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Key points:

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

2: Structures appear as bulgeshwidtitude extents matchingith areas of near radial B
field

3: Observations above the structures often indicates ionospheric plasmbsel

magnetic field lines

Abstract

Enhanced topside electron densities in the dayside Martian ionosphere have been
repetitively observed in areas of neadial crustal magnetic fields, for periods of tens of days,

indicatingtheir longterm spatial and temporal stability despite changing solar wind conditions.
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We perform a statistical study of these density structures using the ionospheric mode of the
MARSIS radar onboardlars ExpressWe estimate the appareaktentsof thesestructures
relative to the altitude dhe surrounding ionospherghe apex of the density structures often lies
higher than the surrounding ionosphere (median vertical extent of 18 km), which indicates
upwellings. These structures are much wider thay éine high, with latitudinal scales of several
degrees.The radar reflector regions are observed above both moderate and strong magnetic
anomalies, and their precise locations and latitudinal exteatshquite well with the locations

and latitudinal extents of magnetic structures of given magnetic polarity (oblique to vertical
fields), which happen to be regions where the field lines are open part of th& hiemaajority

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

closed field regions shielded from shocked solar wind plasma

1) Introduction

In the absence of a global planetary magnetic figlte interaction of the Martian
ionosphere with the solar wind generates an induced magnetosphere, which protects the
atmosphere from solavind-driven erosion In addition, residual crustal magnetielfls have
been discovered lihe MGS Mars Global Surveygrorbiter, thestrongest fields reaching |B| up
to 200 nT at 400 km altitude in the Southern hemispheéhile smaller fields readB| < 50 nT at
400 km in the Northern hemisphere [6Aguiia et al 1999].

The subject of the present paper is topside daytime electron density strimimcks
areas of usuallyearradial crustal fieldspreviously investigated b@urnett et al[2005], Duru
et al.[2006], Nielsen et al[2007a] andAndrews et al[2014]. Here we present the results af

statistical study othese structurewith a canbination of remote ionospheric soundirigsthe
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MARSIS radar and of Hsitu electron energy distributiomeasurements by the ASPERA
particle package onboard tMEX (Mars Expres$ orbiter.

MEX, in orbit around Mars since late December 2003, follows a-paar orbit of
period ~7h, with pecenter ~300 km and apocentef0000 km. Its payloadotablyincludes two
instruments which we will use here: MARSIS (Mars Advanced Radar for Subsurface and
lonosphere Sounding) and ASPERAAnNalyzer of Space Plasmas and Energetic Atoms), which
are respectively described Bycardi et al.[2004] andBarabash et al[2006].

On the dayside, remote soundings of tihyesice ionosphere by MARSIS permitted the
discovery of localized density structuriesareas of usually neaadial crustal fieldsGurnett et
al., 2005] The apparent altitude of the deysstructuresdetectedoy MARSIS is often higher
than the apparent altitude of the surroundimgin’ ionospheret the same density leyatlith a
mean vertical extent of ~20 kreuggesting an ionospheric upwelliffgurnett et al, 2005;Duru
et al, 2006].The strongesimagnetic anomalieis the Southern hemisphetend to beslongated
over several tens of degrees in longitade the multiple detection of the density structunesr
consecutiveMEX passes above the same magnetic anoswdgests that the density structures
are also elongated in longitude, probably shaped likedyéiiders [Gurnett et al, 2005;Duru et
al., 2006] Furthermore Nielsen et al[2007d have found strong horizontal density gradients
across the density stures observed by MARS]Svith isodensity contours which can be very
inclinedwith respect tdhe horizontally stratified surroundimgainionosphere, sometimes even
vertical slabsThissuggests an easier vertical diffusion of the plasma along theadsal fields
Finally, Andrews et al[2014] reported that #se density structurdend tobe stabldor several
consecutive passes of MEX a given geographic area (over intervals of tens of days)

suggesting that thegasily reform, despite theapidy changing magnetic configuration at
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ionospheric altitudesand the varying upstream solar wind conditionBhis magnetic

configuration evolveslue to the varying IMKinterplanetary magnetic fielddnd the varying

position of the crustal fieldsith respect tdhe Sunc aused by Mar s’ rotation
Several explanations have been proposed for the formation process of the dayside density

structuresGurnett et al.[2009 suggested that the precipitation of solar wind electrons into a

magnetic cusp region mdeatthe atmosphere until it inflates and diffuses upwardreasing

the scale height and thereforepdeging a given isodensity contaar higher altitudeAndrews et

al. [2014] alternatively proposed thain increase of the electron temperature dueetting of

the atmosphere by precipitating electrongy indirectly increase the electron density throwagh

reduction of the iorelectron recombinatiorrate Andrews et al.[2014] also suggested

mechanisms wish involved Joule heating of the atmosphere bield aligned currentsand

Pedersen currenfVithers et al 2005;Fillingim et al., 2010; 2012Riousset et al 2013; 2014]

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

transport along neandial field lines, without involving heatin§Ve propose in this paper to use

a statstical study ofMARSIS data to identify some of the controlling factorstloé dayside

density structures, in order to better constrain their formation prd@gstoing this we may be

able toreduce the number of alternative explanatidnsparticular,with the help of irsitu

plasma measurements by ASPERAwe may check theypothesis of theole of solar wind

electron precipitationln Section 2, we willdescribe the instrumengd methodIn Section 3,

we will describe the result$n Section 4we will presenta discussionof resultsand fction 5

will be thesummary ana@onclusion.

2) Instruments and method
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MARSIS operates in the Active lonospheric Sounding mode and the SubSurface mode
[Picardi et al, 2004] We use here the Active lonospheric Sounding mode, in whichnaedérs
tip-to-tip dipole antenna, mounted nornyalo the direction of spacecraft motion, transmits
sinusoidal pulses of duration 9lu4ver a frequency sweep of 160 steps from 0.1 to 5.4 MHz
(frequency resolutiomyf / f = 2%) . At each sounding freqgt
becomegeflected by a layer with the same plasma frequency as the transmitted frequency. The
receiver measures the time detaysy for receiving this echo in 80 time bins ranging fr@69.3
ps to 7.86 ms af t.®uringtthiseroceds,alre tar carf remotelg sampplel s e
layers of increasing plasma density at decreasing altitudes, down to the ionospherithpeak.
resulting matx of received intensity as a function dime delay and sounding frequency is

obtainedin 1.26 sandesal | ed am .*“ iTdhreo girud | frequency swee,|

An example of MARSIS data from orbit 4198 isosm in Figure 1More examples will
be shownlater in Figures 9 and 10Figure la showsmionogram The time delay was
transformed to the apparent range, which isdiséance traveled by the pulse by assuming no
di sper si on, a2 wherd castre dpea sf lighttime vacuum. Two ionospheric
tracesare visible, marked by arrowsh& echo with thehorterrange (beween 700 and 800 km)
corresponds tehe near- vertical reflection fromhe ionosphere below MEXve will see later
thatthe spacecraft was actually passing directly allbgeapexegionof adensity stucture The
echowith the longer range (bseen 800 and 900 km) correspondsitooblique reflection from
another distant density structurewith isodensity contours being inclinedth respect tothe

horizontal.



114 These oblique echoes aletected for several consecutiemdgramsAn echogram at a

115 fixed sounding frequency consistsiohogramscut at thisfrequency andtacked together in a

116  time seriesFigure 1b shows an example of echogram for orbit 4198, averaged ovzerk&.

117  The altitude of MEXwas subtracted frorthe apparent range to obtain the apparent altite.

118  note that the apparent altitude is lower than the real altitude, since the dispersion, uncorrected
119 here, causes the signal to propagate more slaslyt approaches the point where it gets
120 reflected and thus the signal seems to haweapparent reflectiofurther from the spacecratft.

121 Thenear- vertical reflection from th@lmosthor i zont al ly stratified “m
122 as a near horizontal line near 1020 km apparent altitde (for examp at 04:09:00-04:09:30

123 UT). We also see numerodswnwardfacing hyperbola traceswvhich are the signatures of the

124  localized density structures we are interested ire apexe®f these hyperbola traces are often

125  higher thanhe surrounding ionosphet@ce [Gurnett et al, 2005;Duru et al, 2006] this is the

126  casein Figure lbfor the hyperbolawith the apexesf apparent altitude 198n at04:05:00 UT,

127  145km at04:07:30UT and 158m at04:10:30 UT. The time of the ionograrftom Figure la is

128 indicated by the black vertical dashed line. This vertical line intersects two ionospheric traces of
129 different apparent altitudes, one at ~150 &na one at ~0 kptorrespondingespectivelyto the

130  near- vettical reflection and to theblique reflection in Figure 1&hen the spacecratft is located

131 away but still within reflection range from a density structure, MARSEzIly detectsboth the

132 vertical echo from thdorizontally stratifiedionosphere below and the oblique echo from the
133  distant density strature This situation is illustrated in the sketch of FigureaBapted from

134  Gurnettet al [2006]. Motion toward (away)rom the distantreflection region shows up as

135 increasing(decreasing)apparent altitudef the oblique echoegxplaining the hyperbola shape

136  in the echogramMARSIS measurethe nearvertical echo from thelensitystructurewhen the
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spacecraft passes overhgtds corresponds to thsttuation where thapex of the hyperboliges
at or above t h’ iswmrma pimtetrechogtam anaa n

We use the list oil126 dayside oblique echoes established from the previous work by
Andrews et al[2014]. These authors considered sequenced lefast fiveorbits of MEX with at
least 200 MARSIS ionograms eae¥ith consecutive passesbove specific geographic aresaxd
wheregaps oftwo consecutive orbitsnaximumwere allowed Andrews et al[2014] selected
datawhen the spacecraft was at altitade1100 km and at solar zenith angl80°. The altitude
restriction corresponds to the maximum range at which the radarreamotely detect an
ionosphericlayer. These authors examined tMARSIS echograms of these orbits to identify
hyperbola traces, and selected the most obvious cases (obliqes eetiocseparated from the
“mai n” sur r ou tratefor gt leaso fived sigrdssve ®nograms) parforminga
guadraticpolynomal fitting. Then Andrews et al]2014] discarded the oblique echoes which
were illfitted. For this reasonthe list isnot exhaustive. However, this is not an issue because
we do not attempt to determine the occurrence frequency of observing oblique echoes during all
the orbits considered b&ndrews et al[2014], but we are rather interested in the statistical
propertiesof several aspects relative tiee oblique echoed his procedure left 1126 hyperbola
traces, which were detected on 437 orbits, spanning August 2005 to February 2013, which we
will usehere

Threeaspectselative to the oblique echoease illustratedn three panels in Figure 3 for a
time series on orbit 4198, for the same time interval as in Figuréhkbdescription of Figure 3
will be done for convenienca Section 3with one panel pesubsection. Sulestion 3A treats
some basic characteristic§ the reflection regions, which we will determine from the

echogramsThen,Subsection B treats the relationship between the magnetic anomalies and the
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reflection regionsFinally Subsection & treatsthe plasma conditions detected at the times that
the spacecraft flies over the density structures, by using the in situ electron distribution
measurements by the ELBLectron Spectrometer), part ABPERA3.

ASPERAS3 includes two energetic neutral atom detectors and two ion and electron
detector§Barabash et a] 2006] We use ELSn the instrumental mode during whitie tophat
electrostatic analyzeneasuresn situ 2-D energy distributions of electrons formerly collimated
into the plane of the instrument aperture, in the energy range 5 eVkeV2@nergy resolution
AE | E = 8%) with a 4 time resolutionAt low altitudes above Mars, the measurement plane of
ELS is oriented such that it is abke detect particles moving upward, downward parallel to
the planetary surface. We note that tketection of particles mown downward (including
electron precipitationis affected bythe shadowing of certain ELS decs by the body of MEX
[e.g.Soobiah et a 2013. In consequence we witlot use the downwardiff erential fluxes, but
rather the omnidirectionaifferential fluxes forsectors 211, which were not blocked by the

spacecraft

3) Results

A) Basic characteristics of the density structures

In this section, we will determine the apparent extents of the hyperbola tracethé&om

echograms taken at fixed frequerel.9 MHz( correspondi n‘gmetwgpicalt y 4.

frequency at which the oblique echoes are obsefRigdre 3a shows a zowin of the echogram
from Figure 1b. The vertical red arrow represents the vertical extent of the apex compared to the
| evel of the surrounding “ mai rDuruetal{2008]pThee r e

horizontal red arrow represents the time interval during which the hyperbola stays at or above the

t

r

£
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surrounding ionosphere trace. From this time interval, we calculate the corresponding extent
along MEX track, by using the spacecraft velogit¢ km/s at pericenter, much faster than the
planetary rotation) and by assuming that the density structure isngdependent and immobile

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

s and range re&dgion of ~14 km, which cause an uncertainty in the determination of the
apparent extent (both vertical and along the spacecraft track) and time interval. We remark that
the i onospheric traces are typical lsgeFigarehi c k" ,
1), so we always use the top of the bin with the shortest range (highest apparent altitude), which
should correspond to a vertical reflection.
i onosphere I s somet i meograns, prebably indicativeeof ldrgdtdaudey ” i1 n
fluctuations of this particular isodensity contaut 4 % oin? [e.d. Gurnett et al. 2010]. In

this case, we simply take the average apparent altitude of the surrounding ionosphere trace.
Finally, the extets determined from the echogram are apparent extents, not real extents, since
the echogram is uncorrected for the signal disperdiento its propagation through the plasma

The apparent extents are straightforward to determine, unlike the real ext&lisredquire a
correction procedure not applicable to all the density profiles for reasons explained by e.g.
Morgan et al [2008]. However we assume for now that the qualitative statistical trends for the
uncorrected extents will be the same as for theected ones. The study of the real shape of the
density structures may be determined by usingehmrrectegrofiles of densityversusreal

altitude. The determination of the reaktentsand shapewiill help to betterconstrainthe nature

and the causesf these structureandis left to future work, in which we will take into account

the full range of densities covered thys statistical dataset dinsity structures and the altitudes

at which they occur.
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At fir st, we use the 1126 oblique echoes obtained from the procedure appiiedrbws
et al [2014]. Figure 4a showshe histogram othe vertical extestA hof the hyperbola apexes
relative to the s ur tracedmadreemgnt witmtaeesusfrom Gumetts p her e
et al.[2005] andDuru et al [2006], the difference of apparent altitude between the apexes and
the surrounding ionosphere is positive for the majority of the casmgesting ionospheric
upwellings with 23" 50" and 7% percenties of 8km, 18 km and 29 km, respectivelyThe
negat ivaleescdrespondto situations where the spacecraft detects a distant density
structure and does not pass overh&dte smallest valuss -184 km and the largest value is 121
km (not shown in the range of the histograie la r g e v a lane prebabty bverAstimated
due to significant signal dispersion, which is not corrected in the presentiwdinle rest of the
paper we want to study the densitsustures for which MEXlies overheadi.e. thehyperbolas
whoseapexesstay at or above the surrounding ionosphe¢race & & km. We considethe
margin of error due to the range resolution of 14 km and to the occasionally disturbed
surrounding ionospherasp we also include hyperbolas with smalbsolute values afiegative
Ah, such afd h -18 km For the rest of the papergewhus keed066casesvhose apexes are at
the same level or above the surrounding ionospinace Note that the majority of these case
(977 cases) have Ah > 0, which i sGumeattetalr pr et e
2005;Duru et al, 2006].

Figure 4b shows the histogram of the time intes'dairing which the hyperbola apexes
lie at or above the surrounding ionosphérace. The distribution has 2% 50" and 7%
percentiles of 61 s, 83 s and 106 s, respectivatgl a tail toward high value¥he shortest
intervalis 8 s (spanning 1 ionograrahd the longest interva 204 s (spanning 27 ionograms).

The time it takes for MEX to fly over a density structure typically corresponds to several

10
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ionograms(median number of ionograms: 11yith one ionogram produced every 7.54 s. This
means that the density structures are stable over these time intervals. In fact thusualiar
detects these structures already for a cetime before passing overheadd still a certain time

after that (theascending and descendibgancheof the hyperbola tracesvhich can cover from

one to a few tens of ionograms ep®o the actuaime for which these structures remain stable

is even longer than the intervals shown in Figure 4b, at least as long as the time for which the
radar is within reflection rangeom the structure, and probably much longer (hours?).

Figure 4c Bows the hivogram of the extents aig the direction of MEXrack for which
the hyperbola tracdies at or above the surrounding ionosphere traleese extents are
calculated using the corresponding time interval (from Figure 4b) and the spacecraft velocity
(dependet on altitude), and the fact that the radar flies much more rapidly over the density
structure tharthe planetotates. The distribution has 25 50" and 7% percentiles of 263 km,

347 km and 437 km, respectivelnd a tail toward high value$he shotest distance is 32 km

and the longest distance is 827 Krhe apparent extents of the hyperbola traces at or above the
surrounding ionosphere trace are typically several hundreds of kilometers, and we expect that the
real extents of the density structsirill be of the same order of magnitude. So the density

ss ructures "arlutnodar & proatntesr wi de regions where
compared to the surroundihgrizontally stratifiedonosphere.

At latitudes away from the poles, the footprint of the spacecraft moves primarily in
latitude and a little in longitude, due to its ngatar orbit.Figure 4d shows the histogram of the
latitude extents during which the hyperbola tréies at or above tb surrounding ionosphere
trace.These latitude extentsanbe determined from the latde range spanned by MEXiring

the time intervals (from Figure 4bJhe latitude extent is a good apgroation for the angular

11



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

extentalong the spacecraftack, for he majority of the density structures, whiake located
away from the poles as we will see lat€he distribution has 2% 50" and 7%' percentiles of
3.7°,4.9° and 6.2°, respectiveBnd daail toward high valuesThe shortest latitude extentd$5°
and the largest latitude extent is 10.9b the apparent latitude extents are typically several
degrees wide in latitude, and we expect the real latitude extents to be of the same order of
magnitude.

Figure 4e shows the scatter plot of the vertedkents of the hyperbola traces w.r.t the
surrounding ionosphere trace vesghe extents along ME¥otprint (using Figure 4a and 4c).
The median and quartiles of the extents along MEX footprint are represented by the red curves
and calculated in steps d0 km. The extents along the spacecraft track are one order of
magnitude larger than the vertical extents, meaning that the density structures are much wider
than they are higlDespite a large scatter of points, thexyeaweakpositive linear relationship
betweenthe extent along the spacecraft footpiamid the vertical extentwith aPearson linear

correlation coefficient of 0.27

The increases of the median and quartile curves confirm this faedefore for a given
isodensitycontour, it seems that the higher the density structure appears above the surrounding
ionosphere, the wider this structure becomemther way to interpret this finding is to consider
that a density structure whicis more highly elevated above theckground ionosphere is

probably visible over a larger range of distaraiesg the spacecraft track

B) Influence bythemagnetic anomalies

12
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We return to Figure 3 for an illustrative case study of orbit 4F8fure 3b shows the
crustal magnetic fieldhodel ofCain et al.[2003], evaluated at 150 km altitude at the footprint of
MEX. The choice of 150 km altitude was made for consistency with previous works on this topic
[e.g. Gurnettet al, 20(®]. The blue curve (right axis) shows the field strength |B| and the black
curve (left axis) shows the MZA (magnetic zenith angle), i.e. the angle of the magnetic field
vectorwith respect tdhe zenith; 0° is vertical upward. The actual magnetic fieldigordtion
may change due to the superposition of the crustal fields and of the varying induced ionospheric
field; nevertheless moderate and strong crustal fields should dominate the field contribution at
150 km altitude during most of the time. During th&erval shown in Figure 3, MEX flew above
regions of large field strength > 300 nT. The three hyperbolas previously noted in the echogram
tend to coincide with nearndial fields, i.e. with the apex at MZA = 26°@t:05:00 UT, 163° at
04:07:30 UT and 324t 04:10:30 UT. Previous studies have focused on the orientation of the
crustal field [e.g.Andrews et al.,.2014 and references thergirwhich is undoubtedly an
important controlling factor for the density structures. We will use the larger dataseteuot tyi
Andrews et al[2014] to investigate some crustal field parameters evaluated at the footprint of
MEX. We will use the calculated strength and angle of the field vesiibr respect tothe
vertical for the magnetic field at 150 km altitude from theded ofCain et al.[2003].

We also would like to determine whether the crustal field lines were open or closed at the
times of the observations of the density structures. For this, we would need observations of
electron pitch angle distributions at thespion of MEX when it passes above the reflection
regions, which was not possible due to the lack of a magnetometer. However, thternong
stability of the density structuredidrews et al 2014] suggsts that this is not criticdhstead,

we use the map of percentage of ~115ad®ctrons orsided loss conpitch angle distributions

13



297  (distributions with one loss con@bserved at ~400 km altitude on the dayside of Mars by
298  MAG/ER onboard MG$Figure 11b fromBrain et al, 2007]. This is a statisal result averaged

299 over several yearOnesided loss condlistributions mean that theeturn flux of 115 eV

300 electrons moving along the field lines is reduced compared to the incident flux. These incident
301 electrons can be lost in the collisional atmasph(below the exobase at 180 km altitude), when
302 the IMF intersects the exobase in the weakly magnetized Northern hemisphere and when open
303 field lines connect the Martian ctu® the IMF in areas afiearradial fields. Incident 100 eV

304 electrons may penetite down to 160 km altitude in the Martian atmosphere [etyick et al,

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

306 Before examining the spatial occurrenceéh&foblique echoes, we first show in Figur@ 5

307 the map of the data coverage of MARSIS for the orbits of M#¥ch, firstly, followedthe

308 criteria imposed in Section 2 arsgcondly,for which were detected the 10Gfblique echoes

309 used in the rest of the studjhedatacoverage contain80966 ionogramsBy comparison, there

310 are 12343 ionograms comprised by the time intervals duringhwthie 1066 hyperbola apexes
311 lie at or above the surrounding ionosphieeee The coverage is best at altitudes away from the
312 poles and is relatively uniform across tlage of longitudesat least near the equatdm all

313  panels of Figure 5he black dots represent the locations of the hyperbola apexe$iyperbola

314  apexes are not randomly found along the track of MEXihmytcluster in areas of crustal fields,
315 as shown by Figurgb.

316 Figure5b representshe map of the crustal magnetic field strength measured at ~400 km
317  altitude by MGSConnerney et al 2001].The reflector regions are almost all found above the
318 magnetized regionconsistent with the results Bndrewset al.[2014] and references therein

319 They are detected abotiee strong field regions of the Southern hgrhexe and also abovke

14
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moderate elds near the equatoiSome outliers are detected outside thagnetic anomalies,
possiblyindicating that there areieak crustal fields not &l captured by the magnetic field
observedat ~400 km altitudeTherefore, the fomation of density structuresccurs atthe
locations of he magnetic anomalies, for both strong and moderate.fields

Figure 5¢c shows the map of the magnetic zenith angle of the crustal field measured at
~400 kmaltitude by MGS[Connerney et al 2001]. The reflector regions areften found in
areas where the field orientation goes fregnticalto oblique, but tend to avoid horizontal fields,
in agreement with results BAndrews et al[2014 and references thereiiherefore the density
structures need magnetic anomalerderto form, but are not located randomly within the
mini-magnetospheres

Figure5d shows the map dhe percentage of ~115 eV electron pitch angle distributions
indicating a single loss cone observed at ~400 km altitude on the daysiddars by MGS
[Figure 11b fromBrain et al, 2007].In the unmagnetizedegions of the Northerhemisphere,
the percentage of orsded loss cone distributions high, reaching 6@ in some placesand
indicates thathe draped IMF intersectbe exobaseften and therefore that the solar wind has
frequent access to altitudes < 400 km; there are only a fewtoeflegions thereThemagnetic
anomalies preserdreas of very low percentage of open field lines (< 1@&é)ciding with
horizontal fields, especially above the strong fieltiere are only a few reflector regions there
In contrast, there are sorfeealizedareas of moderafegercentage of open field linesinciding
with nearvertical to obliquecrustalfields (values of 2210% above moderate fields and up to
50% above strong fieldswhere the reflector regions tend to clusféne percentage ofne
sided loss condistributionsis lower above the magnetized regidhan above the umagnetized

regions(median values of 13% and 28%, for |B| > 20 nT and |B| < 20 nT respectively, at 400 km)
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because the access thie solar wind to the minmagnetospheres depends the solar wind
dynamic pressure and IMF orientation [eDgibinin et al, 2008b;Lillis and Brain, 2013]and is
thereforeinfrequent The density structuresviar neither the regions of low percentagehah
percentage of onsided lossone distributions, buhe regions of moderate percentaggead

Figure 6 revisits the results from Figurg in a more quantitative way, by presenting
histogramsof the number of ionograms the data coverage of MARSIS (top row) and
histograms of the number of ionograms for which the hyperlhelas or above the surrounding
ionosphere (middle row). The black and green histograms of the bottom row represent the
histograms for the data cerage and the hyperbolas, respectively, both normalized to their own
number of data points (80966 and 12343, respectivalg)calculated standard deviations on the
number of entries in every bin of the histograms of the number of ionograms with hypé&sbolas
the middle row. We used a binomial error calculation, 0 -p - , whereN is the number
of i onograms in the data coverage in these bi
ionograms with hyperbolas in these bins. The errors wereafjypP? orders of magnitude smaller
than the number of entries in the bins, which made them barely visible in the figure, so we did
not plot themhere

The left columnof Figure6 correspond to the anglewith respect tahe verticalof the
crustal field model ofCain et al.[2003] evaluated at 150 km altitu@e the footprint of MEX
Here the polarity of the radial component of the magnetic field has been eliminated by
transformingthe magnetic zenith angiato the angle of the vector fieldith respect tathe
vertical, i.e. between 0° and 90Fhe number of occurrences vgeightedby the solid angle
sustaired by the corresponding anglath respect tdhe vertical, in the same way Bsiru et al.

[2006]. Corcerning theweighted distributions of the angle of the fieldith respect tothe
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vertical,the 2%", 50" and 7% percentiés for the oblique echoes are #8° and 34, respectively
(Figuregb). For both the oblique echoes and the data coverage, the number of ionograms per
steradian is largest for small angles (reartical fields) and decreases as the angle increases
toward horizontgl however thedecreases more abrupt for the oblique echo@#is result is
consistent with the finding bpuru et al [2006], which used a smaller datasenally, Figure6c
shows that the density structures are relatively more frequent than the data coveragledor an
45° and relatively less frequent for angles > 45°.

The middle column of Figuré corresponds to the strength of the crustal field model of
Cain et al.[2003] evaluated at 150 km altitude at the footprint of ME>ncerning the
distributions of themagnetic field strengtRigures For the data coveragehe number of
ionograms is the largest for low fields and rapidly decreases as the field strength increases
(Figure 9d) This can be understood as the fact that vast areas of Mars are weakly magnetized.
For the oblique echoes,eémumber of ionograms is not the largest for low fields but instead
peaks athe bin covering @60 nT and then decreases slowly as the field strength increases
(Figure 9e)the 23", 50" and 74 percentiles are 50 nT, 96 nT and 187 Tifie larger proportion
of density structures for moderate fields than for strong fields is due to the fact that more
ionograms were acquired over the moderate fields them the strong fields (Figuréd).
Finally, Figure 6f shows that the dengitstructures are relatively lessequentthan the data
coverage for |B| < 50 nT and relatively more frequent for |B| > 50 nT.

The right column of Figuré corresponds to the percentage of -smed loss cone
electon distributions from Figurgd, whose patial resolution is 1° x 1°: the percentage value in
a given spatial bin was assigned to all ionograms recorded when MEX was located in tinat bin.

Figure 6g, the distributionpeals at the bin covering 120 % (considered as a moderate value)
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and then the number of ionograms decreases as the percentage-siflednéoss cone
distributions increases, but the decreaseatberslow and exhibits a plateau shape between
percentage values &7% and 42% It is the population of high percentage values in the
unmagnetized Northern hemisphere which causes the plateau shape of the distribution of the
total coverageln Figure6h, the 2%, 50" and 7%' percentiles of the histogram for the oblique
echoes are 13 %, 19 % and 27 %, respectively. The histogram peaks at the bin covering
percentage values of 0 %, like the data coverage does, and then the number of ionograms
decreases rapidly #ise percentage of orsded loss cone distributions increadéasally, Figure

6 shows that the density structures are relatively more frequent than the data coverage for
percentage values between 5 % and 30 %, and are relatively less frequent fdagenanes >

30 % and values < 5 %fter having confirmed the role that thheagnetic anomalieglay in the
occurrence of thdensity structures, we propose to checkaf@ossiblenfluence on thaizesof

these structures.

In Figure 7, the locationdor which the hyperbolas were found lying at or above the
surrounding ionspheric trace (black lines) habeen supermedon the map of the magnetic
zenith angle of the crustal field model G&in et al [2003], evaluated at 150 km altitude. The
MEX footprints for the MARSIS dateoverage during these orbits also shown as grey lines.

The map here focuses on the area of the Southern hemisphere where the strong magnetic
anomalies are locate@ne sees several groups of grey lines correspondindfévedit periods

of successive MEXpasses ovegparticulargeographic regionssurnett et al[2009, Duru et al

[2009 and Andrews et al[2014] reported that the oblique echoes were recuwirey several
successive passes, eguss at a neadfyxed longitudeseparated by a few days, abayigen

nearradial field areas with several degrees width in longitudéeed, thisis what we see in
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Figure7, for example the clustesf oblique echoeabove a dowward oriented nearadid field

structure (red colorpetween latitudes3° and-18° andbetweenEast longitudes 112° and 128°

From Figure7, we note that the latitudinaltent for which the reflector regiotie at or above

the surrounding ionosphere miags quite well witlthe latitudinalextent of the nearadial field
structures where they are located. We also get this overall impression from the areas of moderate
crustal fields (not shown).

We investigatehis trend further in Figur8. Figure8a represents a latitudinal slice of the
crustal magnetic field model dfain et al.[2003] evaluated at 150 km altitude, takenthis
exampleat fixed Estlongitude= 199.5°. The black curve is thdZA (magnetic zenith angle
and the colored dots indicate the strength of the field at latitude steps Aif this particular
longitude, one sees the weak fields of the Northern hemisphere and the strong fields of the
Southern hemispher&he MZA profile indicates an alternationf oninima and maxima in
between which the curve intersects several times the vertical dashed line which marks MZA =
90°, in other words, there is an alternation of oblique or-reehial fields of opposite polarities
(oriented upwardor downward), delimitedby horizontal fields which form the top of the
magnetic arcades.

The locations ofthe ionograms duringvhich the hyperbolaslie at or above the
surrounding ionosphere traemd which were detected between 199° and 208StBngitude
with a longitudinalextent negligible compared their latitudinalextent are markedn Figure
8a by vertical red segments placed for convamte at MZA= 90°. In addition, he locations of
the ionograms for theMARSIS data coverage dhe associated MEX orbits, for which the
longitude of the spacecraft track was between 199° and 28€itdagitude, are represented by

vertical black segments, also convenierlgced at MZA= 90°. The dengy structures are
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usuallylocated in areas afearradial or oblique fields, and these are the ones we will conisider
orderto determine the latitudinaéxtent of themagneticregions of given polarityvhich best
matches with the latitudinaxtent of thesealensity structures The latitudinal extent of these
regions is determined by taking the intersections ofME& profile with the MZA = 90° line.
This is the case faxample foithe region of uwvard polarity between latituded48° to-56° with
one extremumat MZA = 1° Another example is fothe region of upward polarity between
latitudes-29° to-38° with two local extremaat MZA = 15° and 22°The method needs to be
adapted for cases whettee latitudinal extent of the density structure is much smaller than the
full latitudinal extent of he magnetic regionAn exampleis the region of downward polarity
between latitudes 7° t®° (across the equatowith three local extremat MZA = 188°, 149°
and 178?Herethe reflector regionvith latitudinal extent from3° to-7° seems ta@orrespond to
the extremumat MZA = 168° We then take the latitudinal extent arount gxtremum from
latitudes-3.5° (marked by the horizontal pink dashed line in the figuoe)9°. We repeat the
procedure for latitdinal slices at all longitudes. ¥excludel from the analysis the minority of
density structures those apex is locate@m area of horizontal crust&lds, whichin practice
excludes the densitytrsctures for which the latitudinagéxtent covers multiple regions of
oppositepolarities.lt can happen thdhe latitudinalextens of the density structuresover most
of a region of givermagneticpolarity and then also partialljoverthe next region of opposite
polarity. These cases are tolerated as long as it is clear to which magnetic polarity region the
obliqgue echoes belon@he procedure left 811 hyperbolas for whiele could determine the
latitudinalextent of the best matchimgagnetic polarity regian

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

polarity regionsversus thdatitudinal extent during which the hyperboldie at or above the
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surrounding ionosphere tracehe red curveare the median and quartiles of the distribution of
the latitude extentsfahe density structuregalculated in steps of 1There are555 out of 811
hyperbolas (81% of the casdggated below the blue line marking the linear function y =ex, i

the cases where the latitudinektents of the density strucas are smaller than the latitudinal
extents of the associated magnetic polarity regidiee remaining 156 cases correspond to
situationswhere the density structures wexeceptedas long as it waclear to which magnetic
structure they belonged tas explained in the previous paragraphere is aweak positive

linear relationship betweethe sizes of the density structurasd the sizes of the associated
magnetic polarity regias) with a Pearson linearorrelation coefficient of 0.43The pvalue for
testingthe hypothesis of no correlation agaitis alternative that there isnanzero correlation

gives 175-10°7, which is significant at the 5% levdlhis trend is visiblalespite a large scatter

of pointsboth in the scatter plot and in the increase of the median and qua#siédse size of

the magnetic structure increases, however, the sizes of the reflegimns do not increase as
fast: the median and quartiles curvakhough increasingverall movelower compared to the y

= x line. The sizes of the density structures saturate for large magnetic structures with latitude
extents > 11°There are less statics for large magnetic structures so we did not continue the
calculation of median and quartiles beyond this limit of Ttfis saturation effect may occur if

the density structureBave a naturaupper limi to their latitudinalextents, which would be
dictated by their formation process. This effect may be checked in a future work using the

corrected electron density profiles. Another possibility is that inacasaufi the Cain model

dowrward continuedo low altitudemay be reponsible for producing t oo wi de” mo d e

magnetic structures.
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481 C) Comparison with ASPERA&/ELS measurements

482 Previous studies of the MARSIS obliqgue echogsdrews et al 2014, and references

483  therein] suggested that the density structures found irs afer@eairadial fields may be caused

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

486 We will examine the insitu plasma conditions measured by ELS at the location of MEX
487  within time intervals (+/ 30 seconds, +/1 minute and +/2 minutes), around the times that

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

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

490  spectrogram from ELSThese time intervals are delimited by vertical dashed lines in Figure 3c:
491  +/- 30 seconds (black), +1 minute (blue) and +2 minutes (red)At first, the spacecraft was in

492  the magnetosheathrecognized by high fluxes of electrons of energies above 40 eV. At
493  ~04:07:00 UT, the decrease in the shocked solar wind flux corresponds to the crossing of the
494  induced magnetosphere boundary. The crossing of the photoelectron bound@paie UT

495 marks the entry ito the ionosphere, identified by low fluxes of electrons above 60 eV and by the
496 intense CQ photoelectron peaks at ~30 eV [e.g.Frahm et al , 2006 a] . We call
497 | ayer” the region between t he toetbaironebdundarpgnet o
498 We already see a variety of situations for the hyperbolas on orbit ##98pexes a4:05:00

499 UT, 04:07:30 UT and04:10:30 UT, for which MEX is respectively located in the

500 magnetosheath, at the induced magnetosphere boundary,thadanosphere.

501 We return to the list of 1066 hyperbolas whose apexes are at the same level or above the
502  surrounding ionosphere trace and we find 761 hyperbolas for which ELS data were available in

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

505 look for two spectral featureduring the timantervalsaround the apex times and wefine two

506 associated inde&s to classify the density structures. One feature is the presence (absence) of
507 ionospheric photoelectron peaks, corresponding to the photoelectron peak index PP =1 (PP = 0).
508 The other feature is the presence (absence) of solar wind type distributivasponding to the

509 solar wind index SW =1 (SW = 0). There are three categories possible: ionosphere only (PP =1
510 and SW = 0), solar wind onifPP = 0 and SW = 19r both present (PP = 1 and SW = 1). By

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

512 common at the position of MEX at the times it flies over the reflection regions, and thus test the
513  hypothesis that atmospheric heating from solar wind precipitation is necessary to generate the
514  density structures.

515 First, we lookat the distributions of each index, and how it changes for the different time
516 intervals we tookTable 1containsinformation forthe SWindex, for +£ 30 seconds, +/1

517 minute andt+/- 2 minutes intervalsTable 2contains information for the PiAdex, in the same

518 format as Table.1

519 From these tables, we simatfor both solar wind type spectaad for photoelectron peak

520 spectra, itmakes sense thatig increasingly likely to detect these spectral features (index = 1)
521  for increasing time intervals, and increasingly unlikely to not detect these features (index = 0) for
522 increasing time intervald-or example, for the SW inde8W = Ofor 366 cases for +/30

523  secondsntervalsandSW = 0 for315 cases for +2 minutes intervalsandSW = 1for 395 cases

524  for +/- 30 secondstervalsandfor SW = 1 for446 cases for +2 minutes intervals

525 For the three types of time intervalge see from Tables 1 andtRat firstly, both the

526  solar wind type spectra and the photoelectron peak spectra are more often detected than they are
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not detectednumbers for index = 1 are larger than numbers for index =Séjondly, the
photoelectron peak spectra are detected mfiem ahan solar wind type spectra are detected
(numbers for PP = 1 are larger than numbers for SW = Hiydly, the photoelectron peak
spectra ar@ot detected lessften than solar wind type spectra a detectednumbers for PP
= 0 are smaller than numbers for SW =B)r example, for the/- 2 minutes intervals, SW = 1
for 446 cases and SW = 0 for 315 cases, and PP =1 for 589 cases and PP = O for IlM2ecases.
trends for the PP index and SW index do not chasignificantly when the duration of the time
interval is varied, which allows us to simplify the analysis by considering only one type of time
intervals for the rest of the study. We choose2+hinutes intervalsThe oblique echoes are then
classified nto three categories: ionosphere only (PP = 1 and SW = 0), solar windRly 0
and SW = 1)or both present (PR 1 and SW = 1). We will lookat examples for each of these
categories.

Figure9 shows time series organized in two columns: one caseMer P and SW = 0
(left column) and one case for PP = 0 and SW = 1 (right coluimg. first row shows the
ASPERA3/ELS electron time spectrogramamnidirectionaldifferential energy flux averaged
over sectors 2 to 11. The vertical dashed lines mark the time intervals (bla8@ séconds,
blue: +f 1 minute and red: +2 minutes) around the time of the hyperbola apex, itself marked
by a thick black vertical linen all panels.The second row shows the position of MEX: the
altitude (bl&k curve, left axis) and the solar zenith arn§#A (blue curve, right axis)The third
row shows the magnetic field model ©&in et al.[2003] evaluated at 150 km altitude at MEX
footprint: the MZA (black curve, left axis) and the field strength (blue curve, right axis). The

fourth row shows the MARSIS echogram averaged over 2 [@Hz.
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The examplefor PP = 1 and SW = 8 taken orl6 August 20® during orbit3231, with

the apex of the hyperbola @:11:52 UT. The time series runs fro89:08:00 UT to ~09:16:00

UT. In Figure9d, the hyperbola of interest here has an apparent altitud23d{r at the apex,

wi th a vert lZkmlabowe the sumaundiAghiongsphere traodrigure9c, at 150

km altitude at the position of apexketfield strength was modera{8|(=94 nT) andwas near

radial, pointing downward (MZA =397°). In Figure9b, the spacecraft at that time was located at

SZA =33 and altitude = 82 km. Finally in Figure9a, we see C@photoelectron peakshick

horizontal lineat 20- 30 eV) but no solar wind type spectrf@ay the whole duration of the time
series therefordMEX was in the ionosphere during all this time

The example for PP = 0 and SW = 1 is taken on 8 August 2005 during orbjtvia@i1

the apex of the hyperbola at:@6:03 UT. The time series runs from:@000 UT to ~2009:00

UT. In Figure9h, the hyperbola of interest here has an apparent altitude of 163 km at the apex,

with a vertical

extent

Ah

4 2

IrkFiguresddy at 159

km altitude at the position of apex, the field strength was strong (|B| =l)1&nawas near

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

SZA = 48° and altitude = 1057 kniinally in Figure9e, we see thaat the beginninghe

spacecraft was located in the magnetosheath, re@afrby large fluxes of electrons with

energies > 40 eV. The fluxes decrease gradually fro@52ID UT, when MEX crosses the

induced magnetosphere boundaryd then flies inhe boundary layer until 209:00 UT. No

COz photoelectron peaks are observed for the whole time series.

In the same format as Figude Figure D now shows time series in two columns for two

t

he

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

SO we eamine two quite different cases.
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The left column shows one casden on 6 August 2005 during orbit 2001, with the apex
of the hyperbola a01:07:00 UT. The time series runs frodi:03:00 UT to 01:11:00 UT. In
Figure 1d, the hyperbola of interest henas an apparent altitude of 1k at the apex, with a
vertical 4é&bknt above thestwrrounding ionosphere trdoefFigure Dc, at 150 km
altitude at the position of apex, thield strength was stron@dB| =295nT) andwas nearadial,
pointing upvard (MZA =12°). In Figure Db, the spacecraft ahat time was located at SZA =
61° and altitude = 328m. Finally in FigurelOa, we se€ O, photoelectron peaks for the whole
time series, indicating that MEX was in the ionosphere. Meanwgeleraspikes of enhanced
electron fluxes ranging from 5 eV to 300 eV are seen &@r@5:00 UT t001:06:00 UT, from

01:08:15 UT to01:08:30 UT, from01:09:00 UT t001:09:15 UT and from01:09:30 UT to

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

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

that it comes from the boundary layd@ihese spikesre not associatedith structures in the
crustal fields (Figure Oc) and suggest a disturbance of the plasma boundaries by-Kevin
Helmholtz instabilitiede.g. Gurnett et al, 2010] One spike was observed within both 30
seconds and +/1 minute time intervalg¢and occurs at the time of the hyperbola apex), and an
additional spike is seafuring the +/ 2 minutes time interval.

The right column shows one case taken on 13 April 2007 during orbit 4198, with the
apex of the hyperbola &4:07:30 UT. Note that wepreviously examined this case in Figures 1
and 3.The time series runs fron04:03:30 UT to ©4:11:30 UT. In Figure @h, the hyperbola of
interest here has an apparent altitude of
above the surroundingnosphere trace. In Figur®d, at 150 km altitude at the position of apex,

the field strength was strong (|B|279 nT) and was nearadial, pointingdownward (MZA =
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163°). In Figure Df, the spacecraft at that time was located at SZA =a@t°altitide = 693km.
Finally in Figure De, we seghat at the beginning MEX was located in the magnetosheath and
then crossed the induced magnetosphere boundat@4d&7:00 UT, traveled in the boundary
layer until 04:07:30 UT and then entered the ionosptadterwards. Here, thiaree intervals all
contain a single boundary crossing (from solar wind to ionosphere)

Table 3 gives the distributions of the three categories of pairs of SW and PP indices for
the +/ 2 minutes intervals. Out of 761 cases, 41.3%espond toSW = 0 and PP =1
(ionosphere only)22.6% correspond to SW = 1 and PP = 0 (solar wind only), 25d%
correspond to SW = 1 and PP Sdothionosphere and solar wihdn order to interpret the
observations of these three categoriess indructive to know the altitude and SZA of MEX
these times

Figure la shows the MARSIS data coverage for the locations of the spacadrafsiof
10° in SZA andb0 km in altitude, with the color coding giving the number of ionograms in each
bin. The thick black curve marks the position of the induced magnetosphere boundary model by
Dubinin et al.[2006]. The data coverage was restrictedMBX altitude < 1100 km anMEX
SZA <90°. The coverage is better 8ZA > 20° and altitude < 700 km.

Figure 11b shows the locations of the hyperbola apexes, in the same axes. The color of
the dots indicates the category of plasma conditions measured by ELS during2hainites
intervals around the apex times: SW =1 and PP = 1 (green), SW = 1 and(BRe) @nd SW =
0 and PP =1 (redYhe majority of the SW = 1 and PP = 0 caedar wind only)are found at
high altitude and above the induced magnetosphere model dineethe majority of the SW =
0 and PP = 1 casd®nosphere onlypre found at lov altitudes and below the model curve

Finally, the SW = 1 and PP =dasegqboth solar wind and ionospher@e found somewhere in
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618  between, distributed equally above or below the model c@wae cases with solar wind only
619  (ionosphere onlyplasmasare bund below (above) the average altitude of the boundénch
620 may be explained by the varying upstream dynamic pres$uese trends make sense given

621  what we know of the positions of the plasma domains relative to MarDjebanin et al, 2006].

622
623 4) Discussion
624 The present workusesthe list of 1126 daysidelectrondensity structures identified by

625 Andrews et al[2014] in the Active lonospheric Sounding data measured by the MARSIS radar
626 onboard MEX. We selected 1066 density structures whose apexyiwvgsat or above the

627  surrounding ionospher@n the same isodensity contqohosen ag . 4 7cmd),Gcorresponding

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

629 The width of thereflector regionsncreases whetheir vertical extent increas€Bigure

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

631  footprint during which the hyperbolas stay at or above the surrounding ionosphere is 347 km
632  (Figure 4c) compared to a median viedl extent of 18 km above the surrounding ionosphere
633  (Figure 4a) From the echograms, the reflector regions appear often like gentle hills, a finding
634  which needs to be confirmed in a future work using the density profiles corrected for dispersion.
635 The lattude extent of the density structures covers several degrees, with a meeidiffogure

636  4d).

637 The spacecratft flies over theflector regions for durationfom ~ 10 seconds to-3

638  minutes, with the median time interval 88 s (Figure 4b) As soon ashe density structure is

639  within reflection rage from the radar, ishows up as a downward facing hyperbola in the

640 echogram, with typicallpne to a few tens ionograms (7.84ach) covering each branch of the
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641  hyperbola, which means that the duration ftuwich the structure is detected can effectively be at
642 least doubled. It is very likely that these reflector regions existed a significant time before MEX
643 detected them and again a sigeafit time afterThis lifetime might be houydut it is not clear if

644  they could persist after dark or even for several dlys reason is because the nightside topside
645 electron densities are very low, often below the detection threshold of MARSIS, i.e. 5800 cm
646  such thatnightside ionospheric reflections, whether verticar oblique, are not frequently

647 measuredN @ me c ., 2000] V& do notthereforeknow whether the density structures do
648  persist for several days, or if they actually disappear during nighttime and reform during
649  daytime.What is certain is that when the density structures do form, they are very stable in their
650 locations: they arérequently detectedn the daysideluring several consecutive MEX passes
651 above a given geographic area, over periods of tens of Gaysdtt etal., 2005;Duru et al,

652  2006;Andrews et al 2014].

653 We have confirmed the relationship between oblique echoes and magnetic anomalies
654  established by previous works [e@urnett et al, 2005 Duru et al, 2006]. The reflection

655 regions are preferentially found above the magnetic anomalies (Fgurthey occur on both

656 moderate and strong crustal fields, with a median |83 aTat 150 km altitude at the locations

657  of the hyperbola apexg&igure 6 middle columi. They are preferentigi found in areas of

658  vertical to oblique crustal fields, avoiding horizontal crustal fields (Figbce The density

659  structures are indeed more frequent in areas where the angle of the crusteithiespect to

660 the vertical isless thard5° (more vertical), than in areas where this anglgrester tham5°

661  (more horizontal); the mediaanglewith respect tdhe vertical is 1% at 150 km altitude at the

662 locations of the apexes (Figusdeft column).Furthermore, the latitudih@xtents of the density

663  structures matt quite well with the latitudinale x t ent s of t h-ena tacslsiorcg "at
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magnetic polarity regioat 150 km altitud€Figure7), and that the former one tends to increase
when the latter one increases, but not as rapidly (FB)utbese are new resuliBhis means that

wider (and therefore higher) density structures tend to be associated with wider regions of given
magnett polarity; however the latitudinadxtents of the structures seem to saturate after 11°. It
may indicate a natural upper limit to the extents of the density structures, coming from their
formation process, and/or it may indicate inaccuracies in the Cainl wbee it is downward
continued to 150 km altitude in some ardasaddition, ve found no relationship betweehe
latitudinal extents of the reflector regiormsd the field strength at 150 km altitude (figure not
shown).

The strength of the field seentgeh to be a weak controlling factor, since even the small
magnetic anomalies around the equator present density structures and that the proportion does
not increase when the field strength increases from moderate to strong. So the presence of
planetary magetization matters more than its strength. In contrast, the angle of the crustal field
with respect tdhe vertical exerts a significant control on the reflector regions: directly through
the preferred locations, anadirectly through their latitudinaxtents.

The percentage of orsded loss cone distributions also tells stimmg about therigin
and orientation of thelominantmagnetic field in a particular place (Figuse). The density
structures are relatively more frequent for percentage values between 5 % and 30 %, and are
relatively less frequent for percentage values > 30 % and values < 5 % (Eiggine column);
the median percentage value for the locations of theetwplas is 19%The oblique echoes
avoid the areas of high percentage of-eitked loss condistributions which happen to be in the
weakly magnetized Northern hemisphere, where the IMF has easy access to low altitudes and

often intersects the exobadé.means that having frequent access of the solar wind to low
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altitudes is not the mechanism to form the density structlitesoblique echoes also avoid the

zones of very low percentage of esided loss condistributionswithin the magnetic anomalies,

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

no access from the solar wind. The eetbr regions are insteddund in the areas of moderate
percentage of onsided loss condistributions which happen tbe inthe regions of neanadial
fields within the magnetic anomaligsercentage values from 20% to 50% depending orafsl)
indicate that the &ld lines are sometimes open, allowing the access by the solar Viese

structuresform repetitively in areas where the & wind has access or ndepending orthe

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

footprint of opposite magnetic polarity along the same magnetic arcadeKfgrgskii et al,
2002] Thereforethe topology of the crustal field lines (open or not) is not a controlling factor,
as long as it is neasertical.

We note thatthe upstream conditions will vary sigméintly over the course of the
sequencgof MEX orbits ¢ tens ofdays)selected byAndrews et al[2014], with Mars being
exposed to |l ow or high dynamic pressure f
Sun” | MFThese authaysxasnined a sequence of MEX orbits passing above a particular
region, for which thergvere simultaneous vector magnetic field measuremenid®$/MAG-

ER, andfound noconsistent trendsf the occurrence of theensity structureduring these orbits
on the upstream dynamic pressprexy developed byBrain et al.[2003 or on the IMF clock
angle proxydeveloped byBrain et al. [2006a] For completeness, avcheckedall the orbit
sequences from the list dindrews et al[2014] for which these proxies were availabie. for
times before November 200®6his leaves us witB1 MEX orbitsand94 oblique echoe®espite

the low statisticswe are able to say that there are a consistent trends ithe external
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710  conditionsfor the occurrence of oblique echoes in the areas with mulMieX passegfigures

711 not shown).The longterm stability of the oblique echoes seems to be consistent with the
712 apparentnondependence on the IMF orientation and solar wind dynamic pressure. This is in
713 contrast with the control exerted by external conditions on the access of suprathermal electrons
714  to 400 km altitude [e.gBrain et al, 2006;Dubinin et al, 2008b;Lillis and Brain, 2013} and

715 with theexternalcontrol of the percentage of 115 eV electron pitch angle distributradisating

716  open or closed field lineBfain et al, 2014].

717 There are many observational studies reporting suprathermal electrons precipitating in the
718  Martian atmosphere into neeadial crustal fields on the dayside and the nightside [&itghell

719 et al, 2001;Brain et al, 2005; 2006Lundin et al, 2006;Soobah et al, 2006;Dubinin et al,

720 2008a; 2008bHalekas et al 2008;Lillis and Brain, 2013;Soobiah et a] 2013;Diéval et al,

721 2014]. Theresulting patches of ionization on the nightside of Mars have been modelled by e.g.
722 Lillis et al.[2009] andFillingim et al. [2007] and observed by e.jl® me ¢ [2010;2041] .

723 On the nightsideN @ me ¢ [2010, 2811]. made remote measurements of the topside
724  densities using MARSIS, and fourdeas of enhanced ionizatitotated innearradial crustal

725  fields, in regions ofrelatively high occurrence frequencyf open field line configuratiofBrain

726 et al, 2007]. The increased density values were detectpd t o* cm¥% larged thanthe

727  nightsidebackground density, which is often below the detection threshold of MARSIBwW

728  densitiesi.e. below 5000 crA[N a8 me ¢ 2810].Nesl me,c [2010,2Gi1] interpreted that

729 the patchy ionosphere was generated by electron impact ionization fromwsandaelectron

730 precipitation alongopen field lines formed by magnetic reconnection between the magnetic
731 anomalies and the IMF. This interpretation wapported by the low frequency of observation of

732 these ionospheric patches over repetitive passes afpificecraft over the sameea, indicative
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of the timedependence of the magnetic reconnection prodes&ed, Diéval et al.[2014]
reported that cases of very high peak densities detected by MARSIS on the nightside of Mars
were often associated to Wesiw IMF and often simultaneously with accelerated electrons of
peak energies > 100 eV detected in situ by ASPBRAoth findings pointing to magnetic
reconnection.Similarly, Safaeinili et al [2007] and Cartacci et al.[2013] interpreted that
electron inpact ionization from solar wind precipitat may explain the measurements of
enhancementsf the ionospheric total electron content in regions of strongnaeal fields as
observed by MARSI$ subsurface moden the nightsideWe note thathe cases of measurable
peak densitieon the nightsidewere often at too low apparent altitude foeing vertical
reflections and their trace often showed up as hyperbola traces in the echofama¢ c , et al
2011;Diéval et al, 2014]. These signatugéndicatdocalized density structures the nightside,
similar tothe ones we have examined ttve daysideWe mentionecearlier the possibility that
the dayside density structures migturvive for some time orthe nightside, but witldensities
too low to be detected by MARSIS, due to tlectrorion recombirmation occurringin the
absence of ionizing UV radiation. However, when the external conditions allow for it, the field
lines in areas of neamdial fields may become open and solar wiretebn precipitation may
generate extra ionization and heating at low altitudes. This would reinforce the density structures
which may have formed earlier during daytime, by increasing their electron densities to the point
of becoming detectable agyhtsideoblique echoes.

We suggest that solar wind electron precipitation happening during nighttime is able to
reinforce ionospheric density structures which were presumably formed during daytime, from the
background densities resulting from photoionizata@nthe atmospheric neutralsy UV. But

what causes the dayside density structures in the first place? In order to answer this question, we
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have taken the advantage of the readily available in situ electron distributions measurements
made by ASPERA at thealtitude of MEX, and we have classified the oblique echoes per
category of plasma conditions

For the 22.6% of cases corresponding to solar wind, dhly spacecraft altitude was
usually high enough so that it was immersed in the magnetosheath fldve fiodlt++ 2 minute
interval, which makes it impossiblén the absence of measured pitch angle distributitins,
determine if the solar wind electrons could penetrate to lower altiiatiev the exobasa.é.
onesided loss condistributiong anddown to the density structurebo solve this problem, we
use the finding that the density structures are found mostly above the magnetized regions [e.g.
Andrewvs et al, 2014 and references therein] and the finding that thenmaginetospheres act to
raisethe minimum altitude reached by the solar wind plasma and magnetic fielCfelgr et
al., 2002;Brain et al, 2005;Franz et al, 2006;Brain et al, 2003]. Therefore we expect that in
these areas the draped IMF is less likely to intersect the coHisatmosphere starting below

~180 km altitudeand thugheless likelyaccess by the solar wind

For the 41.3% of casesorresponding to ionosphere onlhe spacecraft altitude was
usually low enouglsuchthat it was flying in the ionospherdlotethatit is more likely to find
ionospheric plasméan solar wind plasmat a given altitude above the nmagized regions,
since themagnetic anomalies raise the altitude of the IMB and the altitude of the ionopause [e.g.
Crider et al, 2002;Duru et al, 2009]. Finally, he ionospheric plasma contained within the
mini-magnetospheres usually exhibits fully isotropic pitch angle distributions and also-double
loss cone distributions (trapped electrons), both indicative of closed fieldilitteboth ends in
the crustle.g. Brain et al, 2007]. Therefore the observations of the category with ionospheric

plasma only are indications that the solar wind has no access to these field lines.
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779 Finally, for the 36.1% oftases presenting both ionosphen solar wind plasmashe

780  spacecraft was crossing one or several times the different plasma domains. These cases comprise
781  situations with single boundary crossings or multiple boundary crossings due to varying
782  upstream dynamic pressufe.g. Brain et al, 2005; Dubinin et al, 2009] Kevin-Helmholtz

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

784  of radial crustal fieldge.g. Soobiah et a] 2013] We note that the most frequent situations we

785  encoutteredwere single boundary crossingdultiple crossingsverealso encountered, and were

786 more oftenextended in time (dynamic pressure changes and Kkleimholtz instabilities

787  occurring over several minujeshan localized in time efectron spikes < Iminute) The

788  situations with electron spikes showed more often heated electrons than accelerated electrons,
789  consistent withSoobiah et al[2013]. We did not record the numbers illustrating these different

790 situations, i.e.we did not record whether thelapwind type spectra and ionospheric spectra

791  were found simultaneously or successivieltime, nor if they occurred on radial fields or not,

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

793 hyperbola apextimes not considered i mportant since t he
794 rather several hundreds of kil ometers wide, !
795 minutes (Figures 4b and 4c), which are significant compared to the time intesedlsnuthis

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

797 comprised between the magnetosheath and the ionosphere, is detected at every boundary
798  crossing, so it is worth discussing it furth&rahm et al [2006b] reported the presence of

799  photoelectron peak spectrdrom the photoelectron boundary and up twe induced

800 magnetosphere boundakyowever, this does not impthat the field lines in the boundary layer

801 have access to thpeakaltitude ofphotoelectron productioff20-140 km on the daysiddelow
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the exobasd-an et al.[2014] interpreted that 280 eV photoeleconscould diffuse vertically
across the induced ionospheric magnetic figfainto the boundary layer, thus reaching higher
altitudes than the coldulk ionospheric photoelectrorfenergies < 1 e\Vjlue to larger gyroradii
In the boundary layeCrider et al [2000] also observed a decrease of the > 40 eV solar wind
electron flux, which they attributed to the enedggradation of@ar wind electrons by electron
impact ionization with atmospheric neutraider et al.[2000] interpreted that the electron
impact ionization responsible for the decrease of the energetic solar wind fluxes in the boundary
layer occurs primarily in th@ortion of the draped magnetic flux tubes intersecting the dense
neutral atmosphere at low altitudes in the subsolar regiowever thisdoes not imply that these
flux tubes intersect the exobase. particular,the magnetic anomaliesvill again raise the
minimum altitude reached by the solar wisth we expect that the field lines in the boundary
layer(and the solar wind electrons)ll not intersect the collisional atmosphere.

In summary the largest numbenf cases (41.3%) corresponds to ionosphplasma
only, while the two other categories are unlikely to brthg solar wind to the ionospheric
altitudes down to the density structures, because of the special situation of these structures
preferring the magnetized regions of Mars. We also recatlitti®e obligue echoes were not found
in the weakly magnetized Northern hemisphere where the solar wind frequently reaches altitudes
below 400 km. It appears that the hypothesis present&libett et al[2005] does not apply in
the majority of cases, i.@¢he heating by solar wind electron precipitation is not required for
generating the majity of the reflector regions. Althougthe precipitationsometimes occurs

during daytimeinto magnetic cuspwithin the magnetic anomaligswould just help reinface

the density structurepreviouslyf or med by another mwhiclke futtre ec ur r
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studies may help identifyn particular withMARSIS remote measurementd density profiles

corrected fosignaldispersion

5) Summary andanclusion

A statistical study oftopsidedaysideelectron density structures observed in areas of
nearradial crustal magnetic fields bihe MARSIS radar onboard ME}d to thefollowing
results.The majority of the density structuapexesvas foundoelow MEX and to be higher than
the surrounding ionospheric ity level of 4.47. 10 cmi® (median apparent altitude above the
surrounding ionosphere 18 km). The density structures are much wider thay arehigh and
their height increases when their width increases (median distaB®e km along the footprint
of MEX for which the densittructure stay at or above the surrounding ionosphéeragy are
observed for one to several minutes when the radar is within reflection range (median duration =
83 s for the overhead pas$ut last probably much longefhe density structures are found
above both moderate and strong magnetic anomalies, but preferentially aboevedrsdields
(medan anglewith respect tahe vertical = 15° and median strength = 96 nT, for the crustal
magnetic field vectors evaluated at 150 km altitude from the @amdlel) They have
corresponding latitudinal extensi® of several degrees (mediad’); which are larger for wider
structures of given magnetic polarigg 150 km altitudeThey are repetitively observed above
areas with a moderate percentage valoedian= 19%) of onesided loss cone electron
distributionsat ~115 eMwherethereare nearadial crustal fields)over periods of tens of days,
despite the control of the magnetic topology by the varying external conditions. Furthermore, the
density structure are observed for varyindgsma conditions at the altitudd MEX, with the

most frequent plasma category (41.8%case¥y showing ionospheric plasnaaly, indicatve of
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847 closed field linesnot open field linesThese findingslisproves the hypothesisof atmospheric

848  heatingby precipitating solar wind electroissiggested byurnett et al.[2005]. However, the

849  nearvertical crustal fieldsarean important controlling factor, so the density structures are able
850 to reform easily, even if these field linesm@n connected to the other footpriot the magnetic

851 arcade, rather thamconnected to the IMRVe alsosuggest that the iealectron recombination
852  occurring on the nightside lowers the densities of the reflection retndahs point that they fall

853 below the MARSIS detection thresholtHowever these density structureould become

854  sometimes detectablen the nightsidewhen intermittent suprathermal electron precipitation
855  brings additional heating and ionizatimio a newly formed magnetic cusp region.

856 In order totestthe other hypothess proposed by ther authors Andrews et al 2014;

857 Matta et al, 2019 to explainthe density structures, one would nee#&riow whetherthe density

858  structures are found at altitudes where pteesmatransportdominatesor the photachemistry

859 dominates We plan to do dollow up statisticalstudy of the corrected density profiles at the
860 times ofthe density structures order to further constrain tienature and causeBeyond what

861 was achievedh the present work, bgteterminng their altitude range and plasma scale heights
862 andby looking for enhanced peak densities like the ones report@tiddgen et al[2007b]

863 The study of the density structures will be greatly enhancedebinitu measwegments

864 of the thermaldensity, temperatureand energy distribution®f the ions, electrons and
865 atmospheric neutrglthe waveactivity andthe magnetic field vectors performed by the MAVEN
866 (Mars Atmosphere and Volatile Evolution) spacecraftpibit around Mars since September
867 2014. MAVEN reaches its pericenter nominally at 150 km altitude, and down to 125 km during
868 deepdip campaigns, so it should observe the density structures on a regular basis whenever it

869  passes above nemdial field regims.
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395

761
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Table 1 Distribution of the SW index for various time intervals around tthees of

hyperbola apexes.

+/- 30 seconds +/- 1 minute +/- 2 minutes
Index Number % Number % Number %
PP=0 |234 30.75 | 195 256 | 172 22.6
PP=1 |527 69.25 | 566 74.4 | 589 77.4
All 761 100 761 100 | 761 100

Table 2 Distribution of the PP index fovarious time intervals around the times of

hyperbola apexes.

Grou|PP1l= PPO= PP = Al
SWE (SW = SW =

Numb {315 172 274 761

% 41.322.6 36.1100
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Table 3 Clasification of oblique eches according to the presence or absence of solar
wind (SW) type spectra and of G@hotoeletron peaks (PP) in thELS data during intervals of

+/-2 minutes around the tirmef hyperbolaapeyes
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Figure 1: (a) Example of a MARSIS ionogrdiorbit 4198, April 13 2007, 4h05:06
UT). The intensity of the received echo (color coded) is shown as a function of the sounding
frequency (horizontal axis) and of the apparent range (vertical axis). (b) Example of a MARSIS
echogram(orbit 4198) Thevertical axis is the apparent altitudéthe received echdrhe color
coding is the intensitgf the received echo averageder the frequency range 1-.2. MHz. The

black vertical dashed line indicates the time corresponditigetmnogram in Figure 1a
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Figure2: Sketch adapted fro@urnettet al.[2009], illustratinga possible mechanism for
generating the oblique ionospheric echoes detected by MARSI&.sketch represents an
idealized situation whem®IARSIS measureboth a vertical echo from the horizontally stratified
ionosphere ahanoblique echo from a distant density structloeated in an area of needial
crustal fields From [Gurnett, D. A., et al(2005), Radar Soundings of the lonosphere of Mars,
Science310(5756), 1924933, doi: 10.1126/science.112186Reprinted with penission from

AAAS.
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Figure3: Time series during orbit 4198. The time span is the same as in Figurkelb.
black vertical solid line in all panelmarks the time of thdwyperbolaapex (a) MARSIS
echogram averaged ové&r8— 2. MHz. The vertical red arrow indicates the vertical extent of the
hyperbola apexat orabove the surrounding ionosphér@ce The horizontal red arrow marks the
time interval during which the hyperbola statsorabove the surrounding ionospherace (b)

Crustal magnetic field modelJain et al, 2003] evaluatedat 150 km altitude at thi@otprint of

MEX. Left axis: magnetic zenith angle MZA (black). The black horizontal dashed line marks
MZA = 90°, i.e. horizontal field. Right axis: magnetic field strendtlué). (c) ELS electron
energy time spectrogram. The vertical axis is the electron energy and the color coding is the

omnidirectionaldifferential energy fluxaveraged ovesectors2 to 11 The white color means

48



1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

flux at the background levelThe vertical dashed lines indicate time intervals around the
hyperbola apex timdor which we will examine the plasma conditiors/ - 30 seconds (black),

+ /-1 minute (blue), + 2 minutes (red).
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Figure4: (a) to (d): Histograms of spal and temporal extentd the hyperbola apex at or
above the surrounding ionosphénace from the echogram at frequency = 1.9 MHz. (a) Vertical
extent in apparent altitudé) Time intervals during which the hyperbslatayat orabove the
surroundig ionosphere(c) Corresponding»éent along MEX fogbrint, using MEX velocity. (d)

Corresponding latitudinaxtent. (e) Scatter plot of the vertical extent versus the extent along
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1054  MEX footprint. The 23", 50" and 7% percentiles of the extent along MEX footprint are
1055 indicated by red curves (in ascending order from the bottom of the plot), and calculated in

1056 intervals of 10 km.
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Data coverage
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1058 East longitude [deg.] East longitude [deg.]
1059 Figure 5.(a) Map of the MARSIS data coverage. The color coding indicates the number

1060  of ionograms(b) and (c)Map of the magnetic field strengdmd map of the magnetic zenith

1061  anglefor the crustal fields measured at ~400 km altitude by MGS, €ommerney et a[2001].
1062  (d) Map of the percentage of oseled loss cone pitch angle distributions for ~115 eV electrons
1063 measured at ~400 km altitude on the dayside of Mars by MGS,Bram et al.[2007]. In all

1064  panels, he black dots mark the locations of the hyperbola apexes.
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Figure6: Left column (a), (b) and (chistogams of the angleiith respect tdhe vertical
at the location of MEX footprintcalculated at 150 km altitude from the crustal magnetic field
model ofCain et al.[2003]. The bins are centered from 5° to 85° with steps of (@)°and (b)
the numbers of occurrencealivided by the solid angle sustain®gdthe associated anghath

respect tdhe vertical, similar to the work byuru et al.[2006]. Middle column (d), (e) and (f):
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histograms of the field strength at the location of MEX footprint, calculated at 150 km altitude
from the crustal magnetic field model G&in et al.[2003]. The bins are centered from 10 tor

290 nT with steps of 20 nTRight column(g), (h) and (i) histograns of the percentagef ~115

eV electronsonesided loss cone pitch angle distributioasthe location of MEX footprint,
measured at ~400 kmtiaide on the dayside of Marky MGS from Brain et al.[2007]. The

bins are centered from 2.5° to 87.5° with steps ofFsft. all columns, le top row is for the
ionograms of the MARSIS data coverage. The second row is for the ionognamkidb the
densty structuresstay at orabove the surrounding ionosphere. The third row shows the
histograms normalized to theawn number of samples, for the data coverage (black) and the

hyperbolaggreen).
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Figure7: Map of the magnetic zenith angle of treistal magnetic field model fain et
al. [2003], calculated at 150 km altitude, for the region of the strongest fields. The grey curves
indicate the footprint of MEX during the MARSIS data coverage. The black curves indicate the
footprint of MEX for tre time intervals durig which the hyperbola tracasay at orabove the

surrounding ionospheteace(from Figure 4).

d Longitude range 199 - 200 deg.

90 L — —= 16
ﬁ.—&b—. - 8’ -
| T — L 2,
60- : - 5
4 | © £
" | g & 12+
o 30 I g-g i x ;:
8’ | fi 38’10ﬁ * x x* % x
= _‘ - T35 i XxX gg x
g 0 - gg 8- *: % X2
2 7 - 0 9 ;§iil o lx
g il B R ST 3% x
"‘30_' u = o _ * xxx
1 L T £ X : %
- - x
: [ : . Biigw Tx x
—60 1 =5 - ¥, %x X
i e —ap——— " Il © 2 X% x X §xx: XX %
- : | X % x
N s=as I——==s | [
—90 T : T O T T T )l( T T T T T T T T T T T 1
0 45 90 135 180 0 2 4 6 8 10 12 14 16
MZA [deg.] Latitude extent
- . magnetic polarity region [deg.
Bl [nT) I gnelicpaianiyiegion [deg)
1 100 200 300

Figure8: (a) Latitude profile of the magnetic zenith angle of the crustal field calculated at
150 km altitude from the model @ain et al.[2003] at East longitude = 199.%black curve).
The color coding of the circles is the corresponding magnetic field strength at latitude steps of
1°. The dashed vertical black line indicates a horizontal field (MZA 3.9he vertical red

segnents represent thiatitudinal extent of the hyperbola traces or above the surrounding
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ionospheretrace between 199 and 20CEast longitude; we excluded from i analysisthe
hyperbolas whose extentsover severalmagnetic structures of opposite polarities npt
displayed. The pink horizontal dashed line airestant latitude of3.5° extendingbetween MZA

= 90 and 133arks the edge of the latitudinal extent of the magnetic polarity region chosen to
best match the latitudinal exteritthe associated density struct@red segment from latitude3

to -7°). The vertical blacksegments represent the latitudiredtent for the MARSIS data
coverage for the orbitsorresponding to the selectégperbolasbetween 199 and 20East
longitude. (b) Scatter plot of th latitudinalextent of the associated best matching magnetic
polarity regionsversusthe latitudinal extent of the hyperbola tracksing which they stay at or
above the surrounding ionosphere trédack crosses The 2%', 50" and 7% percentiles of the
latitude extent of thelensity structureare indicated byed curves (in ascending order from the
bottom of the plot), and calculated in intervals 8f The blue straight linendicates the linear

functiony = x
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Figure9: Time wries for examples of hyperbola trac&ke black vertical solid line in all
panels marks the time of the hyperbola apeop row: ELS electron energy time spectrogram
the vertical dashed lines have the same meaning as in FiguBe@®@md rowposition of MEX
left axis: altitude (black)right axis: SZA(blue). Third row: crustal magnetic field modeCfain
et al, 2003]calculatedat 150 km altitude at the footprint of MEX in same format as Figure 3b.
Fourth row: MARSIS echogm averaged ovel.8 — 2. MHz. Left column:orbit 3231, example
of hypebolatracewith PP = 1 and SW = 0. with ionospheric spectra only and no solar wind
electrons during the +-/2 minutes interval around the hyperbola apex time. Right colonbit:
2011,example ®hyperbolatracewith PP = 0 and SW = 1, i.e. with solar wind spectra only and

no ionospheric electrons during the +2/ minutes interval around the hyperbola apex time.
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Figure 1: (a) Number of ionograms of the MARSIS data coveraggea function of
MEX altitude and SZA (b) Locations of hyperbolapexescolored bycategory of plasma
conditions (pairs of SW and PP indicea3 afunction of MEX altitude and SZACategoriesPP
=1 and SW = Igreen),PP =0 and SW = Xblue) andPP = land SW = (red). In both panels,

the thick black curve marks the induced magnetosphere modaitigin et al.[2006].
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