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Abstract. Mars’ ionosphere is formed through ionization of the neutral atmosphere by solar irradiance, charge exchange, 

and electron impact. Observations by Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft have shown a highly 10 

dynamic ionospheric layer at Mars impacted by loss processes including ion escape, transport, and electron recombination. 

The crustal fields at Mars can also significantly modulate the ionosphere. We use MAVEN data to perform a statistical 

analysis of density depletions of ionospheric species (O+, O2+, and electrons) around crustal fields. Events mostly occur when 

the crustal magnetic fields are radial, outward, and with a mild preference towards east in the planetocentric coordinates. We 

show that events near crustal fields are typically accompanied by an increase in suprathermal electrons within the depletion, 15 

either throughout the event or as a short-lived electron beam. However, no correlation between the changes in the bulk 

electron densities and suprathermal electron density variations is observed. Our analysis indicates that the temperature of the 

major ionospheric species, O2+, increases during most of the density depletion events, which could indicate that some 

ionospheric density depletions around crustal fields are a result of ion frictional heating.  

1 Introduction 20 

The solar extreme ultraviolet (EUV) and X-ray radiations at Mars can ionize neutral species (CO2, O, N2) to create 

ionospheric ions and suprathermal photoelectrons (Schunk and Nagy, 2009). Suprathermal photoelectrons and precipitating 

solar wind electrons can initiate further ionization through impacts with neutrals and cascade in energy to eventually form 

the bulk electron gas in the ionosphere. Through a series of chemical reactions, O2+ and O+ become the most dominant ion 

species at Mars’ ionosphere at altitudes above ~200 km, with O+ having a longer scale height and requiring a smaller escape 25 

energy (Benna et al., 2015; Fowler et al., 2022; Haider et al., 2011; Withers et al., 2019). The peak of the dayside 

ionospheric layer at Mars is typically formed at around 110-150 km altitudes (Girazian et al., 2020; Vogt et al., 2017). Lack 

of a global dipole field at Mars and the short stand-off distance of the bow shock boundary from the surface makes the 

ionosphere highly susceptible to upstream effects. The ionosphere is highly variable due to variations in upstream solar wind 
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conditions and changes ining with the amount of solar flux which varies by the solar zenith angle, seasons, and planetary 30 

orbit variations of upstream solar wind conditions.  

The Martian ionosphere can also be modulated by Mars’ residual crustal magnetic fields that are mostly present in the 

southern hemisphere (Dubinin et al., 2016; González‐Galindo et al., 2021; Withers et al., 2016). Near the crustal fields and 

due to reduced tailward transport rate, For instance, tailward transport rate is reduced near the crustal fields and O+ ions seem 

to linger on the dayside where they are generated on the dayside (Lundin et al., 2011). Strong crustal fields can also trap low 35 

energy ions and reduce the ion pickup and escape rate around these fields (Fan et al., 2019). Effects of crustal fields on 

electrons are more variable and less determined. Statistical studies have shown that electrons trapped on closed crustal field 

lines in general have longer lifetime and exhibit higher densities and lower temperatures compared to other places and these 

effects increase with altitude and are modestly affected by the solar wind conditions (Andrews et al., 2023; Flynn et al., 

2017). In general, elevated plasma densities are observed near crustal fields (Andrews et al., 2015). On the nightside, 40 

suprathermal electrons that can ionize the ionosphere have limited access to the atmosphere around closed crustal magnetic 

fields resulting in smaller ion densities near crustal fields (Girazian et al., 2017). The ionopause, which appears as a steep 

gradient in the bulk electron density altitude profile data, is also suppressed around strong crustal fields as these fields limit 

the access of precipitating electrons (Chu et al., 2019).  

Sudden ionospheric density depletions at Mars have been the topic of several previous studies. In essence,A density 45 

depletions are is a sudden decrease (dip or hole) in the plasma density altitude profile inconsistent with the average(on 

average) exponentially decreasing altitudinal change. Several statistical studies have indicated that although these depletions 

are observed across the entire Martian ionosphere, there is a tendency for observing these dropouts near the crustal fields 

(Basuvaraj et al., 2022; Duru et al., 2011; Withers, 2005). Early investigations on the topic using Mars Global Surveyor 

Radio Science experiment discussed depletions or “bite-outs” observed in anomalous ionospheric density profiles that were 50 

mainly observed near crustal magnetic fields at Mars (Withers, 2005). It was suggested that more analysis of these events is 

necessary to determine the nature of these events. Analysis of data from Neutral Gas and Ion Mass Spectrometer (NGIMS) 

(Mahaffy et al., 2015b) on the MAVEN spacecraft around these structures has shown that these electron deficit structures are 

bubble-like in shape and seem to be more frequent on the nightside (Basuvaraj et al., 2022). Duru et al. (2011) used data 

from Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) instrument onboard the Mars Express 55 

spacecraft to analyze these structures on the nightside and near the terminator regions to show that some events are aligned 

with the onset of a photoelectron boundary. In a study of these depletions on the night side of Mars using the same dataset, 

Cao et al. (2022) argued that while small amplitude depletions of bulk electrons could occur anywhere across the ionosphere, 

large amplitude depressions of the total electron content near strong crustal fields could be, although not always, related to 

shielding of precipitating suprathermal electrons, while small amplitude depletions of bulk electrons could occur anywhere 60 

across the ionosphere. The co-occurrence (or lack thereof) of bulk electron depletion with suprathermal electrons has not 

been established so far.  
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A similar nomenclature was used for certain density structures at Venus’ nightside ionosphere which are referred to as 

ionospheric density holes. The with generation mechanism of those structures is associated with the radial extension of 

draped magnetic field lines around the planet where the plasma can flow and be depleted tailward (Brace et al., 1982). 65 

Certain density ridges and troughs in the Martian ionosphere could be compared to sporadic E-like layers at Earth’ 

ionosphere near the equator where two counter-streaming plasma flows interact causing relative ion drifts (Collinson et al., 

2020). However, the region of crustal magnetic fields at Mars in some respect most likely resembles the polar cap regions of 

Earth where the geomagnetic fields have radial geometry at low altitudes and become more horizontal farther out. Density 

depletions in the Earth’s high-latitude ionospheric F-layer are commonly observed in incoherent scatter radar data (Bjoland 70 

et al., 2021). Such ionospheric troughs could be caused by enhanced electron dissociative recombination rates driven by 

warmer ions. Enhancement of the ion temperature increases the charge exchange rate with neutrals, e.g., O2 and N2, creating 

ion products that recombine quickly with electrons leading to consumption of cold electrons and ions (Rodger et al., 1992). 

In this paper, we focus our efforts on characterizing density depletions around crustal magnetic fields at Mars and perform a 

statistical analysis of plasma properties during these events. Irregular and unexpected depletions of the ionosphere can have 75 

major consequences for ion escape and space weather at Mars (González‐Galindo et al., 2021; Xu et al., 2020; Cao et al., 

2022). As such, it is important to investigate and characterize these events. The manuscript is organized as follows: in 

Section 2 we introduce the data sources and our analysis methods and approach for event selection. Section 3 contains our 

observation results. We discuss the results in Section 4 and conclusions are provided in Section 5. 

2 Methodology, Event Selection, and Data Sources 80 

In this study, we use data from the MAVEN spacecraft. We survey Langmuir Probe and Wave (LPW) (Andersson et al., 

2015) measurements between 2015 and 2022 for ionospheric density depletions. Due to the highly dynamic and turbulent 

Martian ionosphere, our automated detection algorithm result in large number ofproduced many false flags. As such, we 

identify these events through visual inspection. For each orbit leg, we inspect the electron density profile to identify an 

isolated depletion event showing the highest deviation from the general pattern of an exponentially decreasing profile (see 85 

the example in Figure 1). We skipped orbits with no or limited data points where the structure of the ionosphere cannot be 

observed, orbits with periapsis at high altitudes (above 400 km), and orbits that showed high amplitude variations and 

multiple depletions and enhancements in the density profile.  visually and when the density measurements exhibit sharp 

depletions both in time series and altitude profile data. To quantify the closeness of a depletion event density profile 

measurement to the Martian crustal fields and the level of influence from the crustal fields on each event we define a 90 

proximity parameter 𝜁 as: 

𝜁 = #
∑%𝐵!,#$ − 𝐵!,%%

∑%𝐵!,%%!&',(,)

														(1) 
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where 𝐵!,#$  is the spacecraft measurements of the magnetic field and 𝐵!,%  is the crustal magnetic field modeled at the 

position of the spacecraft (Morschhauser et al., 2014). 𝐵!,% and 𝐵!,#$ must be in the same coordinate system. 𝜁 provides an 95 

estimate of the crustal field prevalence or a measure of closeness of the observations to the crustal fields at Mars. Lower 𝜁 

values indicate more contributions from the crustal field with 𝜁 = 0  meaning observed fields are identical to model 

predictions. Contributions of external magnetic fields from the solar wind or perturbation to the field generated locally by 

instabilities or currents lead to increased deviation of observations from the model and higher values of 𝜁. In deriving 

Equation 1, effects of generic similarities between time series (constant arrays), singularities, and absolute strength of the 100 

fields are also considered.  

Figure 1 shows an example of an ionospheric depletion event on 2 November 2016. Panel (a) shows three components of the 

observed magnetic field (markers) and the modeled crustal fields (solid lines). The area between the curves along each 

component (numerator in Equation. 1) is used in determining 𝜁. This event has 𝜁 = 1.16. The proximity parameter for all 

events varies between 0.19 to 4.92, with a mean value of 2.18 and a median of 1.91. Panel b in Figure 1 shows the electron 105 

density measurements by LPW with a depletion apparent between 04:08:00 and 04:09:28 38 UTC. The minimum accepted 

quality flag in LPW data is 50. The density of suprathermal electrons measured by SWEA increases during this time as seen 

in Panel c. Panel d indicates that densities of ionospheric heavy ions O+ and O2+, as measured by STATIC also decrease 

during this event. 

 110 



5 
 

 
Figure 1. (a) Magnetic field measured by the MAVEN magnetometer (asterisks) and theas modeled crustal fields (solid 

lines) in the Mars Solar Orbital (MSO) coordinates, (b) bulk electron density measurement by LPW, (c) suprathermal 

electron density measurements by SWEA, 𝑛*+,,-' is the maximum suprathermal electron density inside the depletion, (d) 

STATIC density measurements of O+ (yellow) and O2+ (red) ions, (e) Altitude and solar zenith angle (SZA) density profiles. 

The horizontal dashed grey lines show the extent of data shown in time series panels on the left, while the depletion event 

boundaries are marked with dashed blue lines. 𝑛*,./0*  and 𝑛*,*12*  are the bulk electron density inside and outside the 

depletion event.  

 

We focus on density depletion events with 𝜁 < 5.We down select altitude profiles that show sudden density depletions in the 

profiles whose  𝜁 is less than 5. This threshold is set by visual inspection of several events as we determined that for events 

with ζ < 5, spacecraft measurements certainly contain contributions from crustal fields. total number of events that would go 

into our statistical analysis to provide a reasonable sample size. We find 242 events in LPW data set 242 events met this 115 

criterion. STATIC ion density data are available for 135 of these events. O2+ ion temperatures can be derived from STATIC 

measurements and are available during 83 events. Limitations dictated by spacecraft attitude, instrument pointing and ram 

direction, and ion abundance at a given altitude restrict the available times when STATIC measurements can be properly 

calibrated for derivation of O2+ ion temperatures. For details of the STATIC calibration process and derivation of ion 

densities and temperatures readers are referred to the STATIC instrument paper and follow up calibration studies (McFadden 120 
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et al., 2015; Hanley et al., 2021; Fowler et al., 2022). SWEA measurements of suprathermal electrons over the full energy 

range (3 eV to 4.6 keV) are available during 95 events. This is mainly due to a change made in SWEA’s energy sweep table 

during 2020 which raised the minimum scan energy which limits the number of events with accurate measurements of all 

suprathermal ions. Nevertheless, available data provide a reasonable sample size to analyze the behavior of suprathermal 

electrons. 125 

 
Figure 2. Distribution of depletion depth versus (a) 𝐵3, (b) 𝐵4, (c) 𝐵5, and (d) 𝜁. Normalized bar plots in grey in 

the background on Ppanels a - c show the relative occurrence rate of events. Data points on Ppanel d are color 

coded by the strength of the modeled crustal magnetic field strength.  

 

 

a) b)

c) d)
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Figure 3. Event distributions as a function of the Scatter plots of events versus modeled crustal magnetic field unit 

vectordirection along (a) 𝜃 and (b) 𝜑. The normalized probability distribution histogram for each component is 

shown below the panel, with the distribution for 𝜁 shown to the right. 

3 Observations 

The depth of a density depletion (or hole) is defined as the ratio of the lowest bulk electron density inside the hole (ne,hole) to 

the highest electron density of either sides/edges of the depletion (ne,edge). The event distributions along three components of 130 

the magnetic field taken at the core (lowest density point of the depletion are shown in Figure 2. The magnetic field vectors 

are in spherical coordinates of the magnetic field in the Mars body-fixed planetocentric frame are used. In this coordinate 

system, r is along planet’s radius, and 𝜑 and 𝜃 are polar coordinates (parallel to the surface) changing between [0°, 360°] 

and [-90°, 90°], respectively. Comparing Figure 2a to 2b and 2c, we find that the radial component of the magnetic field 

shows the highest level of variations compared to field components parallel to the surface, with perhaps a slight preference 135 

towards +𝐵3 +Br, or when the crustal fields exit the surface. The histogram of the probability distribution for each field 

component is overplotted on each panel.   
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Panel d shows the depletion depths as a function of 𝜁, and no apparent correlation is seen between these two parameters. 

parameter. The depletion depth does not depend on 𝜁  Data points on this panel are color coded by the magnetic field 

strength. Several events with the highestrelatively high magnetic field strength (purple data points) appear at low 𝜁 < 2 (i.e., 140 

fields are mostly completely dominated by strong crustal fields). The depletion depth for these events is mostly above 0.1 . 

Though, as Equation 1 indicates, 𝜁 is normalized by the strength of the field components and is only a measure of the 

proximity of the event and spacecraft to any crustal field regardless of the field strength.  

 

In Panels a and b of Figures 3, we show the distribution of 𝜁 as a function of normalized field components The scatter plot of 145 

events along B74  and B75 , respectively. with associated Corresponding normalized probability distribution histograms are 

shown below each panel, while the histogram to the right shows the distribution in 𝜁 with a peak at 𝜁~1. The distribution in 

Panel a exhibits a peak at B74 = 0.2, though it is not immediately clear ifdifficult from this plot to determine whether there is 

any preference on B74 .However, the event distribution in B75  Events appear to be more frequent along +B75 , positive 

𝜑suggesting that the depletions are found more likely around crustal magnetic fields pointing eastward. The significance of 150 

such dependence and possible relationship to the planetary rotation will be investigated in future studies. 
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Figure 4. Distribution of events in altitude and along the normalized radial component of the crustal magnetic 

fields. Histograms below the figure and to the right show the normalized probability distribution of events in B7𝑟 
and altitude. Scatter plot of density depletions versus the observed altitude around Mars and the unit vector 

along the Martian radius. Histograms show the occurrence probability of events. 

 

 

As we discussed in Panel a of Figure 2a, there is a preference for observing density depletions when the crustal fields have a 155 

radial orientation (i.e., exiting the Martian surface). This preference is clearly seen in Figure 4, where the probability 

distribution of events along B73 is shown. The distribution of events in altitude exhibits two major peaks, one observed at ~ 

265 km and the other more concentrated at ~ 410 km. We find no correlation between 𝜁 values and altitude at which core of 

the depletions are observed. The magnetic field data in Figures 2, 3, and 4 are from the crustal field model. We also 

performed a similar analysis using spacecraft measurements of the magnetic field in the middle of each depletion. The events 160 

appear more evenly distributed along B73 , B74  and B75  when in-situ spacecraft data are used. In-situ magnetic field 

measurements include effects of upstream magnetic field as well as fields due to local currents which can change the 

modeled field orientation. 

 

Previous studies have shown that the flux of suprathermal electrons can increase within some depletion events and decrease 165 

or even disappear for other events (Cao et al., 2022; Duru et al., 2023, 2011; Nielsen et al., 2007). The cause and the 

underlying process that controls the suprathermal electrons within the ionospheric density depletion is not well understood. 

Here, by using MAVEN observations of different electron populations (i.e., bulk/thermal and suprathermal) we choose a 

more quantitative approach to study the dynamics of suprathermal electrons within depletion events near crustal fields. It 

appears that events can be divided into two main categories. Increase of suprathermal electron fluxes within Some depletion 170 

events can be through an increase in the flux ofaccompanied by enhanced fluxes of suprathermal electrons over almost the 

entire event, or via while other events exhibit a short beam-like surge of electrons in the middle of the depletion or near the 

boundaries. We define three measures to quantify electron density variations. ∆𝑛*,6 = 𝑛*,*12* − 𝑛*,./0* is the change in cold 

or bulk electron density as measured by LPW, between the lowest density within the depletion and the measured density 

outside the depletion. ∆𝑛*,+ = 𝑛*+,,-' − 𝑛*+,*12*  is the difference between the maximum suprathermal electron density 175 

inside the depletion (𝑛*+,,-') and the density outside the depletion (𝑛*+,*12*) and gives an estimate of the increase or 

decrease in suprathermal electrons, either throughout the depletion or as a sudden pulse. We also define 𝛿𝑛*,+ = 𝑛*+,,-' −

𝑛;*+ which is the difference between 𝑛*+,,-' and 𝑛;*+ or the average suprathermal electron density over the depletion period 

(𝑛;*+).  A higher value of 𝛿𝑛*,+ is indicative of a stronger and more intense suprathermal electron beam. The outside (ambient 

plasma) density measures are the maximum of the density measurements at both edges of the depletion (see Panel e in Figure 180 

1). 
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Figure 5. Scatter plots of sSuprathermal electron density variations versus as a function of change in the bulk electron 

density across the depletions. Panel (a) shows the maximum difference in suprathermal electron density between inside and 

outside the depletion. Panel (b) shows the difference between the maximum suprathermal electron density and the average 

suprathermal density inside the depletions. Data points in Ppanel b are color coded by event altitudes. 

 

 

Panel a in Figure 5a shows the dependence of ∆𝑛*,+  on ∆𝑛*,6 . All depletion events but six are accompanied by an 185 

enhancement in the flux of suprathermal electrons fluxes. This is perhaps a distinguishing aspect between events near the 

crustal fields considered in this paper study and those discussed in previous studies of depletions across the entire ionosphere 

for which no clear pattern in the abundance of suprathermal electrons are found. Density variations of the suprathermal and 

bulk electron populations during depletion events do not seem to be correlated which is inconsistent with an acceleration 

mechanism that shifts part of the bulk electron population to higher energies while creating the density bite-out. In Panel b of 190 

Figure 5b, variations of 𝛿𝑛*+ versus ∆𝑛*,6 are shown. Data points are colored based onby the altitude at which the depletions 

are observed. We see many Events at low altitudes (cyan colors), where ionospheric densities are typically higher and crustal 

fields stronger, exhibit high values of ∆𝑛*,6 (> 103 cm-3) compared to events at other altitudes. 𝛿𝑛*,+ for these events also 

increases by at least a factor of 2, suggesting that stronger beams of suprathermal electrons more likelycould occur at lower 

altitudes where crustal fields are stronger. 195 
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Figure 6. Density variations of most abundant cold ionospheric species, (O+ and O2+). Points are color coded by 

corresponding changes in the bulk electron density ∆𝑛",$ . Eight depletion events which exhibit increased 

ion densities within the depletion from to the ambient plasma are not shown in the figure. 

 

As data we discussed in Figure 1 Panel d suggests, ionospheric ions follow a similar depletion pattern to that of bulk 

electrons during these events. In Figure 6, we analyze the density variations of the most abundant ionospheric ion species, O+ 

and O2+. There is a shift towardsThere are higher density variations in O2+ at lower altitudes with increasing increase in 200 

∆𝑛*,6+  (shown (the colorbarwith the color scale). That is because at lower altitudes where bulk electron density variations 

are higher, variations in O2+ densities also become more dominant because O2+ is the dominant ion species at low altitudes 

and has a shorter scale height compared to O+. Our interpretations of dataResults shown in this figure are consistent with 

previous studies that analyzed ion densities using NGIMS measurements (Basuvaraj et al., 2022). The strong correlation 

observed between the depletion of cold electrons and ions in the ionosphere indicates that a similar physical mechanism is in 205 

play removing electrons and all ions from the ionosphere. The likely candidate mechanism would be ion-electron 

recombination which consumes both electrons and ions. 
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Figure 7. Timeseries Overview of a density depletion event on 4 April 2017 at 06:26:00 UTC. Panels show (a) 

the density and (b) temperature of bulk electrons measured by LPW, (c) the suprathermal electron temperatures 

measured by SWEA, (d) O+ (yellow) and O2+ (red) densities, and (e) O2+ temperatures measured by STATIC. 

 

Figure 7 shows another example of a density hole in the Martian ionosphere. LPW bulk electron and STATIC ion density 210 

measurements are shown in Panels a and d, respectively. We also show the temperatures of bulk electrons, suprathermal 

electrons, and ions in Panels b, c, and e as measured by LPW, SWEA and STATIC instruments, respectively. These panels 

show that Tthe temperatures of bulk electrons and ions increases during the depletion while the suprathermal electron 

temperature decreases. Regarding the bulk electron temperature, we should note that Tthe electron plasma parameters in a 

Langmuir probe are obtained from the probe characteristic current-voltage (I-V) curve. The slope of this curve, which is 215 

inversely proportional to the electron temperature, can decrease due to the reduced rate of change in the electron saturation 

current. However, that current can decrease if a plasma sink is actively present in the plasma (as is the case for density 

holes,) rather than reflecting an actual change in the temperature of the electron gas. It is therefore likely that the increase in 

the bulk electron temperature is an artifact of sudden depletion of the cold electron gas within the density hole which leaves 

only “warm” electrons to be probed by the LPW, rather than heating of electrons by a physical process and increase in their 220 
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thermal velocity. On the other hand, tThe temperatures derived from measurements of electrostatic analyzers (SWEA, 

STATIC) data on the other hand are determined from the energy extent (width) of the particles entering the instrument and 

thus directly relate to the average temperature of charged particles. 

 

O2+ ions temperatures in Figure 7e show that ion temperatures within the density depletion as shown in Panel e of Figure 7 225 

have higher temperatures than the surrounding plasma. The higher ion temperature could be a sign of ion frictional heating 

which arises due to a relative ion drift in the frame of neutral species. External electric fields such as the convection electric 

field, or atmospheric waves and other dynamic processes can cause a velocity difference between ions and neutrals. The 

electric field creates 𝐄 × 𝐁 drift in the plasma which increases the relative velocity between ions and neutralsion drift. while 

the mMotion of the background neutral atmosphere ic neutral species relative to ions also leads to a similarvelocity drifts. In 230 

either case, at large enough relative drift velocitiesdrift speeds, frictional heating occurs which increases the ion 

temperatures.  

As shown in Figure 8, ion temperatures inside most depletion events show an increase. In some event the ion temperatures at 

the center of the depletion where the ion densities are at a minimum, are not well determined. Depletion and reduced counts 

of ions within these events undermines the reliable determination of ion temperatures. out of 83 events with full or partial ion 235 

temperature estimates, three events exhibit a reduction in ion temperatures inside the depletion. Since we investigate density 

depletions, the number of events with available temperature data decreases. The decreased ion abundance further 

complicates the temperature derivations as a minimum ion count rate is required for reliable determination of the 

temperatures. Figure 8 also indicates that events clustered at around 400 km altitude show more drastic variations in ion 

temperatures, which could be associated with increased heating of ions due to their drift relative to neutrals. Such a velocity 240 

difference typically increases with altitude, while the heating process itself is bound by the abundance of the local neutral 

species.  
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Figure 8. Change in the temperature of O2+ ions inside the depletions from the ambient plasma, in Kelvin, as a 

function ofas a function of altitude taken at the middle of the depletion events.  

 

4 Discussion 245 

Physical processes that cause the ionospheric density depletions at Mars are not well understood. By studying these events 

near crustal magnetic fields, we focus our attention toon generation mechanisms associated with effects that can be mapped 

along crustal magnetic field lines, and that can impact charged particles at higher altitudes. Ion pickup is a major ion loss 

process at high altitudes of Mars (Cravens et al., 2002). We show iIn Figures 1 and 6, we show that ions with different 

masses are depleted at about the same rate, during these events indicating that ion pickup cannot explain the loss process, as  250 

of these ions as this processit operates is much slower on heavier ions (O2+ in this case). Furthermore, Eelectrodynamical 

forces in the ionosphere tend to have opposite impacts on ions versus electrons.  

In the Martian upper atmosphere, CO2 remains the most abundant neutral species up to ~200 km altitude, above which 

atomic oxygens becomes the dominant neutral constituent with lower abundances of N2 and O2 (Benna et al., 2015; Mahaffy 

et al., 2015a). At altitudes above 200 km, O2+ and O+ are the most abundant ionospheric species. Chemical loss of O+ ions is 255 

a slow process. This is mainly due to the small electron recombination and ion-neutral reaction rate coefficients. Some of the 

rRelevant reactions and associated rates area listed below (Schunk and Nagy, 2009):  
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𝑂7 +𝑁8 → 	𝑁𝑂7 +𝑁											1.2 × 109:8		cm;s9:							(2) 

𝑂7 + 𝑂8 →	𝑂87 + 𝑂														2.0 × 109::		cm;s9:							(3) 

𝑂7 + 𝐶𝑂8 →	𝑂87 + 𝐶𝑂										1.1 × 109<		cm;s9:							(4) 260 

𝑂87 +𝑁𝑂 → 𝑁𝑂7 + 𝑂8							4.6 × 109:=		cm;s9:							(5) 

𝑂7 + 𝑒 → 	𝑂													1.76 × 109:=𝑇*9=.?							(6) 

𝑂87 + 𝑒 → 	𝑂 + 𝑂										1.3 × 109@𝑇*9=.?							(7) 

𝑁𝑂7 + 𝑒 → 	𝑁 + 𝑂				6.93 × 109A𝑇*9=.@							(8) 

While the reaction of O+ ions with neutral species is slow, the byproducts of reactions in Equations 2 – 4, namely O2+ and 265 

NO+ ions, can quickly recombine with bulk electrons, removing both ions and electrons from the plasma in the process. 

Recombination of O2+ ions with electrons is orders of magnitude faster compared to O+. In addition, the ion-neutral reaction 

rate coefficients are energy dependent and increase with ion temperature (Rodger et al., 1992; St.-Maurice and Torr, 1978; 

Viggiano et al., 1992). For instance, Figure 8 in Rodger et al. (1992) shows that the reaction in Equation 3 can be an order of 

magnitude faster for a temperature increase of ~8,000 K (or 0.68 eV) (Rodger et al., 1992, Figure 8). Frictional heating 270 

increases the ion temperature which results in increased ion-neutral reaction rates and production of ions that recombine 

faster with electrons and create localized density depletion zones near crustal fields.  

Data in Figures 7 and 8 indicate that ion temperatures clearly increase within the depletion events. The discussion of the 

exact process (external electric fields or atmospheric disturbances) that initiates the frictional heating in the ionosphere is left 

for a future study. But here we note thatsince at low altitudes the O+ gyrofrequency is smaller than the ion-neutral collision 275 

frequency, meaning that ions are likely to undergo at least one collision before they can complete a full gyration around the 

magnetic field and can be considered nonmagnetized, while electrons are magnetized. Electron-ion dissociative 

recombination removes both electrons and ions creating a density depletion in the plasma. caused the density depressions in 

timeseries data. In return, we would expect to see an increase in the neutral density. However, since the change in the plasma 

density is on the order of a few thousands cm-3 or less, it is difficult to detect such small variations in a background neutral 280 

atmosphere of 105 – 108 cm-3. 

For radial crustal fields, the 𝐄 × 𝐁 can only result in horizontal drift and heating of ions parallel to the Martian surface. This 

could have an effect on these depletions to appear as elongated horizontal structures in spacecraft observations (Basuvaraj et 

al., 2022). When exposed to the solar extreme ultraviolet flux, the new neutral products from the dissociative recombination 

will be photoionized creating new pairs of photoelectrons and ions, which could explain the surge of suprathermal electrons 285 

within these structures (Duru et al., 2011). 

5 Conclusion 

In this statistical study, we focus on ionospheric density depletion events observed in the vicinity of crustal fields at Mars. 

We define the proximity parameter 𝜁 to quantify the proximity of observed events to Martian crustal magnetic fields and 
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select a subset of events. We use MAVEN observations between 2015 and 2022. to analyze ionospheric density depletions 290 

around crustal fields. Ion measurements from STATIC, cold electron measurements from LPW, magnetic field data from 

MAG, and suprathermal electron measurements from the SWEA instrument around these events are analyzed. Our survey of 

MAVEN-LPW ionospheric density profiles results in 1570 density depletion events. We then check the crustal field 

proximity condition on these events and obtain 242 events with the proximity parameter 𝜁 < 5. Events below this threshold 

seem to show a recognizable signature of crustal fields. To avoid and minimize density variations due to the solar zenith 295 

angle, seasons, and heliocentric distance on our analysis, instead of absolute density values, we use compare the differences 

of the ionospheric densities between inside and outside the depletion events to quantify these structures. This way, effects of 

solar zenith angle, seasons, and heliocentric distance on observed variations are minimized (Andrews et al., 2023). We 

however note that a limitation of single point measurements is that depending on the spacecraft trajectory and path through a 

three-dimensional density structure, the observed density variations may not reflect the actual structure depth. 300 

We investigate variations of different plasma populations within the density depletions and . We note that due to the way the 

spacecraft cuts through a 3-dimensional density structures, the apparent variations (e.g., hole depth, etc.) are independent of 

the actual depletion depth of the depletion structure. Nevertheless,find that suprathermal electrons are almost always present 

within the density depletions near crustal fields. We show that increase in the ion temperature during some events could be 

associated with ion frictional heating, which could also be causing the depletion through a two-step process. Heating of ions 305 

increases the charge exchange reaction rates. This is followed by electron dissociative recombination of ions which removes 

both electrons and ions creating isolated plasma depletions.  
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