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Key points: 11 

1: Density structures observed by MEX in the dayside Martian ionosphere above 12 

magnetic anomalies 13 

2: Structures appear as bulges with latitude extents matching with areas of near radial B 14 

field 15 

3: Observations above the structures often indicates ionospheric plasma on closed 16 

magnetic field lines 17 

 18 

Abstract 19 

Enhanced topside electron densities in the dayside Martian ionosphere have been 20 

repetitively observed in areas of near-radial crustal magnetic fields, for periods of tens of days, 21 

indicating their long-term spatial and temporal stability despite changing solar wind conditions. 22 
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We perform a statistical study of these density structures using the ionospheric mode of the 23 

MARSIS radar onboard Mars Express. We estimate the apparent extents of these structures 24 

relative to the altitude of the surrounding ionosphere. The apex of the density structures often lies 25 

higher than the surrounding ionosphere (median vertical extent of 18 km), which indicates 26 

upwellings. These structures are much wider than they are high, with latitudinal scales of several 27 

degrees. The radar reflector regions are observed above both moderate and strong magnetic 28 

anomalies, and their precise locations and latitudinal extents match quite well with the locations 29 

and latitudinal extents of magnetic structures of given magnetic polarity (oblique to vertical 30 

fields), which happen to be regions where the field lines are open part of the time. The majority 31 

of the density structures occur in regions where ionospheric plasma is dominant, indicating 32 

closed field regions shielded from shocked solar wind plasma.  33 

 34 

1) Introduction 35 

In the absence of a global planetary magnetic field, the interaction of the Martian 36 

ionosphere with the solar wind generates an induced magnetosphere, which protects the 37 

atmosphere from solar-wind-driven erosion. In addition, residual crustal magnetic fields have 38 

been discovered by the MGS (Mars Global Surveyor) orbiter, the strongest fields reaching |B| up 39 

to 200 nT at 400 km altitude in the Southern hemisphere while smaller fields reach |B| < 50 nT at 40 

400 km in the Northern hemisphere [e.g. Acuña et al., 1999].  41 

The subject of the present paper is  topside daytime electron density structures found in 42 

areas of usually near-radial crustal fields, previously investigated by Gurnett et al. [2005], Duru 43 

et al. [2006], Nielsen et al. [2007a] and Andrews et al. [2014]. Here we present the results of a 44 

statistical study of these structures with a combination of remote ionospheric soundings by the 45 
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MARSIS radar and of in-situ electron energy distribution measurements by the ASPERA-3 46 

particle package onboard the MEX (Mars Express) orbiter.  47 

MEX, in orbit around Mars since late December 2003, follows a near-polar orbit of 48 

period ~7h, with pericenter ~300 km and apocenter ~10000 km. Its payload notably includes two 49 

instruments which we will use here: MARSIS (Mars Advanced Radar for Subsurface and 50 

Ionosphere Sounding) and ASPERA-3 (Analyzer of Space Plasmas and Energetic Atoms), which 51 

are respectively described by Picardi et al. [2004] and Barabash et al. [2006].  52 

On the dayside, remote soundings of the topside ionosphere by MARSIS permitted the 53 

discovery of localized density structures in areas of usually near-radial crustal fields [Gurnett et 54 

al., 2005]. The apparent altitude of the density structures detected by MARSIS is often higher 55 

than the apparent altitude of the surrounding “main” ionosphere at the same density level, with a 56 

mean vertical extent of ~20 km, suggesting an ionospheric upwelling [Gurnett et al., 2005; Duru 57 

et al., 2006]. The strongest magnetic anomalies in the Southern hemisphere tend to be elongated 58 

over several tens of degrees in longitude and the multiple detection of the density structures over 59 

consecutive MEX passes above the same magnetic anomaly suggests that the density structures 60 

are also elongated in longitude, probably shaped like half-cylinders [Gurnett et al., 2005; Duru et 61 

al., 2006]. Furthermore, Nielsen et al. [2007a] have found strong horizontal density gradients 62 

across the density structures observed by MARSIS, with isodensity contours which can be very 63 

inclined with respect to the horizontally stratified surrounding main ionosphere, sometimes even 64 

vertical slabs. This suggests an easier vertical diffusion of the plasma along the near-radial fields. 65 

Finally, Andrews et al. [2014] reported that these density structures tend to be stable for several 66 

consecutive passes of MEX in a given geographic area (over intervals of tens of days), 67 

suggesting that they easily reform, despite the rapidly changing magnetic configuration at 68 
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ionospheric altitudes and the varying upstream solar wind conditions. This magnetic 69 

configuration evolves due to the varying IMF (interplanetary magnetic field) and the varying 70 

position of the crustal fields with respect to the Sun caused by Mars’ rotation.  71 

Several explanations have been proposed for the formation process of the dayside density 72 

structures. Gurnett et al. [2005] suggested that the precipitation of solar wind electrons into a 73 

magnetic cusp region may heat the atmosphere until it inflates and diffuses upward, increasing 74 

the scale height and therefore displacing a given isodensity contour to higher altitude. Andrews et 75 

al. [2014] alternatively proposed that an increase of the electron temperature due to heating of 76 

the atmosphere by precipitating electrons may indirectly increase the electron density through a 77 

reduction of the ion-electron recombination rate. Andrews et al. [2014] also suggested 78 

mechanisms which involved Joule heating of the atmosphere by field aligned currents and 79 

Pedersen currents [Withers et al., 2005; Fillingim et al., 2010; 2012; Riousset et al., 2013; 2014]. 80 

Finally Matta et al. [2014] proposed that these density structures arise from field aligned 81 

transport along near-radial field lines, without involving heating. We propose in this paper to use 82 

a statistical study of MARSIS data to identify some of the controlling factors of the dayside 83 

density structures, in order to better constrain their formation process. By doing this we may be 84 

able to reduce the number of alternative explanations. In particular, with the help of in-situ 85 

plasma measurements by ASPERA-3, we may check the hypothesis of the role of solar wind 86 

electron precipitation. In Section 2, we will describe the instruments and method. In Section 3, 87 

we will describe the results. In Section 4 we will present a discussion of results and Section 5 88 

will be the summary and conclusion. 89 

 90 

2) Instruments and method 91 
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MARSIS operates in the Active Ionospheric Sounding mode and the SubSurface mode 92 

[Picardi et al., 2004]. We use here the Active Ionospheric Sounding mode, in which a 40-meters 93 

tip-to-tip dipole antenna, mounted normally to the direction of spacecraft motion, transmits 94 

sinusoidal pulses of duration 91.4 μs over a frequency sweep of 160 steps from 0.1 to 5.4 MHz 95 

(frequency resolution ∆f / f ≈ 2%). At each sounding frequency, the signal propagates until it 96 

becomes reflected by a layer with the same plasma frequency as the transmitted frequency. The 97 

receiver measures the time delay tdelay for receiving this echo in 80 time bins ranging from 259.3 98 

μs to 7.86 ms after the start of the pulse. During this process, the radar can remotely sample 99 

layers of increasing plasma density at decreasing altitudes, down to the ionospheric peak. The 100 

resulting matrix of received intensity as a function of time delay and sounding frequency is 101 

obtained in 1.26 s and is called an “ionogram”. The full frequency sweep is repeated every 7.54 102 

s.  103 

An example of MARSIS data from orbit 4198 is shown in Figure 1. More examples will 104 

be shown later in Figures 9 and 10. Figure 1a shows an ionogram. The time delay was 105 

transformed to the apparent range, which is the distance traveled by the pulse by assuming no 106 

dispersion, calculated as c ∙ tdelay /2, where c is the speed of light in the vacuum. Two ionospheric 107 

traces are visible, marked by arrows. The echo with the shorter range (between 700 and 800 km) 108 

corresponds to the near - vertical reflection from the ionosphere below MEX; we will see later 109 

that the spacecraft was actually passing directly above the apex region of a density structure. The 110 

echo with the longer range (between 800 and 900 km) corresponds to an oblique reflection from 111 

another distant density structure, with isodensity contours being inclined with respect to the 112 

horizontal.  113 
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These oblique echoes are detected for several consecutive ionograms. An echogram at a 114 

fixed sounding frequency consists of ionograms cut at this frequency and stacked together in a 115 

time series. Figure 1b shows an example of echogram for orbit 4198, averaged over 1.8-2. MHz. 116 

The altitude of MEX was subtracted from the apparent range to obtain the apparent altitude. We 117 

note that the apparent altitude is lower than the real altitude, since the dispersion, uncorrected 118 

here, causes the signal to propagate more slowly as it approaches the point where it gets 119 

reflected, and thus the signal seems to have an apparent reflection further from the spacecraft. 120 

The near - vertical reflection from the almost horizontally stratified “main ionosphere” appears 121 

as a near horizontal line near 100-120 km apparent altitude (for example at 04:09:00-04:09:30 122 

UT). We also see numerous downward-facing hyperbola traces, which are the signatures of the 123 

localized density structures we are interested in. The apexes of these hyperbola traces are often 124 

higher than the surrounding ionosphere trace [Gurnett et al., 2005; Duru et al., 2006]; this is the 125 

case in Figure 1b for the hyperbolas with the apexes of apparent altitude 153 km at 04:05:00 UT, 126 

145 km at 04:07:30 UT and 158 km at 04:10:30 UT. The time of the ionogram from Figure 1a is 127 

indicated by the black vertical dashed line. This vertical line intersects two ionospheric traces of 128 

different apparent altitudes, one at ~150 km and one at ~0 km, corresponding respectively to the 129 

near - vertical reflection and to the oblique reflection in Figure 1a. When the spacecraft is located 130 

away but still within reflection range from a density structure, MARSIS ideally detects both the 131 

vertical echo from the horizontally stratified ionosphere below and the oblique echo from the 132 

distant density structure. This situation is illustrated in the sketch of Figure 2, adapted from 133 

Gurnett et al. [2005]. Motion toward (away) from the distant reflection region shows up as 134 

increasing (decreasing) apparent altitude of the oblique echoes, explaining the hyperbola shape 135 

in the echogram. MARSIS measures the near-vertical echo from the density structure when the 136 
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spacecraft passes overhead; this corresponds to the situation where the apex of the hyperbola lies 137 

at or above the surrounding “main” ionosphere trace in the echogram.  138 

We use the list of 1126 dayside oblique echoes established from the previous work by 139 

Andrews et al. [2014]. These authors considered sequences of at least five orbits of MEX with at 140 

least 200 MARSIS ionograms each, with consecutive passes above specific geographic areas and 141 

where gaps of two consecutive orbits maximum were allowed. Andrews et al. [2014] selected 142 

data when the spacecraft was at altitudes < 1100 km and at solar zenith angle < 90°. The altitude 143 

restriction corresponds to the maximum range at which the radar can remotely detect an 144 

ionospheric layer. These authors examined the MARSIS echograms of these orbits to identify 145 

hyperbola traces, and selected the most obvious cases (oblique echoes well separated from the 146 

“main” surrounding ionosphere trace for at least five successive ionograms) for performing a 147 

quadratic polynomial fitting. Then Andrews et al. [2014] discarded the oblique echoes which 148 

were ill-fitted.  For this reason, the list is not exhaustive. However, this is not an issue because 149 

we do not attempt to determine the occurrence frequency of observing oblique echoes during all 150 

the orbits considered by Andrews et al. [2014], but we are rather interested in the statistical 151 

properties of several aspects relative to the oblique echoes. This procedure left 1126 hyperbola 152 

traces, which were detected on 437 orbits, spanning August 2005 to February 2013, which we 153 

will use here.  154 

Three aspects relative to the oblique echoes are illustrated in three panels in Figure 3 for a 155 

time series on orbit 4198, for the same time interval as in Figure 1b. The description of Figure 3 156 

will be done for convenience in Section 3 with one panel per subsection. Subsection 3A treats 157 

some basic characteristics of the reflection regions, which we will determine from the 158 

echograms. Then, Subsection 3B treats the relationship between the magnetic anomalies and the 159 
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reflection regions. Finally Subsection 3C treats the plasma conditions detected at the times that 160 

the spacecraft flies over the density structures, by using the in situ electron distribution 161 

measurements by the ELS (ELectron Spectrometer), part of ASPERA-3.   162 

ASPERA-3 includes two energetic neutral atom detectors and two ion and electron 163 

detectors [Barabash et al., 2006]. We use ELS in the instrumental mode during which the top-hat 164 

electrostatic analyzer measures in situ 2-D energy distributions of electrons formerly collimated 165 

into the plane of the instrument aperture, in the energy range 5 eV to 20 keV (energy resolution 166 

∆E / E = 8%) with a 4 s time resolution. At low altitudes above Mars, the measurement plane of 167 

ELS is oriented such that it is able to detect particles moving upward, downward and parallel to 168 

the planetary surface. We note that the detection of particles moving downward (including 169 

electron precipitation) is affected by the shadowing of certain ELS sectors by the body of MEX 170 

[e.g. Soobiah et al., 2013]. In consequence we will not use the downward differential fluxes, but 171 

rather the omnidirectional differential fluxes for sectors 2-11, which were not blocked by the 172 

spacecraft. 173 

 174 

3) Results 175 

A) Basic characteristics of the density structures 176 

In this section, we will determine the apparent extents of the hyperbola traces from the 177 

echograms taken at fixed frequency = 1.9 MHz (corresponding density 4.47∙104 cm-3), a typical 178 

frequency at which the oblique echoes are observed. Figure 3a shows a zoom-in of the echogram 179 

from Figure 1b. The vertical red arrow represents the vertical extent of the apex compared to the 180 

level of the surrounding “main” ionosphere trace, using the approach of Duru et al. [2006]. The 181 

horizontal red arrow represents the time interval during which the hyperbola stays at or above the 182 
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surrounding ionosphere trace. From this time interval, we calculate the corresponding extent 183 

along MEX track, by using the spacecraft velocity (~4 km/s at pericenter, much faster than the 184 

planetary rotation) and by assuming that the density structure is time-independent and immobile 185 

with respect to the surface of the planet. We note that the ionograms have time resolution of 7.54 186 

s and range resolution of ~14 km, which cause an uncertainty in the determination of the 187 

apparent extent (both vertical and along the spacecraft track) and time interval. We remark that 188 

the ionospheric traces are typically “thick”, covering several bins of apparent range (see Figure 189 

1), so we always use the top of the bin with the shortest range (highest apparent altitude), which 190 

should correspond to a vertical reflection. In addition, the trace of the surrounding “main” 191 

ionosphere is sometimes seen to be “wavy” in the echogram, probably indicative of large altitude 192 

fluctuations of this particular isodensity contour at 4.47∙104 cm-3 [e.g. Gurnett et al., 2010]. In 193 

this case, we simply take the average apparent altitude of the surrounding ionosphere trace. 194 

Finally, the extents determined from the echogram are apparent extents, not real extents, since 195 

the echogram is uncorrected for the signal dispersion due to its propagation through the plasma. 196 

The apparent extents are straightforward to determine, unlike the real extents which require a 197 

correction procedure not applicable to all the density profiles for reasons explained by e.g. 198 

Morgan et al. [2008]. However we assume for now that the qualitative statistical trends for the 199 

uncorrected extents will be the same as for the corrected ones. The study of the real shape of the 200 

density structures may be determined by using these corrected profiles of density versus real 201 

altitude. The determination of the real extents and shapes will help to better constrain the nature 202 

and the causes of these structures and is left to future work, in which we will take into account 203 

the full range of densities covered by this statistical dataset of density structures and the altitudes 204 

at which they occur.  205 
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At first, we use the 1126 oblique echoes obtained from the procedure applied by Andrews 206 

et al. [2014]. Figure 4a shows the histogram of the vertical extents ∆h of the hyperbola apexes 207 

relative to the surrounding “main” ionosphere trace. In agreement with the results from Gurnett 208 

et al. [2005] and Duru et al. [2006], the difference of apparent altitude between the apexes and 209 

the surrounding ionosphere is positive for the majority of the cases, suggesting ionospheric 210 

upwellings, with 25th, 50th and 75th percentiles of 8 km, 18 km and 29 km, respectively. The 211 

negative ∆h values correspond to situations where the spacecraft detects a distant density 212 

structure and does not pass overhead. The smallest value is -184 km and the largest value is 121 213 

km (not shown in the range of the histogram). The large values of ∆h are probably overestimated 214 

due to significant signal dispersion, which is not corrected in the present work. In the rest of the 215 

paper we want to study the density structures for which MEX flies overhead, i.e. the hyperbolas 216 

whose apexes stay at or above the surrounding ionosphere trace, ∆h ≥ 0 km. We consider the 217 

margin of error due to the range resolution of 14 km and to the occasionally disturbed 218 

surrounding ionosphere, so we also include hyperbolas with small absolute values of negative 219 

∆h, such as ∆h > -10 km. For the rest of the paper, we thus keep 1066 cases whose apexes are at 220 

the same level or above the surrounding ionosphere trace. Note that the majority of these cases 221 

(977 cases) have ∆h > 0, which is interpreted as an ionospheric upwelling [e.g. Gurnett et al., 222 

2005; Duru et al., 2006]. 223 

Figure 4b shows the histogram of the time intervals during which the hyperbola apexes 224 

lie at or above the surrounding ionosphere trace. The distribution has 25th, 50th and 75th 225 

percentiles of 61 s, 83 s and 106 s, respectively, and a tail toward high values. The shortest 226 

interval is 8 s (spanning 1 ionogram) and the longest interval is 204 s (spanning 27 ionograms). 227 

The time it takes for MEX to fly over a density structure typically corresponds to several 228 
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ionograms (median number of ionograms: 11), with one ionogram produced every 7.54 s. This 229 

means that the density structures are stable over these time intervals. In fact the radar usually 230 

detects these structures already for a certain time before passing overhead and still a certain time 231 

after that (the ascending and descending branches of the hyperbola traces, which can cover from 232 

one to a few tens of ionograms each). So the actual time for which these structures remain stable 233 

is even longer than the intervals shown in Figure 4b, at least as long as the time for which the 234 

radar is within reflection range from the structure, and probably much longer (hours?).  235 

Figure 4c shows the histogram of the extents along the direction of MEX track for which 236 

the hyperbola trace lies at or above the surrounding ionosphere trace. These extents are 237 

calculated using the corresponding time interval (from Figure 4b) and the spacecraft velocity 238 

(dependent on altitude), and the fact that the radar flies much more rapidly over the density 239 

structure than the planet rotates. The distribution has 25th, 50th and 75th percentiles of 263 km, 240 

347 km and 437 km, respectively, and a tail toward high values. The shortest distance is 32 km 241 

and the longest distance is 827 km. The apparent extents of the hyperbola traces at or above the 242 

surrounding ionosphere trace are typically several hundreds of kilometers, and we expect that the 243 

real extents of the density structures will be of the same order of magnitude. So the density 244 

structures are not “points” but are rather wide regions where the isodensity contours are elevated 245 

compared to the surrounding horizontally stratified ionosphere.  246 

At latitudes away from the poles, the footprint of the spacecraft moves primarily in 247 

latitude and a little in longitude, due to its near-polar orbit. Figure 4d shows the histogram of the 248 

latitude extents during which the hyperbola trace lies at or above the surrounding ionosphere 249 

trace. These latitude extents can be determined from the latitude range spanned by MEX during 250 

the time intervals (from Figure 4b). The latitude extent is a good approximation for the angular 251 
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extent along the spacecraft track, for the majority of the density structures, which are located 252 

away from the poles as we will see later. The distribution has 25th, 50th and 75th percentiles of 253 

3.7°, 4.9° and 6.2°, respectively, and a tail toward high values. The shortest latitude extent is 0.5° 254 

and the largest latitude extent is 10.9°. So the apparent latitude extents are typically several 255 

degrees wide in latitude, and we expect the real latitude extents to be of the same order of 256 

magnitude.  257 

Figure 4e shows the scatter plot of the vertical extents of the hyperbola traces w.r.t the 258 

surrounding ionosphere trace versus the extents along MEX footprint (using Figure 4a and 4c). 259 

The median and quartiles of the extents along MEX footprint are represented by the red curves 260 

and calculated in steps of 10 km. The extents along the spacecraft track are one order of 261 

magnitude larger than the vertical extents, meaning that the density structures are much wider 262 

than they are high. Despite a large scatter of points, there is a weak positive linear relationship 263 

between the extent along the spacecraft footprint and the vertical extent, with a Pearson linear 264 

correlation coefficient of 0.27. The p-value for testing the hypothesis of no correlation against 265 

the alternative that there is a nonzero correlation gives 1.13·10-18, which is significant at the 5% 266 

level. The increases of the median and quartile curves confirm this trend. Therefore, for a given 267 

isodensity contour, it seems that the higher the density structure appears above the surrounding 268 

ionosphere, the wider this structure becomes. Another way to interpret this finding is to consider 269 

that a density structure which is more highly elevated above the background ionosphere is 270 

probably visible over a larger range of distances along the spacecraft track.   271 

 272 

B) Influence by the magnetic anomalies 273 
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We return to Figure 3 for an illustrative case study of orbit 4198. Figure 3b shows the 274 

crustal magnetic field model of Cain et al. [2003], evaluated at 150 km altitude at the footprint of 275 

MEX. The choice of 150 km altitude was made for consistency with previous works on this topic 276 

[e.g. Gurnett et al., 2005]. The blue curve (right axis) shows the field strength |B| and the black 277 

curve (left axis) shows the MZA (magnetic zenith angle), i.e. the angle of the magnetic field 278 

vector with respect to the zenith; 0° is vertical upward. The actual magnetic field configuration 279 

may change due to the superposition of the crustal fields and of the varying induced ionospheric 280 

field; nevertheless moderate and strong crustal fields should dominate the field contribution at 281 

150 km altitude during most of the time. During the interval shown in Figure 3, MEX flew above 282 

regions of large field strength > 300 nT. The three hyperbolas previously noted in the echogram 283 

tend to coincide with near-radial fields, i.e. with the apex at MZA = 26° at 04:05:00 UT, 163° at 284 

04:07:30 UT and 32° at 04:10:30 UT. Previous studies have focused on the orientation of the 285 

crustal field [e.g. Andrews et al., 2014 and references therein], which is undoubtedly an 286 

important controlling factor for the density structures. We will use the larger dataset provided by 287 

Andrews et al. [2014] to investigate some crustal field parameters evaluated at the footprint of 288 

MEX. We will use the calculated strength and angle of the field vector with respect to the 289 

vertical for the magnetic field at 150 km altitude from the model of Cain et al. [2003].  290 

We also would like to determine whether the crustal field lines were open or closed at the 291 

times of the observations of the density structures. For this, we would need observations of 292 

electron pitch angle distributions at the position of MEX when it passes above the reflection 293 

regions, which was not possible due to the lack of a magnetometer. However, the long-term 294 

stability of the density structures [Andrews et al., 2014] suggests that this is not critical. Instead, 295 

we use the map of percentage of ~115 eV electrons on-sided loss cone pitch angle distributions 296 
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(distributions with one loss cone) observed at ~400 km altitude on the dayside of Mars by 297 

MAG/ER onboard MGS [Figure 11b from Brain et al., 2007]. This is a statistical result averaged 298 

over several years. One-sided loss cone distributions mean that the return flux of 115 eV 299 

electrons moving along the field lines is reduced compared to the incident flux. These incident 300 

electrons can be lost in the collisional atmosphere (below the exobase at 180 km altitude), when 301 

the IMF intersects the exobase in the weakly magnetized Northern hemisphere and when open 302 

field lines connect the Martian crust to the IMF in areas of near-radial fields. Incident 100 eV 303 

electrons may penetrate down to 160 km altitude in the Martian atmosphere [e.g. Detrick et al., 304 

1997], where they deposit most of their energy.  305 

Before examining the spatial occurrence of the oblique echoes, we first show in Figure 5a 306 

the map of the data coverage of MARSIS for the orbits of MEX which, firstly, followed the 307 

criteria imposed in Section 2 and secondly, for which were detected the 1066 oblique echoes 308 

used in the rest of the study. The data coverage contains 80966 ionograms. By comparison, there 309 

are 12343 ionograms comprised by the time intervals during which the 1066 hyperbola apexes 310 

lie at or above the surrounding ionosphere trace. The coverage is best at altitudes away from the 311 

poles and is relatively uniform across the range of longitudes, at least near the equator. In all 312 

panels of Figure 5, the black dots represent the locations of the hyperbola apexes. The hyperbola 313 

apexes are not randomly found along the track of MEX, but they cluster in areas of crustal fields, 314 

as shown by Figure 5b. 315 

Figure 5b represents the map of the crustal magnetic field strength measured at ~400 km 316 

altitude by MGS [Connerney et al., 2001]. The reflector regions are almost all found above the 317 

magnetized regions, consistent with the results by Andrews et al. [2014] and references therein. 318 

They are detected above the strong field regions of the Southern hemisphere and also above the 319 
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moderate fields near the equator. Some outliers are detected outside the magnetic anomalies, 320 

possibly indicating that there are weak crustal fields not well captured by the magnetic field 321 

observed at ~400 km altitude. Therefore, the formation of density structures occurs at the 322 

locations of the magnetic anomalies, for both strong and moderate fields. 323 

Figure 5c shows the map of the magnetic zenith angle of the crustal field measured at 324 

~400 km altitude by MGS [Connerney et al., 2001]. The reflector regions are often found in 325 

areas where the field orientation goes from vertical to oblique, but tend to avoid horizontal fields, 326 

in agreement with results by Andrews et al. [2014] and references therein. Therefore the density 327 

structures need magnetic anomalies in order to form, but are not located randomly within the 328 

mini-magnetospheres.  329 

Figure 5d shows the map of the percentage of ~115 eV electron pitch angle distributions 330 

indicating a single loss cone observed at ~400 km altitude on the dayside of Mars by MGS 331 

[Figure 11b from Brain et al., 2007]. In the unmagnetized regions of the Northern hemisphere, 332 

the percentage of one-sided loss cone distributions is high, reaching 60% in some places, and 333 

indicates that the draped IMF intersects the exobase often and therefore that the solar wind has 334 

frequent access to altitudes < 400 km; there are only a few reflector regions there. The magnetic 335 

anomalies present areas of very low percentage of open field lines (< 10%) coinciding with 336 

horizontal fields, especially above the strong fields; there are only a few reflector regions there. 337 

In contrast, there are some localized areas of moderate percentage of open field lines coinciding 338 

with near-vertical to oblique crustal fields (values of 20-40% above moderate fields and up to 339 

50% above strong fields), where the reflector regions tend to cluster. The percentage of one-340 

sided loss cone distributions is lower above the magnetized regions than above the unmagnetized 341 

regions (median values of 13% and 28%, for |B| > 20 nT and |B| < 20 nT respectively, at 400 km) 342 
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because the access of the solar wind to the mini-magnetospheres depends on the solar wind 343 

dynamic pressure and IMF orientation [e.g. Dubinin et al., 2008b; Lillis and Brain, 2013] and is 344 

therefore infrequent. The density structures favor neither the regions of low percentage or high 345 

percentage of one-sided loss cone distributions, but the regions of moderate percentage instead.  346 

Figure 6 revisits the results from Figure 5 in a more quantitative way, by presenting 347 

histograms of the number of ionograms in the data coverage of MARSIS (top row) and 348 

histograms of the number of ionograms for which the hyperbolas lie at or above the surrounding 349 

ionosphere (middle row). The black and green histograms of the bottom row represent the 350 

histograms for the data coverage and the hyperbolas, respectively, both normalized to their own 351 

number of data points (80966 and 12343, respectively). We calculated standard deviations on the 352 

number of entries in every bin of the histograms of the number of ionograms with hyperbolas for 353 

the middle row. We used a binomial error calculation, 𝜎 = √𝑁𝜀(1 − 𝜀), where N is the number 354 

of ionograms in the data coverage in these bins and ε is the occurrence frequency of detecting the 355 

ionograms with hyperbolas in these bins. The errors were typically 2 orders of magnitude smaller 356 

than the number of entries in the bins, which made them barely visible in the figure, so we did 357 

not plot them here. 358 

The left column of Figure 6 corresponds to the angle with respect to the vertical of the 359 

crustal field model of Cain et al. [2003] evaluated at 150 km altitude at the footprint of MEX. 360 

Here the polarity of the radial component of the magnetic field has been eliminated by 361 

transforming the magnetic zenith angle into the angle of the vector field with respect to the 362 

vertical, i.e. between 0° and 90°. The number of occurrences is weighted by the solid angle 363 

sustained by the corresponding angle with respect to the vertical, in the same way as Duru et al. 364 

[2006]. Concerning the weighted distributions of the angle of the field with respect to the 365 
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vertical, the 25th, 50th and 75th percentiles for the oblique echoes are 4°, 15° and 34°, respectively 366 

(Figure6b). For both the oblique echoes and the data coverage, the number of ionograms per 367 

steradian is largest for small angles (near-vertical fields) and decreases as the angle increases 368 

toward horizontal; however the decrease is more abrupt for the oblique echoes. This result is 369 

consistent with the finding by Duru et al. [2006], which used a smaller dataset. Finally, Figure 6c 370 

shows that the density structures are relatively more frequent than the data coverage for angles < 371 

45° and relatively less frequent for angles > 45°.  372 

The middle column of Figure 6 corresponds to the strength of the crustal field model of 373 

Cain et al. [2003] evaluated at 150 km altitude at the footprint of MEX. Concerning the 374 

distributions of the magnetic field strength.Figure6 For the data coverage, the number of 375 

ionograms is the largest for low fields and rapidly decreases as the field strength increases 376 

(Figure 9d). This can be understood as the fact that vast areas of Mars are weakly magnetized. 377 

For the oblique echoes, the number of ionograms is not the largest for low fields but instead 378 

peaks at the bin covering 40-60 nT and then decreases slowly as the field strength increases 379 

(Figure 9e); the 25th, 50th and 75th percentiles are 50 nT, 96 nT and 187 nT. The larger proportion 380 

of density structures for moderate fields than for strong fields is due to the fact that more 381 

ionograms were acquired over the moderate fields than over the strong fields (Figure 6d). 382 

Finally, Figure 6f shows that the density structures are relatively less frequent than the data 383 

coverage for |B| < 50 nT and relatively more frequent for |B| > 50 nT.  384 

The right column of Figure 6 corresponds to the percentage of one-sided loss cone 385 

electron distributions from Figure 5d, whose spatial resolution is 1° × 1°: the percentage value in 386 

a given spatial bin was assigned to all ionograms recorded when MEX was located in that bin. In 387 

Figure 6g, the distribution peaks at the bin covering 15-20 % (considered as a moderate value) 388 
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and then the number of ionograms decreases as the percentage of one-sided loss cone 389 

distributions increases, but the decrease is rather slow and exhibits a plateau shape between 390 

percentage values of 27% and 42%. It is the population of high percentage values in the 391 

unmagnetized Northern hemisphere which causes the plateau shape of the distribution of the 392 

total coverage. In Figure 6h, the 25th, 50th and 75th percentiles of the histogram for the oblique 393 

echoes are 13 %, 19 % and 27 %, respectively. The histogram peaks at the bin covering 394 

percentage values of 15-20 %, like the data coverage does, and then the number of ionograms 395 

decreases rapidly as the percentage of one-sided loss cone distributions increases. Finally, Figure 396 

6i shows that the density structures are relatively more frequent than the data coverage for 397 

percentage values between 5 % and 30 %, and are relatively less frequent for percentage values > 398 

30 % and values < 5 %. After having confirmed the role that the magnetic anomalies play in the 399 

occurrence of the density structures, we propose to check for a possible influence on the sizes of 400 

these structures.  401 

In Figure 7, the locations for which the hyperbolas were found lying at or above the 402 

surrounding ionospheric trace (black lines) have been superposed on the map of the magnetic 403 

zenith angle of the crustal field model of Cain et al. [2003], evaluated at 150 km altitude. The 404 

MEX footprints for the MARSIS data coverage during these orbits are also shown as grey lines. 405 

The map here focuses on the area of the Southern hemisphere where the strong magnetic 406 

anomalies are located. One sees several groups of grey lines corresponding to different periods 407 

of successive MEX passes over particular geographic regions. Gurnett et al. [2005], Duru et al. 408 

[2006] and Andrews et al. [2014] reported that the oblique echoes were recurring over several 409 

successive passes, each pass at a nearly-fixed longitude separated by a few days, above given 410 

near-radial field areas with several degrees width in longitude. Indeed, this is what we see in 411 
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Figure 7, for example the cluster of oblique echoes above a downward oriented near-radial field 412 

structure (red color) between latitudes -8° and -18° and between East longitudes 112° and 128°. 413 

From Figure 7, we note that the latitudinal extent for which the reflector regions lie at or above 414 

the surrounding ionosphere matches quite well with the latitudinal extent of the near-radial field 415 

structures where they are located. We also get this overall impression from the areas of moderate 416 

crustal fields (not shown). 417 

We investigate this trend further in Figure 8. Figure 8a represents a latitudinal slice of the 418 

crustal magnetic field model of Cain et al. [2003] evaluated at 150 km altitude, taken in this 419 

example at fixed East longitude = 199.5°. The black curve is the MZA (magnetic zenith angle) 420 

and the colored dots indicate the strength of the field at latitude steps of 1°. At this particular 421 

longitude, one sees the weak fields of the Northern hemisphere and the strong fields of the 422 

Southern hemisphere. The MZA profile indicates an alternation of minima and maxima in 423 

between which the curve intersects several times the vertical dashed line which marks MZA = 424 

90°, in other words, there is an alternation of oblique or near-radial fields of opposite polarities 425 

(oriented upward or downward), delimited by horizontal fields which form the top of the 426 

magnetic arcades.  427 

The locations of the ionograms during which the hyperbolas lie at or above the 428 

surrounding ionosphere trace and which were detected between 199° and 200° East longitude 429 

with a longitudinal extent negligible compared to their latitudinal extent, are marked on Figure 430 

8a by vertical red segments placed for convenience at MZA = 90°. In addition, the locations of 431 

the ionograms for the MARSIS data coverage of the associated MEX orbits, for which the 432 

longitude of the spacecraft track was between 199° and 200° East longitude, are represented by 433 

vertical black segments, also conveniently placed at MZA = 90°. The density structures are 434 
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usually located in areas of near-radial or oblique fields, and these are the ones we will consider in 435 

order to determine the latitudinal extent of the magnetic regions of given polarity which best 436 

matches with the latitudinal extent of these density structures. The latitudinal extent of these 437 

regions is determined by taking the intersections of the MZA profile with the MZA = 90° line. 438 

This is the case for example for the region of upward polarity between latitudes -48° to -56° with 439 

one extremum at MZA = 1°. Another example is for the region of upward polarity between 440 

latitudes -29° to -38° with two local extrema at MZA = 15° and 22°. The method needs to be 441 

adapted for cases where the latitudinal extent of the density structure is much smaller than the 442 

full latitudinal extent of the magnetic region. An example is the region of downward polarity 443 

between latitudes 7° to -9° (across the equator) with three local extrema at MZA = 168°, 149° 444 

and 178°. Here the reflector region with latitudinal extent from -3° to -7° seems to correspond to 445 

the extremum at MZA = 168°. We then take the latitudinal extent around this extremum, from 446 

latitudes -3.5° (marked by the horizontal pink dashed line in the figure) to -9°. We repeat the 447 

procedure for latitudinal slices at all longitudes. We excluded from the analysis the minority of 448 

density structures those apex is located in an area of horizontal crustal fields, which in practice 449 

excludes the density structures for which the latitudinal extent covers multiple regions of 450 

opposite polarities. It can happen that the latitudinal extents of the density structures cover most 451 

of a region of given magnetic polarity and then also partially cover the next region of opposite 452 

polarity. These cases are tolerated as long as it is clear to which magnetic polarity region the 453 

oblique echoes belong. The procedure left 811 hyperbolas for which we could determine the 454 

latitudinal extent of the best matching magnetic polarity regions. 455 

Figure 8b shows a scatter plot of the latitudinal extent of the best matching magnetic 456 

polarity regions versus the latitudinal extent during which the hyperbolas lie at or above the 457 
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surrounding ionosphere trace. The red curves are the median and quartiles of the distribution of 458 

the latitude extents of the density structures, calculated in steps of 1°. There are 655 out of 811 459 

hyperbolas (81% of the cases) located below the blue line marking the linear function y = x, i.e. 460 

the cases where the latitudinal extents of the density structures are smaller than the latitudinal 461 

extents of the associated magnetic polarity regions. The remaining 156 cases correspond to 462 

situations where the density structures were accepted as long as it was clear to which magnetic 463 

structure they belonged to, as explained in the previous paragraph. There is a weak positive 464 

linear relationship between the sizes of the density structures and the sizes of the associated 465 

magnetic polarity regions, with a Pearson linear correlation coefficient of 0.43. The p-value for 466 

testing the hypothesis of no correlation against the alternative that there is a nonzero correlation 467 

gives 1.75·10-37, which is significant at the 5% level. This trend is visible despite a large scatter 468 

of points both in the scatter plot and in the increase of the median and quartiles. As the size of 469 

the magnetic structure increases, however, the sizes of the reflector regions do not increase as 470 

fast: the median and quartiles curves, although increasing overall, move lower compared to the y 471 

= x line. The sizes of the density structures saturate for large magnetic structures with latitude 472 

extents > 11°. There are less statistics for large magnetic structures so we did not continue the 473 

calculation of median and quartiles beyond this limit of 11°. This saturation effect may occur if 474 

the density structures have a natural upper limit to their latitudinal extents, which would be 475 

dictated by their formation process. This effect may be checked in a future work using the 476 

corrected electron density profiles. Another possibility is that inaccuracies of the Cain model 477 

downward continued to low altitude may be responsible for producing “too wide” modelled 478 

magnetic structures.  479 

 480 
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C) Comparison with ASPERA-3/ELS measurements 481 

Previous studies of the MARSIS oblique echoes [Andrews et al., 2014, and references 482 

therein] suggested that the density structures found in areas of near-radial fields may be caused 483 

by heating and inflation of the atmosphere resulting from the energy deposition by precipitating 484 

electrons. 485 

We will examine the in–situ plasma conditions measured by ELS at the location of MEX 486 

within time intervals (+/- 30 seconds, +/- 1 minute and +/- 2 minutes), around the times that 487 

MARSIS detects the apex of the hyperbola traces. We return one more time to the case study of 488 

Figure 3 during orbit 4198, to present the method. Figure 3c shows the electron energy time 489 

spectrogram from ELS. These time intervals are delimited by vertical dashed lines in Figure 3c: 490 

+/- 30 seconds (black), +/- 1 minute (blue) and +/- 2 minutes (red). At first, the spacecraft was in 491 

the magnetosheath, recognized by high fluxes of electrons of energies above 40 eV. At 492 

~04:07:00 UT, the decrease in the shocked solar wind flux corresponds to the crossing of the 493 

induced magnetosphere boundary. The crossing of the photoelectron boundary at ~04:07:30 UT 494 

marks the entry into the ionosphere, identified by low fluxes of electrons above 60 eV and by the 495 

intense CO2 photoelectron peaks at ~20-30 eV [e.g. Frahm et al., 2006a]. We call “boundary 496 

layer” the region between the induced magnetosphere boundary and the photoelectron boundary. 497 

We already see a variety of situations for the hyperbolas on orbit 4198: the apexes at 04:05:00 498 

UT, 04:07:30 UT and 04:10:30 UT, for which MEX is respectively located in the 499 

magnetosheath, at the induced magnetosphere boundary, and in the ionosphere.  500 

We return to the list of 1066 hyperbolas whose apexes are at the same level or above the 501 

surrounding ionosphere trace and we find 761 hyperbolas for which ELS data were available in 502 

the proper instrumental mode within the time intervals requested. The MARSIS data coverage 503 
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for the orbits corresponding to this selection of oblique echoes comprises 55115 ionograms. We 504 

look for two spectral features during the time intervals around the apex times and we define two 505 

associated indices to classify the density structures. One feature is the presence (absence) of 506 

ionospheric photoelectron peaks, corresponding to the photoelectron peak index PP = 1 (PP = 0). 507 

The other feature is the presence (absence) of solar wind type distributions, corresponding to the 508 

solar wind index SW = 1 (SW = 0). There are three categories possible: ionosphere only (PP = 1 509 

and SW = 0), solar wind only (PP = 0 and SW = 1) or both present (PP = 1 and SW = 1). By 510 

doing this classification, we will determine which category of plasma conditions is most 511 

common at the position of MEX at the times it flies over the reflection regions, and thus test the 512 

hypothesis that atmospheric heating from solar wind precipitation is necessary to generate the 513 

density structures.  514 

First, we look at the distributions of each index, and how it changes for the different time 515 

intervals we took. Table 1 contains information for the SW index, for +/- 30 seconds, +/- 1 516 

minute and +/- 2 minutes intervals. Table 2 contains information for the PP index, in the same 517 

format as Table 1. 518 

From these tables, we see that for both solar wind type spectra and for photoelectron peak 519 

spectra, it makes sense that it is increasingly likely to detect these spectral features (index = 1) 520 

for increasing time intervals, and increasingly unlikely to not detect these features (index = 0) for 521 

increasing time intervals. For example, for the SW index: SW = 0 for 366 cases for +/- 30 522 

seconds intervals and SW = 0 for 315 cases for +/- 2 minutes intervals, and SW = 1 for 395 cases 523 

for +/- 30 seconds intervals and for SW = 1 for 446 cases for +/- 2 minutes intervals.  524 

For the three types of time intervals, we see from Tables 1 and 2 that firstly, both the 525 

solar wind type spectra and the photoelectron peak spectra are more often detected than they are 526 
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not detected (numbers for index = 1 are larger than numbers for index = 0). Secondly, the 527 

photoelectron peak spectra are detected more often than solar wind type spectra are detected 528 

(numbers for PP = 1 are larger than numbers for SW = 1). Thirdly, the photoelectron peak 529 

spectra are not detected less often than solar wind type spectra are not detected (numbers for PP 530 

= 0 are smaller than numbers for SW = 0). For example, for the +/- 2 minutes intervals, SW = 1 531 

for 446 cases and SW = 0 for 315 cases, and PP = 1 for 589 cases and PP = 0 for 172 cases. The 532 

trends for the PP index and SW index do not change significantly when the duration of the time 533 

interval is varied, which allows us to simplify the analysis by considering only one type of time 534 

intervals for the rest of the study. We choose +/- 2 minutes intervals. The oblique echoes are then 535 

classified into three categories: ionosphere only (PP = 1 and SW = 0), solar wind only (PP = 0 536 

and SW = 1) or both present (PP = 1 and SW = 1). We will look at examples for each of these 537 

categories. 538 

Figure 9 shows time series organized in two columns: one case for PP = 1 and SW = 0 539 

(left column) and one case for PP = 0 and SW = 1 (right column). The first row shows the 540 

ASPERA-3/ELS electron time spectrogram in omnidirectional differential energy flux averaged 541 

over sectors 2 to 11. The vertical dashed lines mark the time intervals (black: +/- 30 seconds, 542 

blue: +/- 1 minute and red: +/- 2 minutes) around the time of the hyperbola apex, itself marked 543 

by a thick black vertical line in all panels. The second row shows the position of MEX: the 544 

altitude (black curve, left axis) and the solar zenith angle SZA (blue curve, right axis). The third 545 

row shows the magnetic field model of Cain et al. [2003] evaluated at 150 km altitude at MEX 546 

footprint: the MZA (black curve, left axis) and the field strength (blue curve, right axis). The 547 

fourth row shows the MARSIS echogram averaged over 1.8 - 2 MHz.  548 
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The example for PP = 1 and SW = 0 is taken on 16 August 2006 during orbit 3231, with 549 

the apex of the hyperbola at 09:11:52 UT. The time series runs from 09:08:00 UT to ~09:16:00 550 

UT. In Figure 9d, the hyperbola of interest here has an apparent altitude of 123 km at the apex, 551 

with a vertical extent ∆h = 13 km above the surrounding ionosphere trace. In Figure 9c, at 150 552 

km altitude at the position of apex, the field strength was moderate (|B| = 94 nT) and was near-553 

radial, pointing downward (MZA = 157°). In Figure 9b, the spacecraft at that time was located at 554 

SZA = 33° and altitude = 352 km. Finally in Figure 9a, we see CO2 photoelectron peaks (thick 555 

horizontal line at 20 - 30 eV) but no solar wind type spectra, for the whole duration of the time 556 

series, therefore MEX was in the ionosphere during all this time. 557 

The example for PP = 0 and SW = 1 is taken on 8 August 2005 during orbit 2011, with 558 

the apex of the hyperbola at 20:05:03 UT. The time series runs from 20:01:00 UT to ~20:09:00 559 

UT. In Figure 9h, the hyperbola of interest here has an apparent altitude of 163 km at the apex, 560 

with a vertical extent ∆h = 42 km above the surrounding ionosphere trace. In Figure 9g, at 150 561 

km altitude at the position of apex, the field strength was strong (|B| =715 nT) and was near-562 

radial, pointing upward (MZA = 12°). In Figure 9f, the spacecraft at that time was located at 563 

SZA = 48° and altitude = 1057 km. Finally in Figure 9e, we see that at the beginning the 564 

spacecraft was located in the magnetosheath, recognized by large fluxes of electrons with 565 

energies > 40 eV. The fluxes decrease gradually from 20:05:00 UT, when MEX crosses the 566 

induced magnetosphere boundary and then flies in the boundary layer until 20:09:00 UT. No 567 

CO2 photoelectron peaks are observed for the whole time series.  568 

In the same format as Figure 9, Figure 10 now shows time series in two columns for two 569 

examples of oblique echoes with PP = 1 and SW = 1. The situations are varied for this category, 570 

so we examine two quite different cases. 571 
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The left column shows one case taken on 6 August 2005 during orbit 2001, with the apex 572 

of the hyperbola at 01:07:00 UT. The time series runs from 01:03:00 UT to 01:11:00 UT. In 573 

Figure 10d, the hyperbola of interest here has an apparent altitude of 165 km at the apex, with a 574 

vertical extent ∆h = 41 km above the surrounding ionosphere trace. In Figure 10c, at 150 km 575 

altitude at the position of apex, the field strength was strong (|B| = 295 nT) and was near-radial, 576 

pointing upward (MZA = 12°). In Figure 10b, the spacecraft at that time was located at SZA = 577 

61° and altitude = 329 km. Finally in Figure 10a, we see CO2 photoelectron peaks for the whole 578 

time series, indicating that MEX was in the ionosphere. Meanwhile, several spikes of enhanced 579 

electron fluxes ranging from 5 eV to 300 eV are seen from 01:05:00 UT to 01:06:00 UT, from 580 

01:08:15 UT to 01:08:30 UT, from 01:09:00 UT to 01:09:15 UT and from 01:09:30 UT to 581 

01:09:45 UT. The plasma in these spikes presents a mixture of ionospheric characteristics 582 

(photoelectron peaks) and solar wind characteristics (high fluxes at high energies), suggesting 583 

that it comes from the boundary layer. These spikes are not associated with structures in the 584 

crustal fields (Figure 10c) and suggest a disturbance of the plasma boundaries by Kevin-585 

Helmholtz instabilities [e.g. Gurnett et al., 2010]. One spike was observed within both +/- 30 586 

seconds and +/- 1 minute time intervals (and occurs at the time of the hyperbola apex), and an 587 

additional spike is seen during the +/- 2 minutes time interval.  588 

The right column shows one case taken on 13 April 2007 during orbit 4198, with the 589 

apex of the hyperbola at 04:07:30 UT. Note that we previously examined this case in Figures 1 590 

and 3. The time series runs from ~04:03:30 UT to ~04:11:30 UT. In Figure 10h, the hyperbola of 591 

interest here has an apparent altitude of 145 km at the apex, with a vertical extent ∆h = 22 km 592 

above the surrounding ionosphere trace. In Figure 10g, at 150 km altitude at the position of apex, 593 

the field strength was strong (|B| = 279 nT) and was near-radial, pointing downward (MZA = 594 
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163°). In Figure 10f, the spacecraft at that time was located at SZA = 61° and altitude = 693 km. 595 

Finally in Figure 10e, we see that at the beginning MEX was located in the magnetosheath and 596 

then crossed the induced magnetosphere boundary at ~04:07:00 UT, traveled in the boundary 597 

layer until ~04:07:30 UT and then entered the ionosphere afterwards. Here, the three intervals all 598 

contain a single boundary crossing (from solar wind to ionosphere). 599 

Table 3 gives the distributions of the three categories of pairs of SW and PP indices for 600 

the +/- 2 minutes intervals. Out of 761 cases, 41.3% correspond to SW = 0 and PP = 1 601 

(ionosphere only), 22.6% correspond to SW = 1 and PP = 0 (solar wind only), and 36.1% 602 

correspond to SW = 1 and PP = 1 (both ionosphere and solar wind). In order to interpret the 603 

observations of these three categories, it is instructive to know the altitude and SZA of MEX at 604 

these times.  605 

Figure 11a shows the MARSIS data coverage for the locations of the spacecraft in bins of 606 

10° in SZA and 50 km in altitude, with the color coding giving the number of ionograms in each 607 

bin. The thick black curve marks the position of the induced magnetosphere boundary model by 608 

Dubinin et al. [2006]. The data coverage was restricted to MEX altitude < 1100 km and MEX 609 

SZA < 90°. The coverage is better for SZA > 20° and altitude < 700 km.  610 

Figure 11b shows the locations of the hyperbola apexes, in the same axes. The color of 611 

the dots indicates the category of plasma conditions measured by ELS during the +/- 2 minutes 612 

intervals around the apex times: SW = 1 and PP = 1 (green), SW = 1 and PP = 0 (blue) and SW = 613 

0 and PP = 1 (red). The majority of the SW = 1 and PP = 0 cases (solar wind only) are found at 614 

high altitude and above the induced magnetosphere model curve. Then the majority of the SW = 615 

0 and PP = 1 cases (ionosphere only) are found at low altitudes and below the model curve. 616 

Finally, the SW = 1 and PP = 1 cases (both solar wind and ionosphere) are found somewhere in 617 
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between, distributed equally above or below the model curve. Some cases with solar wind only 618 

(ionosphere only) plasmas are found below (above) the average altitude of the boundary, which 619 

may be explained by the varying upstream dynamic pressure. These trends make sense given 620 

what we know of the positions of the plasma domains relative to Mars [e.g. Dubinin et al., 2006].  621 

 622 

4) Discussion 623 

The present work  uses the list of 1126 dayside electron density structures identified by 624 

Andrews et al. [2014] in the Active Ionospheric Sounding data measured by the MARSIS radar 625 

onboard MEX. We selected 1066 density structures whose apex was lying at or above the 626 

surrounding ionosphere on the same isodensity contour (chosen as 4.47∙104 cm-3), corresponding 627 

to cases where MEX flew right over or very near these structures, for further analysis. 628 

The width of the reflector regions increases when their vertical extent increases (Figure 629 

4e). Furthermore, they are much wider than they are high: the median extent along MEX 630 

footprint during which the hyperbolas stay at or above the surrounding ionosphere is 347 km 631 

(Figure 4c), compared to a median vertical extent of 18 km above the surrounding ionosphere 632 

(Figure 4a). From the echograms, the reflector regions appear often like gentle hills, a finding 633 

which needs to be confirmed in a future work using the density profiles corrected for dispersion. 634 

The latitude extent of the density structures covers several degrees, with a median of ~5° (Figure 635 

4d).  636 

The spacecraft flies over the reflector regions for durations from ~ 10 seconds to ~3 637 

minutes, with the median time interval of 83 s (Figure 4b). As soon as the density structure is 638 

within reflection range from the radar, it shows up as a downward facing hyperbola in the 639 

echogram, with typically one to a few tens ionograms (7.54 s each) covering each branch of the 640 
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hyperbola, which means that the duration for which the structure is detected can effectively be at 641 

least doubled. It is very likely that these reflector regions existed a significant time before MEX 642 

detected them and again a significant time after. This lifetime might be hours, but it is not clear if 643 

they could persist after dark or even for several days. The reason is because the nightside topside 644 

electron densities are very low, often below the detection threshold of MARSIS, i.e. 5000 cm-3, 645 

such that nightside ionospheric reflections, whether vertical or oblique, are not frequently 646 

measured [Nĕmec et al., 2010]. We do not therefore know whether the density structures do 647 

persist for several days, or if they actually disappear during nighttime and reform during 648 

daytime. What is certain is that when the density structures do form, they are very stable in their 649 

locations: they are frequently detected on the dayside during several consecutive MEX passes 650 

above a given geographic area, over periods of tens of days [Gurnett et al., 2005; Duru et al., 651 

2006; Andrews et al., 2014].  652 

We have confirmed the relationship between oblique echoes and magnetic anomalies 653 

established by previous works [e.g. Gurnett et al., 2005; Duru et al., 2006]. The reflection 654 

regions are preferentially found above the magnetic anomalies (Figure 5b); they occur on both 655 

moderate and strong crustal fields, with a median |B| = 96 nT at 150 km altitude at the locations 656 

of the hyperbola apexes (Figure 6 middle column). They are preferentially found in areas of 657 

vertical to oblique crustal fields, avoiding horizontal crustal fields (Figure 5c). The density 658 

structures are indeed more frequent in areas where the angle of the crustal field with respect to 659 

the vertical is less than 45° (more vertical), than in areas where this angle is greater than 45° 660 

(more horizontal); the median angle with respect to the vertical is 15° at 150 km altitude at the 661 

locations of the apexes (Figure 6 left column). Furthermore, the latitudinal extents of the density 662 

structures match quite well with the latitudinal extents of the associated “best-matching” 663 
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magnetic polarity region at 150 km altitude (Figure 7), and that the former one tends to increase 664 

when the latter one increases, but not as rapidly (Figure 8): these are new results. This means that 665 

wider (and therefore higher) density structures tend to be associated with wider regions of given 666 

magnetic polarity; however the latitudinal extents of the structures seem to saturate after 11°. It 667 

may indicate a natural upper limit to the extents of the density structures, coming from their 668 

formation process, and/or it may indicate inaccuracies in the Cain model when it is downward 669 

continued to 150 km altitude in some areas. In addition, we found no relationship between the 670 

latitudinal extents of the reflector regions and the field strength at 150 km altitude (figure not 671 

shown). 672 

The strength of the field seems then to be a weak controlling factor, since even the small 673 

magnetic anomalies around the equator present density structures and that the proportion does 674 

not increase when the field strength increases from moderate to strong. So the presence of 675 

planetary magnetization matters more than its strength. In contrast, the angle of the crustal field 676 

with respect to the vertical exerts a significant control on the reflector regions: directly through 677 

the preferred locations, and indirectly through their latitudinal extents. 678 

The percentage of one-sided loss cone distributions also tells something about the origin 679 

and orientation of the dominant magnetic field in a particular place (Figure 5d). The density 680 

structures are relatively more frequent for percentage values between 5 % and 30 %, and are 681 

relatively less frequent for percentage values > 30 % and values < 5 % (Figure 6 right column); 682 

the median percentage value for the locations of the hyperbolas is 19%. The oblique echoes 683 

avoid the areas of high percentage of one-sided loss cone distributions, which happen to be in the 684 

weakly magnetized Northern hemisphere, where the IMF has easy access to low altitudes and 685 

often intersects the exobase. It means that having frequent access of the solar wind to low 686 
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altitudes is not the mechanism to form the density structures. The oblique echoes also avoid the 687 

zones of very low percentage of one-sided loss cone distributions within the magnetic anomalies, 688 

which happen to be zones of horizontal crustal fields, with almost always closed field lines and 689 

no access from the solar wind. The reflector regions are instead found in the areas of moderate 690 

percentage of one-sided loss cone distributions, which happen to be in the regions of near-radial 691 

fields within the magnetic anomalies (percentage values from 20% to 50% depending on |B|) and 692 

indicate that the field lines are sometimes open, allowing the access by the solar wind. These 693 

structures form repetitively in areas where the solar wind has access or not depending on the 694 

magnetic topology: field lines reconnected with the IMF or field lines connected to the distant 695 

footprint of opposite magnetic polarity along the same magnetic arcade [e.g. Krymskii et al., 696 

2002]. Therefore, the topology of the crustal field lines (open or not) is not a controlling factor, 697 

as long as it is near-vertical.  698 

We note that the upstream conditions will vary significantly over the course of the 699 

sequences of MEX orbits (~ tens of days) selected by Andrews et al. [2014], with Mars being 700 

exposed to low or high dynamic pressure flows and exposed to “toward Sun” or “away from 701 

Sun” IMF sectors. These authors examined a sequence of MEX orbits passing above a particular 702 

region, for which there were simultaneous vector magnetic field measurements by MGS/MAG-703 

ER, and found no consistent trends of the occurrence of the density structures during these orbits 704 

on the upstream dynamic pressure proxy developed by Brain et al. [2005] or on the IMF clock 705 

angle proxy developed by Brain et al. [2006a]. For completeness, we checked all the orbit 706 

sequences from the list of Andrews et al. [2014] for which these proxies were available, i.e. for 707 

times before November 2006. This leaves us with 31 MEX orbits and 94 oblique echoes. Despite 708 

the low statistics, we are able to say that there are no a consistent trends in the external 709 
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conditions for the occurrence of oblique echoes in the areas with multiple MEX passes (figures 710 

not shown). The long term stability of the oblique echoes seems to be consistent with the 711 

apparent non-dependence on the IMF orientation and solar wind dynamic pressure. This is in 712 

contrast with the control exerted by external conditions on the access of suprathermal electrons 713 

to 400 km altitude [e.g. Brain et al., 2006; Dubinin et al., 2008b; Lillis and Brain, 2013], and 714 

with the external control of the percentage of 115 eV electron pitch angle distributions indicating 715 

open or closed field lines [Brain et al., 2014]. 716 

There are many observational studies reporting suprathermal electrons precipitating in the 717 

Martian atmosphere into near-radial crustal fields on the dayside and the nightside [e.g. Mitchell 718 

et al., 2001; Brain et al., 2005; 2006; Lundin et al., 2006; Soobiah et al., 2006; Dubinin et al., 719 

2008a; 2008b; Halekas et al., 2008; Lillis and Brain, 2013; Soobiah et al., 2013; Diéval et al., 720 

2014]. The resulting patches of ionization on the nightside of Mars have been modelled by e.g. 721 

Lillis et al. [2009] and Fillingim et al. [2007] and observed by e.g. Nĕmec et al. [2010; 2011]. 722 

On the nightside, Nĕmec et al. [2010, 2011] made remote measurements of the topside 723 

densities using MARSIS, and found areas of enhanced ionization located in near-radial crustal 724 

fields, in regions of relatively high occurrence frequency of open field line configuration [Brain 725 

et al., 2007]. The increased density values were detected up to ~4∙104 cm-3, larger than the 726 

nightside background density, which is often below the detection threshold of MARSIS for low 727 

densities, i.e. below 5000 cm-3 [Nĕmec et al., 2010]. Nĕmec et al. [2010, 2011] interpreted that 728 

the patchy ionosphere was generated by electron impact ionization from solar wind electron 729 

precipitation along open field lines formed by magnetic reconnection between the magnetic 730 

anomalies and the IMF. This interpretation was supported by the low frequency of observation of 731 

these ionospheric patches over repetitive passes of the spacecraft over the same area, indicative 732 
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of the time-dependence of the magnetic reconnection process. Indeed, Diéval et al. [2014] 733 

reported that cases of very high peak densities detected by MARSIS on the nightside of Mars 734 

were often associated to Westward IMF and often simultaneously with accelerated electrons of 735 

peak energies > 100 eV detected in situ by ASPERA-3, both findings pointing to magnetic 736 

reconnection. Similarly, Safaeinili et al. [2007] and Cartacci et al. [2013] interpreted that 737 

electron impact ionization from solar wind precipitation may explain the measurements of 738 

enhancements of the ionospheric total electron content in regions of strong near-radial fields, as 739 

observed by MARSIS in subsurface mode on the nightside. We note that the cases of measurable 740 

peak densities on the nightside were often at too low apparent altitude for being vertical 741 

reflections, and their trace often showed up as hyperbola traces in the echograms [Nĕmec et al., 742 

2011; Diéval et al., 2014]. These signatures indicate localized density structures on the nightside, 743 

similar to the ones we have examined on the dayside. We mentioned earlier the possibility that 744 

the dayside density structures might survive for some time on the nightside, but with densities 745 

too low to be detected by MARSIS, due to the electron-ion recombination occurring in the 746 

absence of ionizing UV radiation. However, when the external conditions allow for it, the field 747 

lines in areas of near-radial fields may become open and solar wind electron precipitation may 748 

generate extra ionization and heating at low altitudes. This would reinforce the density structures 749 

which may have formed earlier during daytime, by increasing their electron densities to the point 750 

of becoming detectable as nightside oblique echoes.  751 

We suggest that solar wind electron precipitation happening during nighttime is able to 752 

reinforce ionospheric density structures which were presumably formed during daytime, from the 753 

background densities resulting from photoionization of the atmospheric neutrals by UV. But 754 

what causes the dayside density structures in the first place? In order to answer this question, we 755 
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have taken the advantage of the readily available in situ electron distributions measurements 756 

made by ASPERA-3 at the altitude of MEX, and we have classified the oblique echoes per 757 

category of plasma conditions.   758 

For the 22.6% of cases corresponding to solar wind only, the spacecraft altitude was 759 

usually high enough so that it was immersed in the magnetosheath flow for the full +/- 2 minute 760 

interval, which makes it impossible, in the absence of measured pitch angle distributions, to 761 

determine if the solar wind electrons could penetrate to lower altitude below the exobase (i.e. 762 

one-sided loss cone distributions) and down to the density structures. To solve this problem, we 763 

use the finding that the density structures are found mostly above the magnetized regions [e.g. 764 

Andrews et al., 2014 and references therein] and the finding that the mini-magnetospheres act to 765 

raise the minimum altitude reached by the solar wind plasma and magnetic field [e.g. Crider et 766 

al., 2002; Brain et al., 2005; Fränz et al., 2006; Brain et al., 2003]. Therefore we expect that in 767 

these areas the draped IMF is less likely to intersect the collisional atmosphere starting below 768 

~180 km altitude, and thus the less likely access by the solar wind.  769 

For the 41.3% of cases corresponding to ionosphere only, the spacecraft altitude was 770 

usually low enough such that it was flying in the ionosphere. Note that it is more likely to find 771 

ionospheric plasma than solar wind plasma at a given altitude above the magnetized regions, 772 

since the magnetic anomalies raise the altitude of the IMB and the altitude of the ionopause [e.g. 773 

Crider et al., 2002; Duru et al., 2009]. Finally, the ionospheric plasma contained within the 774 

mini-magnetospheres usually exhibits fully isotropic pitch angle distributions and also double-775 

loss cone distributions (trapped electrons), both indicative of closed field lines with both ends in 776 

the crust [e.g. Brain et al., 2007]. Therefore the observations of the category with ionospheric 777 

plasma only are indications that the solar wind has no access to these field lines.  778 
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Finally, for the 36.1% of cases presenting both ionospheric and solar wind plasmas, the 779 

spacecraft was crossing one or several times the different plasma domains. These cases comprise 780 

situations with single boundary crossings or multiple boundary crossings due to varying 781 

upstream dynamic pressure [e.g. Brain et al., 2005; Dubinin et al., 2009], Kevin-Helmholtz 782 

instabilities [e.g. Gurnett et al., 2010] or accelerated/heated electron signatures localized in areas 783 

of radial crustal fields [e.g. Soobiah et al., 2013]. We note that the most frequent situations we 784 

encountered were single boundary crossings. Multiple crossings were also encountered, and were 785 

more often extended in time (dynamic pressure changes and Kelvin-Helmholtz instabilities 786 

occurring over several minutes) than localized in time (electron spikes < 1 minute). The 787 

situations with electron spikes showed more often heated electrons than accelerated electrons, 788 

consistent with Soobiah et al. [2013]. We did not record the numbers illustrating these different 789 

situations, i.e., we did not record whether the solar wind type spectra and ionospheric spectra 790 

were found simultaneously or successively in time, nor if they occurred on radial fields or not, 791 

but just if they occurred at all. The exact timing of these spectral features relative to the 792 

hyperbola apex time is not considered important since the density structures are not “points” but 793 

rather several hundreds of kilometers wide, with measured “durations” of typically one to two 794 

minutes (Figures 4b and 4c), which are significant compared to the time intervals used in this 795 

study: +/- 30 seconds, +/- 1 minute and +/- 2 minutes. The boundary layer, which is the region 796 

comprised between the magnetosheath and the ionosphere, is detected at every boundary 797 

crossing, so it is worth discussing it further. Frahm et al. [2006b] reported the presence of 798 

photoelectron peak spectra, from the photoelectron boundary and up to the induced 799 

magnetosphere boundary. However, this does not imply that the field lines in the boundary layer 800 

have access to the peak altitude of photoelectron production (120-140 km on the dayside) below 801 
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the exobase. Han et al. [2014] interpreted that 20-30 eV photoelectrons could diffuse vertically 802 

across the induced ionospheric magnetic field, up into the boundary layer, thus reaching higher 803 

altitudes than the cold bulk ionospheric photoelectrons (energies < 1 eV) due to larger gyroradii. 804 

In the boundary layer Crider et al. [2000] also observed a decrease of the > 40 eV solar wind 805 

electron flux, which they attributed to the energy-degradation of solar wind electrons by electron 806 

impact ionization with atmospheric neutrals. Crider et al. [2000] interpreted that the electron 807 

impact ionization responsible for the decrease of the energetic solar wind fluxes in the boundary 808 

layer occurs primarily in the portion of the draped magnetic flux tubes intersecting the dense 809 

neutral atmosphere at low altitudes in the subsolar region. However this does not imply that these 810 

flux tubes intersect the exobase. In particular, the magnetic anomalies will again raise the 811 

minimum altitude reached by the solar wind, so we expect that the field lines in the boundary 812 

layer (and the solar wind electrons) will not intersect the collisional atmosphere.  813 

In summary, the largest number of cases (41.3%) corresponds to ionospheric plasma 814 

only, while the two other categories are unlikely to bring the solar wind to the ionospheric 815 

altitudes down to the density structures, because of the special situation of these structures 816 

preferring the magnetized regions of Mars. We also recall that the oblique echoes were not found 817 

in the weakly magnetized Northern hemisphere where the solar wind frequently reaches altitudes 818 

below 400 km. It appears that the hypothesis presented by Gurnett et al. [2005] does not apply in 819 

the majority of cases, i.e. the heating by solar wind electron precipitation is not required for 820 

generating the majority of the reflector regions. Although the precipitation sometimes occurs 821 

during daytime into magnetic cusps within the magnetic anomalies, it would just help reinforce 822 

the density structures previously formed by another more “recurrent” process, which future 823 
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studies may help identify, in particular with MARSIS remote measurements of density profiles 824 

corrected for signal dispersion.  825 

 826 

5) Summary and conclusion 827 

A statistical study of topside dayside electron density structures observed in areas of 828 

near-radial crustal magnetic fields by the MARSIS radar onboard MEX led to the following 829 

results. The majority of the density structure apexes was found below MEX and to be higher than 830 

the surrounding ionospheric density level of 4.47 · 104 cm-3 (median apparent altitude above the 831 

surrounding ionosphere = 18 km). The density structures are much wider than they are high and 832 

their height increases when their width increases (median distance = 347 km along the footprint 833 

of MEX for which the density structures stay at or above the surrounding ionosphere). They are 834 

observed for one to several minutes when the radar is within reflection range (median duration = 835 

83 s for the overhead pass), but last probably much longer. The density structures are found 836 

above both moderate and strong magnetic anomalies, but preferentially above near-radial fields 837 

(median angle with respect to the vertical = 15° and median strength = 96 nT, for the crustal 838 

magnetic field vectors evaluated at 150 km altitude from the Cain model). They have 839 

corresponding latitudinal extensions of several degrees (median ~5°), which are larger for wider 840 

structures of given magnetic polarity at 150 km altitude. They are repetitively observed above 841 

areas with a moderate percentage value (median = 19%) of one-sided loss cone electron 842 

distributions at ~115 eV (where there are near-radial crustal fields), over periods of tens of days, 843 

despite the control of the magnetic topology by the varying external conditions. Furthermore, the 844 

density structures are observed for varying plasma conditions at the altitude of MEX, with the 845 

most frequent plasma category (41.3% of cases) showing ionospheric plasma only, indicative of 846 
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closed field lines, not open field lines. These findings disproves the hypothesis of atmospheric 847 

heating by precipitating solar wind electrons suggested by Gurnett et al. [2005]. However, the 848 

near-vertical crustal fields are an important controlling factor, so the density structures are able 849 

to reform easily, even if these field lines remain connected to the other footprint of the magnetic 850 

arcade, rather than reconnected to the IMF. We also suggest that the ion-electron recombination 851 

occurring on the nightside lowers the densities of the reflection regions to the point that they fall 852 

below the MARSIS detection threshold. However these density structures would become 853 

sometimes detectable on the nightside when intermittent suprathermal electron precipitation 854 

brings additional heating and ionization into a newly formed magnetic cusp region. 855 

In order to test the other hypotheses proposed by other authors [Andrews et al., 2014; 856 

Matta et al., 2015] to explain the density structures, one would need to know whether the density 857 

structures are found at altitudes where the plasma transport dominates or the photochemistry 858 

dominates. We plan to do a follow up statistical study of the corrected density profiles at the 859 

times of the density structures, in order to further constrain their nature and causes, beyond what 860 

was achieved in the present work, by determining their altitude range and plasma scale heights, 861 

and by looking for enhanced peak densities like the ones reported by Nielsen et al. [2007b].  862 

The study of the density structures will be greatly enhanced by the in situ measurements 863 

of the thermal density, temperature and energy distributions of the ions, electrons and 864 

atmospheric neutrals, the wave activity and the magnetic field vectors performed by the MAVEN 865 

(Mars Atmosphere and Volatile Evolution) spacecraft, in orbit around Mars since September 866 

2014. MAVEN reaches its pericenter nominally at 150 km altitude, and down to 125 km during 867 

deep-dip campaigns, so it should observe the density structures on a regular basis whenever it 868 

passes above near-radial field regions.  869 
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Tables 1000 

 1001 

 +/- 30 seconds +/- 1 minute +/- 2 minutes 

Index  Number % Number % Number  % 
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SW = 0 366 48.1 344 45.2 315 41.4 

SW = 1 395 51.9 417 54.8 446 58.6 

All 761 100 761 100 761 100 

 1002 

Table 1: Distribution of the SW index for various time intervals around the times of 1003 

hyperbola apexes. 1004 

 1005 

 +/- 30 seconds +/- 1 minute +/- 2 minutes 

Index  Number % Number % Number  % 

PP = 0 234 30.75 195 25.6 172 22.6 

PP = 1 527 69.25 566 74.4 589 77.4 

All 761 100 761 100 761 100 

 1006 

Table 2: Distribution of the PP index for various time intervals around the times of 1007 

hyperbola apexes. 1008 

 1009 

Group PP = 1 

SW = 0 

PP = 0 
SW = 1 

PP = 1 
SW = 1 

   All 

Number 315 172 274   761 

% 41.3 22.6 36.1   100 

 1010 
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Table 3: Classification of oblique echoes according to the presence or absence of solar 1011 

wind (SW) type spectra and of CO2 photoelectron peaks (PP) in the ELS data during intervals of 1012 

+/-2 minutes around the times of hyperbola apexes. 1013 

 1014 

Figures 1015 

 1016 

Figure 1: (a) Example of a MARSIS ionogram (orbit 4198, April 13 2007, 04:h05:06 1017 

UT).  The intensity of the received echo (color coded) is shown as a function of the sounding 1018 

frequency (horizontal axis) and of the apparent range (vertical axis). (b) Example of a MARSIS 1019 

echogram (orbit 4198). The vertical axis is the apparent altitude of the received echo. The color 1020 

coding is the intensity of the received echo averaged over the frequency range 1.8 - 2. MHz. The 1021 

black vertical dashed line indicates the time corresponding to the ionogram in Figure 1a. 1022 
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 1023 

 1024 

Figure 2: Sketch adapted from Gurnett et al. [2005], illustrating a possible mechanism for 1025 

generating the oblique ionospheric echoes detected by MARSIS. The sketch represents an 1026 

idealized situation where MARSIS measures both a vertical echo from the horizontally stratified 1027 

ionosphere and an oblique echo from a distant density structure located in an area of near-radial 1028 

crustal fields. From [Gurnett, D. A., et al. (2005), Radar Soundings of the Ionosphere of Mars, 1029 

Science, 310(5756), 1929-1933, doi: 10.1126/science.1121868]. Reprinted with permission from 1030 

AAAS. 1031 

 1032 
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 1033 

           Figure 3: Time series during orbit 4198. The time span is the same as in Figure 1b. The 1034 

black vertical solid line in all panels marks the time of the hyperbola apex. (a) MARSIS 1035 

echogram averaged over 1.8 – 2. MHz. The vertical red arrow indicates the vertical extent of the 1036 

hyperbola apex at or above the surrounding ionosphere trace. The horizontal red arrow marks the 1037 

time interval during which the hyperbola stays at or above the surrounding ionosphere trace. (b) 1038 

Crustal magnetic field model [Cain et al., 2003] evaluated at 150 km altitude at the footprint of 1039 

MEX. Left axis: magnetic zenith angle MZA (black). The black horizontal dashed line marks 1040 

MZA = 90°, i.e. horizontal field. Right axis: magnetic field strength (blue). (c) ELS electron 1041 

energy time spectrogram. The vertical axis is the electron energy and the color coding is the 1042 

omnidirectional differential energy flux averaged over sectors 2 to 11. The white color means 1043 
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flux at the background level. The vertical dashed lines indicate time intervals around the 1044 

hyperbola apex time, for which we will examine the plasma conditions: + / - 30 seconds (black), 1045 

+ / - 1 minute (blue), + / - 2 minutes (red). 1046 

 1047 

 1048 

          Figure 4: (a) to (d): Histograms of spatial and temporal extents of the hyperbola apex at or 1049 

above the surrounding ionosphere trace, from the echogram at frequency = 1.9 MHz. (a) Vertical 1050 

extent in apparent altitude. (b) Time intervals during which the hyperbolas stay at or above the 1051 

surrounding ionosphere. (c) Corresponding extent along MEX footprint, using MEX velocity. (d) 1052 

Corresponding latitudinal extent. (e) Scatter plot of the vertical extent versus the extent along 1053 
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MEX footprint. The 25th, 50th and 75th percentiles of the extent along MEX footprint are 1054 

indicated by red curves (in ascending order from the bottom of the plot), and calculated in 1055 

intervals of 10 km. 1056 

 1057 

 1058 

Figure 5. (a) Map of the MARSIS data coverage. The color coding indicates the number 1059 

of ionograms. (b) and (c) Map of the magnetic field strength and map of the magnetic zenith 1060 

angle for the crustal fields measured at ~400 km altitude by MGS, from Connerney et al. [2001]. 1061 

(d) Map of the percentage of one-sided loss cone pitch angle distributions for ~115 eV electrons 1062 

measured at ~400 km altitude on the dayside of Mars by MGS, from Brain et al. [2007]. In all 1063 

panels, the black dots mark the locations of the hyperbola apexes. 1064 
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 1065 

 1066 

 1067 

 1068 

 1069 

Figure 6: Left column (a), (b) and (c): histograms of the angle with respect to the vertical 1070 

at the location of MEX footprint, calculated at 150 km altitude from the crustal magnetic field 1071 

model of Cain et al. [2003]. The bins are centered from 5° to 85° with steps of 10°. (a) and (b): 1072 

the numbers of occurrences are divided by the solid angle sustained by the associated angle with 1073 

respect to the vertical, similar to the work by Duru et al. [2006]. Middle column (d), (e) and (f): 1074 
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histograms of the field strength at the location of MEX footprint, calculated at 150 km altitude 1075 

from the crustal magnetic field model of Cain et al. [2003]. The bins are centered from 10 nT to 1076 

290 nT with steps of 20 nT. Right column (g), (h) and (i): histograms of the percentage of ~115 1077 

eV electrons one-sided loss cone pitch angle distributions at the location of MEX footprint, 1078 

measured at ~400 km altitude on the dayside of Mars by MGS, from Brain et al. [2007]. The 1079 

bins are centered from 2.5° to 87.5° with steps of 5°. For all columns, the top row is for the 1080 

ionograms of the MARSIS data coverage. The second row is for the ionograms for which the 1081 

density structures stay at or above the surrounding ionosphere. The third row shows the 1082 

histograms normalized to their own number of samples, for the data coverage (black) and the 1083 

hyperbolas (green).  1084 

 1085 
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Figure 7: Map of the magnetic zenith angle of the crustal magnetic field model of Cain et 1086 

al. [2003], calculated at 150 km altitude, for the region of the strongest fields. The grey curves 1087 

indicate the footprint of MEX during the MARSIS data coverage. The black curves indicate the 1088 

footprint of MEX for the time intervals during which the hyperbola traces stay at or above the 1089 

surrounding ionosphere trace (from Figure 4b). 1090 

 1091 

 1092 

Figure 8: (a) Latitude profile of the magnetic zenith angle of the crustal field calculated at 1093 

150 km altitude from the model of Cain et al. [2003] at East longitude = 199.5° (black curve). 1094 

The color coding of the circles is the corresponding magnetic field strength at latitude steps of 1095 

1°. The dashed vertical black line indicates a horizontal field (MZA = 90°). The vertical red 1096 

segments represent the latitudinal extent of the hyperbola traces at or above the surrounding 1097 
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ionosphere trace between 199 and 200° East longitude; we excluded from this analysis the 1098 

hyperbolas whose extents cover several magnetic structures of opposite polarities (not 1099 

displayed). The pink horizontal dashed line at constant latitude of -3.5° extending between MZA 1100 

= 90 and 133° marks the edge of the latitudinal extent of the magnetic polarity region chosen to 1101 

best match the latitudinal extent of the associated density structure (red segment from latitudes -3 1102 

to -7°). The vertical black segments represent the latitudinal extent for the MARSIS data 1103 

coverage for the orbits corresponding to the selected hyperbolas between 199 and 200° East 1104 

longitude. (b) Scatter plot of the latitudinal extent of the associated best matching magnetic 1105 

polarity regions versus the latitudinal extent of the hyperbola traces during which they stay at or 1106 

above the surrounding ionosphere trace (black crosses). The 25th, 50th and 75th percentiles of the 1107 

latitude extent of the density structures are indicated by red curves (in ascending order from the 1108 

bottom of the plot), and calculated in intervals of 1°. The blue straight line indicates the linear 1109 

function y = x. 1110 

 1111 
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 1112 

Figure 9: Time series for examples of hyperbola traces. The black vertical solid line in all 1113 

panels marks the time of the hyperbola apex. Top row: ELS electron energy time spectrogram; 1114 

the vertical dashed lines have the same meaning as in Figure 3c. Second row: position of MEX; 1115 

left axis: altitude (black); right axis: SZA (blue). Third row: crustal magnetic field model [Cain 1116 

et al., 2003] calculated at 150 km altitude at the footprint of MEX in same format as Figure 3b. 1117 

Fourth row: MARSIS echogram averaged over 1.8 – 2. MHz. Left column: orbit 3231, example 1118 

of hyperbola trace with PP = 1 and SW = 0, i.e. with ionospheric spectra only and no solar wind 1119 

electrons during the + / - 2 minutes interval around the hyperbola apex time. Right column: orbit 1120 

2011, example of hyperbola trace with PP = 0 and SW = 1, i.e. with solar wind spectra only and 1121 

no ionospheric electrons during the + / - 2 minutes interval around the hyperbola apex time. 1122 

 1123 
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 1124 

Figure 10: Same format as Figure 9. Examples of hyperbola traces with PP = 1 and SW = 1125 

1, i.e. with both solar wind and photoelectron peaks present during the + / - 2 minutes interval 1126 

around the hyperbola apex time. Left column: orbit 2001, example of solar wind electron spikes 1127 

in the ionosphere. Right column: orbit 4198, example of boundary crossing. 1128 
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 1129 

Figure 11: (a) Number of ionograms of the MARSIS data coverage, as a function of 1130 

MEX altitude and SZA. (b) Locations of hyperbola apexes colored by category of plasma 1131 

conditions (pairs of SW and PP indices), as a function of MEX altitude and SZA. Categories: PP 1132 

= 1 and SW = 1 (green), PP = 0 and SW = 1 (blue) and PP = 1 and SW = 0 (red). In both panels, 1133 

the thick black curve marks the induced magnetosphere model by Dubinin et al. [2006]. 1134 

 1135 


