition, electron temperature, and peak electron density. 

 

Other considerations 
 

Jakosky et al. (2017) reported that in May 2015 the Martian homopause was between 

110 and 140 km and the exobase between 180 and 190km. Later in the mission when the 

solar irradiance was lower the exobase was as low as 150 km. (The homopause is the 

altitude below which the neutral atmosphere is characterized by one scale height; the 

exobase is the altitude where neutral particles transition from a collision dominated to a 

transport dominated environment). No features in the electron temperature or the local 

electron heating or cooling rates were found associated with the Martian homopause or 

exobase.  

Conclusions 
 

We used electron temperatures and densities measured on the MAVEN spacecraft 

during two intervals where the sub-solar Martian ionosphere was sampled on draped 

magnetic field lines below 250 km to examine the relative importance of terms in the 
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electron energy equation. As part of our analysis we introduced methods to empirically 

adjust electron temperatures below 750 Kelvin where temperatures measured by the LPW 

instrument are upper limits to the real electron temperature. We introduced and used the 

concept of electron heating efficiency to probe the MAVEN data and our simple one-

dimensional model. 

The analysis shows that: 

 The observationally based electron heating efficiency tool we introduced is not 

precise: multiple values are consistent with the data and empirical bounds on 

electron temperatures we introduced in Figure 7. 

 MAVEN observations are consistent with the one-dimensional model below 210 

km if the electron heating efficiency varies with altitude and solar activity. 

Above 210 km electron heat conduction appears to be the dominant processes 

determining electron temperature. 

 Electron heat conduction rates are determined by spatial and/or temporal 

variations in the electron temperature in our one-dimensional formulation. 

 The adiabatic expansion and advection terms in the energy equation are 

negligible at all altitudes investigated. 

 The CO2 electron vibrational excitation cross sections reported by Campbell et 

al., (2008) as well as those reported by Dalgarno (1969) are both consistent with 

MAVEN observations. 

 MAVEN data and our empirical adjustments to electron temperature suggest 

that the altitude where electrons and neutrals are in thermal equilibrium lies 

below 120 km.  
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 It is possible that other sources or sinks of energy such as wave heating above 

200 km have magnitudes comparable to those we have considered, but the data 

lacks the resolution to demonstrate that they are important.   

 

The MAVEN data and model comparison presented here show that it is now possible to 

make progress understanding electron thermalization processes in the Martian 

thermosphere. The next steps are to evaluate rather than estimate electron heating 

efficiency as a function of altitude, and to extend analysis to regions closer to the terminator 

where photoelectron transport is significant. 
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Figure 1: A) Measured electron temperature vs altitude in 5 km altitude bins for the inbound 

portion of the 218 orbits within 30° of the sub solar point. B) Electron temperature for the 

64 inbound orbit portions where the average magnetic dip angle was less than 30 in each 

altitude bin. The median value in each altitude bin is indicated by the heavy solid line. The 

vertical dashed line at 750 Kelvin indicates the temperature where the uncertainty in the 

measured value is so large that the measured value becomes an upper limit to the 

temperature.  
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Figure 2: Densities and temperatures observed by MAVEN instruments in the sub solar 

region during solar quiet conditions (panels A and C) and solar active conditions (panels B 

and D). Electron and CO2 temperatures are presented in panels A and B. Electron, O, and 

CO2 densities are presented in panels C and D. Individual orbit data are shown as black lines. 

Median values are indicated by thicker red lines. Note that measured temperatures below 

750 Kelvin are upper limits of the electron temperature. See text. 
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Figure 3: Upper limit of electron energy heating (red), cooling (blue), and conduction (black) 

terms in the energy equation (1) as a function of altitude derived from the data presented in 

Figure 2. The absolute values of the conduction term are displayed. Panel A presents data 

for solar quiet conditions, panel B for solar active conditions. Conduction values in Panel B 

below 155 km are small and/or small and negative. 
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Figure 4: Adiabatic expansion (+) and advection (*) terms of the energy equation (1) as a 

function of altitude for lower (panel A) and higher (panel B) solar irradiance. 
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Figure 5: The sum of the terms on the right hand of the energy equation (1) as a function of 

altitude for lower (panel A) and higher (panel B) solar irradiance. Pluses indicate data from 

individual orbits. The thick red line is the median of values in each 5km altitude bin. In Panel 

B the net heating rate is negative below 140 km and is indicated by a dashed line. 
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Figure 6: Absolute values of the median values of the upper limit of heating, conduction, 

and individual cooling terms in the energy equation (1) as a function of altitude for lower 

(panel A) and higher (panel B) solar irradiance. Key: Black line: Upper limit of heating; 

Dashed black line: Conduction; Dot-dash black line: sum of the five cooling terms considered 

here; Orange line: Cooling by inelastic collisions with CO2 due to vibrational interactions; 

Purple line: Cooling by rotational interactions with CO2; Blue line: Cooling by inelastic fine 

structure interactions with O; Red line: Cooling by elastic collisions with ions; and Brown 

line: Cooling by elastic collisions with CO2. Note that the absolute values of the conduction 

term is presented. 
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Figure 7: Neutral and electron temperatures.  The vertical black line shows the  observed 

median temperatures for C02 at the low solar irradiance intervals in May 2017; the vertical 

orange line shows the observed median CO2 temperatures at high solar irradiance and lower 

altitudes in May 2015. The red line is the M-GITM neutral temperature profile that agreed 

well with observed argon temperatures reported by Bougher et al., (2015). The non-vertical 

solid black and orange lines show the electron temperatures measured by LPW for the low 

(black) and high (orange) solar irradiance intervals. The green line is the temperature profile 

given by Ergun et al., (2015). Below ~ 750 K, indicated by the dashed line, the electron 

temperatures measured by the MAVEN LPW instrument are upper limits. Our empirical 

extrapolations of the electron temperature below 180 km which were introduced to bound 

the range of possible electron temperature profiles for the two intervals are indicated by 

the dashed and dash dotted lines. See text. 
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Figure 8: Temperature adjusted values of the median values of the energy deposition and 

vibrational cooling rates a function of altitude for lower (panel A) and higher (panel B) solar 

irradiance. Unadjusted cooling rates are shown as dotted lines. Temperature adjusted 

values are shown below 180 km adjusted to 75 Kelvin at 120 km as solid lines and adjusted 

to 100 Kelvin at 80 km as dashed lines. The black line solid is the total EUV deposition rate 

(QT) which we are using as an upper limit on the local EUV electron heating rate. The orange 

lines are derived from vibrational cooling rates given in Matta et al., (2014). The green lines 

report cooling rates calculated using the Campbell et al. (2008) cross sections. 
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Figure 9: Net heating/cooling rates calculated with the Te altitude profiles shown in Figure 7 

and an estimate of their uncertainty. The sum of temperature adjusted terms on the right 

hand of the energy equation 1 (black) as a function of altitude for lower solar irradiance (A) 

and higher solar irradiance (B). Positive values are shown as solid lines; negative values are 

shown as dot dash lines. The black lines are the median of the unadjusted sum of terms. The 

sum in this and following figures includes the Campbell et al., (2008) vibrational interaction 

terms.  Solid green lines show the temperature extrapolation to 75 Kelvin at 120 km, which 

is positive at all altitudes displayed; dashed green lines show the temperature extrapolation 

to 100 Kelvin at 80 km, which is negative below 140 km as indicated by the green dot 

dashed line. The red line shows estimates of the uncertainty of the sums presented. See 

text. 
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Figure 10: Net electron heating/cooling rates as a function of altitude under the assumption 

that 10, 20, 30%, or 90% (black, orange, purple, green) of the total local heating rate shown 

in Figure 8 results in local electron heating. The top panels (A and B) cover the ranges from 

 2x104 and  4x105 respectively; the bottom panels (A* and B*) cover the ranges from 

 2x103 and  4x104. The thick red lines show estimates of the uncertainty of the sums 

presented. Data for low (high) solar activity are presented in panels A and A* (B and B*). The 

data in panels A and B are reproduced with a smaller range of the abscissa in panels A* and 

B*. Solid lines indicate cooling rates calculated assuming electron/neutral temperature 

equilibrium at 120 km at 75 Kelvin. Dashed lines show results assuming electron 

temperature equilibrium at 80 km at 100 Kelvin. 

 


