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¢  ⽕星夜側電離圏にて, 電⼦フラックスが周辺に⽐べて⼀時的に数桁程度
⼩さくなる領域をPlasma voidと呼ぶ.  
(本論⽂では, “nightside suprathermal electron depletion”,  
 あるいは, 単に“electron depletion”と表記する.)  

¢  これまでMGS・MEXの電⼦計測器によって数多く観測され, いずれも 
残留磁場と強い相関がある[e.g., Mitchell+, 2001; Soobiah+, 2006].  
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implies that magnetic field lines populated by only photoelec- 107 
trons are closed to the solar wind and are therefore likely to be 
of crustal origin. 

Ionopause altitudes for 290 science phasing orbits are 
shown in Figure4. Occasionally, the spacecraft passed 106 
through the ionopause multiple times on a single periapsis 
pass, indicating a complex morphology with scale lengths of 
hundreds of kilometers and/or rapid motion (-1 km s -z) of the • 10 s 
boundary. Similar observations at Venus have been inter- 
preted as surface waves [Brace et al., 1980], possibly gener- 
ated by the Kelvin-Helmholtz instability [Elphic and ø 04 Ershkovich, 1984]. Since the observed multiple crossings 
occurred at high solar zenith angles (SZA > 60% they could 
also result from detached ionospheric "clouds," which are also 
thought to occur at Venus [Brace et al., 1987]. Multiple o.• .103 
ionopause crossings are included in Figure 4, although some x 
of these might result from detached clouds. 

Since periapsis occurred within 30 ø of the north pole and "' 
there was negligible change in the orbital eccentricity • 102 
throughout the 5-month measurement period, low solar zenith m 
angles are always encountered at high altitudes. This sam- 
pling bias precludes us from investigating the solar zenith 101 angle dependence of the ionopause altitude; however, the 
longitude sampling is unbiased. 

The median ionopause altitude is 380 km, which is compa- 
rable to that observed at Venus at similar solar zenith angles 10 ø 
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Figure 6. An expanded view of one of the plasma voids 
shown in Figure 5, divided into seven distinct plasma regions 
(vertical dashed lines) on the basis of electron energy spectra 
(see Figure 7). Electron flux spikes within the plasma void 
tend to occur when the magnetic field has a large radial com- 
ponent. 

10 100 1000 
Energy (eV) 

Figure 7. Electron energy spectra that define the different 
plasma regions identified in Figure 6. 

during solar moderate conditions [Knudsen, 1988]. The large 
variability in the ionopause altitude at Mars might result from 
changes in the solar wind dynamic pressure, the EUV flux, 
and occasional pressure support from crustal magnetic fields, 
which rotate with the planet. Although we lack the necessary 
instrumentation to estimate the solar wind dynamic pressure, 
we can search for evidence of ionopause control by solar EUV 
and/or crustal magnetic fields. 

Ionopause altitudes are sorted by the planetocentric longi- 
tude of the spacecraft at the time of the crossing (Figure 4, 
top). All ionopause crossings occurred in the northern hemi- 
sphere (Table 1), where the strongest crustal magnetic fields 
are located over Arabia Terra, at latitudes south of-45øN and 
between longitudes of about 30øW and 90øE (Plate.I). Be- 
cause of the shape of the science phasing orbits, the spacecraft 
passed over these crustal fields at altitudes > 400 kin. If the 
ionopause is systematically higher or if localized crustal 
"magnetospheres" extend to altitudes above 400 km over 
Arabia Terra, then one might expect an increase in the number 
of high-altitude (and possibly multiple) ionopause crossings 
between longitudes of 30øW and 90øE in Figure 4. The 
limited data obtained during the science phasing period pro- 
vide no clear evidence for this effect. The much larger data 
set obtained in the 400-km-altitude mapping orbit will provide 
a far more sensitive probe of such effects over Arabia Terra 
and over the stronger crustal fields in the southern hemisphere 
(see section 5). 

Ionopause altitudes are also sorted by an estimate of the 
solar EUV flux at the time of the crossing (Figure 4, bottom). 
The total solar flux between wavelengths of 2 and 100 nm is 
derived using the F10.7 radio flux measured at Emth as a 
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Figure 7. Electron energy spectra that define the different 
plasma regions identified in Figure 6. 
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MGS観測例 
[Mitchell+, 2001]. 



¢  Plasma voidの形成機構としてこれまでにいくつか候補 
•  ⼤気流出の寄与,  
•  残留磁場上空の磁⼒線が閉じた領域でのイオンの中性化,  
•  光化学反応 [Duru+, 2011] 

¢  が挙げられたが, 従来のMGS・MEXの断⽚的な情報からは, 確定的
な結論は得られていなかった.  

  

¢  MAVENに搭載されたプラズマ観測器(特に電⼦, SWEA:スウィアと
発⾳)を使って, ⽕星夜側電離圏で観測されるplasma voidの特徴
とその形成メカニズムについて調べる.  

¢  MAVEN/SWEAの特徴:  
•  3 eVの低エネルギーの電⼦から観測が可能である.  

c.f., MGS: ~10 eV, MEX: ~1 eV (実質は ~5-10? eV) 
•  観測視野が広く(360°azimuth × 120°elevation),  

視野⼲渉が少ない (MGS・MEXは2次元). 3�

本論⽂の⽬的�



事例解析1 : 残留磁場あり 

¢  残留磁場の閉じた磁束管付近で観測されたため,  従来のMGS・MEX 
観測で報告されたような典型的な事例であると⾔える. 

¢  Plasma void中でも, ~6 eV付近に電⼦の, ~3 eV付近に重イオンの 
フラックスにピークが⾒られる.  

¢  ~3 eVの重イオンのピークは衛星速度の影響だと考えられる.   4�
(Figure 1d). Electron depletions above magnetic anomalies appear to be a recurrent structure of the nightside
ionosphere as reported from MGS and MEX data. Their observations were ascribed to spacecraft crossings of
closed magnetic loops whose feet were anchored to crustal magnetic sources on the nightside. Inside those
loops the spacecraft was then cut off from solar wind plasma traveling toward the magnetotail and ionospheric
plasma coming from the sunlit side [Mitchell et al., 2001]. It was also suggested that electron depletions are not
seen on the dayside because when the loops travel on the dayside they are filled with ionospheric photoelec-
trons. Electron depletions are then the result of a balance between electron loss and creation processes. We can
note that between 06:33 and 06:36 UTC the electron depletion is still present, whereas no significant magnetic
field can be observed. This phenomenon will be observed in more details in Figure 2.

Figure 2 provides another observation of electron depletions (delineated by brown dashed vertical lines). The
depletions are observed between 18:12 and 18:21 UTC below an altitude of 250 km and have similar proper-
ties to the depletion described previously. However, within this time interval electron energy flux decreases
intermittently and electron depletions are observed alternately with “spikes” [Mitchell et al., 2001]. The main
difference with the Figure 1 example is the absence of significant crustal magnetic sources below the space-
craft at the time of the depletion, with very low values of the measured and predicted (by the Morschhauser
model, in red in Figure 1e) magnetic fields. The model however predicts a small enhancement of the crustal
field of 9 nT at 18:18. This value seems too small to be significant as it is embedded in the ambient magnetic
field and coincident with electron spikes. This observation demonstrates that crustal magnetic anomalies
cannot be the unique source of electron depletions.

These two case studies have been chosen as representative of a large number of electron depletions
observed byMAVEN. The first one above a crustal magnetic anomaly corresponds to the typical case reported
previously from MGS and MEX observations. The second one above a quiet magnetic area was occasionally
reported from those past observations but is now commonly observed by MAVEN as illustrated by the
statistical analysis presented in the next sections.

Figure 1. Example of electron depletion in its plasma environment observed above a crustal magnetic field anomaly during
orbit 740 on 16 February 2015. (a) SWEA energy-time spectrogram of omnidirectional electron energy flux, (b) STATIC energy-
time spectrogram of omnidirectional ion energy flux (C0 mode), (c) STATIC mass-time spectrogram of omnidirectional ion
energy flux (C6 mode), (d) SWIA energy-time spectrogram of omnidirectional ion energy flux (SWICAmode), and (e) magnetic
field intensity (measured by MAG in black and calculated from themodel ofMorschhauser et al. [2014] in red) versus time. The
grey shading highlights the ionosphere. The shadow corresponds to solar zenith angle (SZA) larger than 100°.
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近⽕点位置:  
¢  ⾼度 ~125 km 

(Deep-Dip期間中) 
¢  北緯40°東経74° 
 



3. Statistical Analysis
3.1. Methodology

A simple but robust criterion was implemented in order to detect electron depletions in MAVEN data. Our
criterion is based on electron count rates (CRs) from SWEA observations and is described by equation (1). It
relies on three energy channels (E1 = 4.26 eV, E2 = 98.93 eV, and E3 = 111.16 eV) that enable us to distinguish
electron depletions from spikes. The sampling time step used is the same as SWEA data: 4 s. Consequently,
electron depletions detected last at least 4 s which corresponds to 16 km traveled by the spacecraft.
Application of this criterion to data obtained between 16 November 2014 and 28 February 2015 resulted
in a data set of 1742 electron depletions identified on 457 orbits among the 494 where data are available.
During the 37 others no electron depletion satisfying our criteria was found.

X3

i¼1

CR Eið Þ
< CR Eið Þ; 1 h >

< 0:03 (1)

3.2. Properties of Electron Depletions

In order to derive the properties of electron depletions we concatenated all time intervals obtained with our
criterion. The local time distribution of our data set covers the whole nightside sector, and the solar zenith
angle (SZA) distribution varies from 95° to 155° so that some depletions can cross the terminator
(SZA ∈ [90°, 100°]). There is therefore no particular local time or SZA dependence detected for the electron
depletions considered in this study. However, any dependence with complete local time and solar zenith
angle coverage is still undetermined but will be studied with future MAVEN data. Figure 3 provides the mea-
surements of SWEA and STATIC obtained within the depletions. The data gap between 18 and 27 November
2014 corresponds to a safe mode. The different time intervals when low-energy ion populations are not mea-
sured by STATIC correspond to a change in instrument mode.

The electron population with energy above 10 eV has disappeared inside the depletions, and the remaining
population is strongly peaked around amean value remarkably constant of 6–7 eV with a full width at half max-
imum of 2 eV (Figure 3a). The neutral composition of the Martian nightside atmosphere is dominated by CO2

Figure 2. (a–e) Same as Figure 1. Example of electron depletions observed above a quiet magnetic area during orbit 669 on
2 February 2015.

Geophysical Research Letters 10.1002/2015GL065257
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事例解析2 : 残留磁場なし 

¢  有意な残留磁場が存在しないにもかかわらず, Plasma voidの領域が 
250km未満の⾼度で観測された. 

¢  Plasma void通過中に, 電⼦フラックスが⼀時的に回復するような特徴
が間⽋的に⾒られる(=“flux spike” [Mitchell+, 2001]).  

¢  Plasma voidの形成に, 必ずしも残留磁場が必要というわけではない.  5�

近⽕点位置:  
¢  ⾼度 ~150 km 
¢  北緯50°東経150° 
 



統計解析: イベント選出条件 

¢  以下の関係式が成⽴する期間をPlasma void 
とみなす:  

 

  
¢  イベント継続時間は4秒以上 

(空間スケールとして~16km程度) 
¢  2014年11⽉16⽇~2015年2⽉28⽇までについて 

調べた結果, 1742例のPlasma voidsが発⾒された.   
¢  457/494 orbitsでPlasma voidが検出された 

ことに相当する. 
¢  右図のように, 当該期間では,  

衛星が夜側(地⽅時18~6時)を⾶⾏している際の 
太陽天頂⾓の範囲は95°~150°である.  

¢  当該期間の近⽕点は概ね北半球に分布する.   

6�



統計解析: 結果 

¢  Plasma void観測中では, いずれも6-7±2 eVの電⼦の, 3±1 eVの重イオン 
フラックスのピークが観測されていた.  

¢  ⽕星夜側熱圏の主成分である, CO2と電⼦の衝突断⾯積のモデルと 
⽐較したところ, 6 eV付近に衝突断⾯積の変曲点(⾕)が⾒られる. 

¢  Haider+ [2013]によると, 200 km以下では夜側電離圏の主成分はO2
+, NO+/ 

CO2
+であるため, 実際に観測されたイオン組成と概ね合致している.  7�

below 200km [Haider et al., 2013] but also includes O, N2, CO, and O2. Depending on the model considered the
altitude where O becomes dominant is variable [Haider et al., 2013; Krasnopolsky, 2002], but all models describe
the same composition. Inspection of the cross section for electron collisions with these five species [Itikawa,
2002; Itikawa and Ichimura, 1990; Itikawa et al., 1986, 1989; Kanik et al., 1993] reveals that only the CO2 cross sec-
tion (superimposed on top of the electron time-energy spectrogram in Figure 3a)—due to momentum transfer,
excitation, and ionization processes—is in agreement with the inner electron population. It indeed presents a
strong dip at 6 eV coincident with the remaining electron population and two strong peaks at 4 and 30 eV.
Since a peak in the cross section is related to an electron loss process, electron absorption by the atmospheric
CO2 seems a good candidate to explain the large electron disappearance above 10 eV observed in all depletions
as well as the remaining thermal electron population observed between 4 and 12 eV.

The energy of the ion population inside electron depletions (Figure 3b) is also strongly peaked around a
mean value of 3 eV with a full width at half maximum of 1 eV on each mode, again suggesting that we
observe cold ions with the ram velocity. Looking in detail at the mass-time spectrogram (Figure 3c) enable
us to derive the ion composition within electron depletions dominated by Oþ

2=NO
þ(Note that STATIC cannot

resolve between these species). This observation is consistent with the nightside ionosphere composition
calculated by Haider et al. [2013] with Oþ

2 as the main ion species below 200 km followed by NO+ and COþ
2.

In summary the main ion and electron populations of all electron depletions identified in our study appear
surprisingly constant independently of the altitude and the period they are observed. We will look into more
details to their altitude distribution in the next section.

4. Interpretation
4.1. Altitude Distribution of Electron Depletions

In order to investigate the altitude distribution of all electron depletions we binned our data with constant
bins of 2 km altitude. For each bin we first determined the number of electron depletions and then the number
of MAVEN’s passages contained therein during the time period under study (excluding data gaps during safe
mode) in order to remove any orbital bias. The percentage of electron depletions per MAVEN passage is then
the ratio of these two numbers, and the result of our statistical binning is provided in Figure 4.

First, the number of electron depletions increases with decreasing altitude. Second, there is a particularly
noticeable slope change in our data distribution around 170 km: above 170 km there are 14% of depletions
per passage, whereas below 170 km there are 46% of depletions per passage. The percentage even reaches

Figure 3. Concatenation of all the time intervals where electron depletions have been detected by our criterion. (a) SWEA
energy-time spectrogram of omnidirectional electron energy flux, together with the total electron collision cross section
for CO2 (black line) taken from Itikawa [2002]. (b) STATIC energy-time spectrogram of omnidirectional ion energy flux
(C0 mode). (c) STATIC mass-time spectrogram of omnidirectional ions energy flux (C6 mode).

Geophysical Research Letters 10.1002/2015GL065257
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統計解析: 結果 

¢  CO2⼤気による電⼦の衝突吸収が, Plasma voidの主要な形成機構 
である可能性がある.  

¢  統計解析の結果から, Plasma void中で観測される主要な電⼦とイオン
の組成は, 観測期間・⾼度に依存しない傾向にある.  
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統計解析: ⾼度依存性 

¢  ⾼度が下がるとともに, Plasma voidの観測確率が上昇する.  
¢  ⾼度170 kmを境に, 観測確率の傾きが変わる.  
¢  Deep-dipキャンペーン中の, 近⽕点が約125 kmの付近では,  

Plasma voidの観測確率はほぼ100%に達する.  

9�

100% at 125 km during the deep-dip campaign. In order to understand the differences between electron
depletion occurrence above and below 170 km we will at first examine the geographic distribution of the
electron depletions below this altitude and then above.

4.2. Geographical Distribution of Electron Depletions

We binned the Martian surface with a constant bin size of 5° longitude and 5° latitude and then
estimated the percentage of electron depletions per MAVEN passage above each bin. Figure 5 displays
the results of our binning for depletions observed below 170 km (Figure 5a) and above 170 km
(Figure 5b) with the color-coded percentage of depletions per MAVEN passage projected onto a
geographic map of the Martian surface. We superimposed on the resulting map contour lines for the
intensity of the magnetic field calculated from the model of Morschhauser et al. [2014] at an altitude
of 170 km. Only magnetic field intensities greater than 10 nT are indicated for clarity. We note that the
number of time steps and of orbits is significant in all cells although weaker at the lowest latitudes
(<40°) and altitudes (<150 km).

Figure 5a indicates that the geographic distribution of electron depletions below 170 km is homogeneous
above the northern hemisphere between 30°N and 75°N with no significant latitude or longitude depen-
dence. Whereas some of the high percentages bins are located above the two largest magnetic areas located
around coordinates (180°E, 45°N) and (10°E, 50°N), many others are not related to them. Therefore, the
presence of crustal magnetic sources below the location where electron depletions are observed probably
influences their properties, but crustal fields cannot be invoked as themainmechanism to explain their origin
in this altitude range. Hence, below a mean altitude of 170 km the predominant process at the origin of
electron depletions is electron absorption by atmospheric CO2.

Contrary to depletions observed below 170 km, Figure 5b indicates a strongly heterogeneous electron deple-
tions distribution above 170 km, mostly observed above the large magnetic areas mentioned previously and
very few depletions away from them. This explains why electron depletions previously observed by MEX and
MGS were predominantly associated with crustal magnetic fields since their observations were restricted to
altitudes above 275 km, which introduced a bias in their interpretation. Hence, the predominant source
mechanism at the origin of electron depletions above 170 km seems to be linked with strong crustal
magnetic sources. Note however that some depletions do not perfectly fit with the scenario, especially in
the regions (230°E, 260°E) and (40°N, 70°N).

5. Conclusions

We have presented new in situ observations of nightside suprathermal electron depletions obtained by
MAVEN in the Martian northern hemisphere. These observations are obtained for the first time at low alti-
tudes down to 125 km and nicely extend previous observations of electron depletions by MGS and MEX that

Figure 4. Percentage of electron depletions detected by our criterion per MAVEN passage calculated in bins of 2 km
altitude. The horizontal red line highlights the abrupt slope change observed around 170 km.
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統計解析: 地理座標(=残留磁場)依存性 

¢  ⾼度170 kmより低い地点では, 地理座標(残留磁場)に関係なく,  
あらゆる場所で観測確率が⾼い.  

¢  北半球で残留磁場強度が相対的に⼤きな(180°E, 45°N), (10°E, 50°E) 
でわずかに観測確率が⾼くなっているかもしれない.  

¢  ⾼度170 kmより低い地点では, CO2⼤気による電⼦の衝突吸収が 
Plasma void形成の主要なメカニズムである.  
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were restricted to altitudes above 275 km. Taking advantage of the unique suite of particles and field instru-
ments on board MAVEN we showed that the main ion and electron populations inside the electron
depletions appear surprisingly constant with time and altitude. Inspection of the cross section for elec-
tron collision with the main constituents of the ionosphere suggests that electron absorption by CO2

is the best candidate to explain the origin of electron depletions. Our statistical analysis however reveals
that the presence of electron depletions in the nightside ionosphere is highly dependent on altitude,
with the probability of observing an electron depletion above 170 km being 14% compared to 46%
below 170 km. Our study indicates that the electron depletions above 170 km—as previously reported
by MGS and MEX—are strongly favored by the presence of crustal magnetic fields, whereas electron
depletions observed for the first time below 170 km are globally scattered onto the surface of the planet
with no particular dependence on crustal fields. Hence, the two main sources of electron depletions
highlighted here have different predominance area: low altitude for CO2 absorption and geographical
spots for the crustal magnetic field effect.

MAVENwill soon observe the Martian southern hemisphere where the strongest magnetic crustal sources are
located. We naturally plan to extend our analysis in the near future to include these measurements and
further test our proposed interpretation about these structures’ origin.

Figure 5. Percentage of electron depletions detected by our criterion per MAVEN passage superimposed on a geographic
map of the Martian surface with constant bin size of 5 × 5°. The black lines correspond to magnetic field intensity contour
lines (in logarithmic scale) calculated from the model of Morschhauser et al. [2014] at an altitude of 170 km. Distribution of
depletions observed (a) below 170 km and (b) above 170 km.
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(c.f., Morschhauser+ [2014] 
 の残留磁場モデル @ 170 km)  
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統計解析: 地理座標(=残留磁場)依存性 

¢  ⾼度170 kmより⾼い地点では, 残留磁場強度の相対的に⾼い領域で,  
Plasma voidの観測確率が⾼くなっている.  

¢  従来のMGS・MEX観測による傾向と合致している.  
(c.f., MGS mapping orbitの近⽕点: 400km, MEXの近⽕点: ~275 km)  

¢  ⾼度170 kmより⾼い地点では, 残留磁場が関係する諸現象が 
Plasma void形成の主要なメカニズムである.  
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(c.f., Morschhauser+ [2014] 
 の残留磁場モデル @ 170 km)  



¢  MAVENに搭載されたプラズマ観測器を使って, ⽕星夜側電離圏 
で観測されるPlasma voidの特徴とその形成メカニズムについて調べた.  

¢  SWEAが3 eVまでの低エネルギーの電⼦を観測できることから, 
Plasma void中にも, 6 eV付近に電⼦フラックスのピークが存在する. 

¢  6 eV付近の電⼦は, 夜側熱圏のCO2⼤気との衝突断⾯積が相対的に低い
ため, CO2⼤気による電⼦の衝突吸収がPlasma void形成に重要な役割を
果たした可能性がある.    

¢  MAVENは従来の衛星より低い⾼度(125~150 km)を定常的に観測できる
ため, Plasma voidの⾼度依存性をより詳細に調べることができた. 

¢  ⾼度170 kmを境に, Plasma voidの観測確率が変化が⾒られた.  
¢  ⾼度170 kmより低い地点では, 残留磁場に関係なく, あらゆる場所で

Plasma voidが頻繁に観測されるが, ⾼度170 kmより⾼い地点では, 
Plasma voidの観測確率は, 残留磁場に強く依存している.  

¢  ⾼度170 kmより低い地点では, CO2⼤気による電⼦の衝突吸収が,  
⾼度170 kmより⾼い地点では, 残留磁場が関係するプロセス 
によってPlasma voidが形成されている可能性が⾼い.  
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MAVEN事例解析1 : 残留磁場あり  
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MAVEN事例解析2 : 残留磁場なし  
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