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ҍ Ҍ ̆ Ҍΐ ῃ ῤ ̆ /

ԑᵬ Ȃ ԑᵬ Ҭ֟ ԅ ҩ ᵣ

ῒ ̆ ֓ ȁ ȁᾣ

Ȃ ᵣ ₃ ╠ ̆p ԍ

ᴋⱵ ⱬ ȁ ױֲ̆ ῒ ̆ ῒ

ῃ ԅ Ȃ 2004 ̆ ̂Mars Express̃҉

ҍ ̂Mars Advanced Radar for Subsurface and Ionosphere Soundinğ

MARSIS̃ ҍ ᵣ  Analyzer of Space Plasma and̂ת

Energetic Atoms̆ ASPERÃ ᵣ ԅ ̆ҹ

ῒҍ ԑᵬ ᶫԅ ȁ№ ȁ

ȂṢꜛԍ ֓ ̆ ԅ Ҋ ᵬ: 

ԅѿ ԍ ֜ ₱ ̆ ԍ҈׆

҆ MARSIS Ҭ ╩ Ȃ ᾢᶏ

ῃ סּ (Mars Global Surveyor̆ MGS) ₮

֜ ₱ ̆ ᶏ ₱ Ҭ ̆

₮ ̆ ⌠ ╩ Ȃҍ Titheridge

Ҭ Taylor ץ Huang Reinisch Ҭ Chebyshev ̆

֜ ₱ ԅ ̆ ғ ̆ ̆ҹ

MARSIS ᶫԅѿҩ ΐȂ 

׆ 2005 ⌠ 2009 ̆ ᶏױ ԍ ֜ ₱ ׆̆

MARSIS Ҭ ԅ 305,000ҩ ̆ ̆ Ҭ

130 km̆ 115 – 145 kmȂ 

׆ 2005 ⌠ 2013 ̆ ױ ԍ MARSIS ╩

ASPERA-3 №≢ ԅ 2018 11514 ᾣ

Ȃ ᾣ ᵝ ԅ~200 kmȂ

ᾣ / ᵝ ⱴ ̆ 50 nT ⌠

̕Ҍ ᶭ ԍ ̆ᵖΐ ᶭ Ȃ ԍ ASPERA-3
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̆ ױ ԅ ~8500 ~̆10800

̆ ғᶏ ԅ ңҩ ᵝ ̆

ԅ╠ֲ ᵝ ȂҊѿ ᵬ ῤ

ᵣ ץ̆

ⱴῃ Ȃ 

 

῏ ̔ ȁMEXȁMARSISȁASPERA-3ȁ ȁMARSIS ȁ

ȁ ȁ ȁᾣ ȁ ȁ
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Abstract 

Unlike Earth, Mars does not possess an intrinsic dipole magnetic field, therefore, 

the solar wind directly interacts with the ionosphere and upper atmosphere of Mars, 

leading to the formation of various plasma boundaries, including the bow shock (BS), 

the magnetic pile-up boundary (MPB), the photoelectron boundary (PEB) and the 

ionopause. Although the basic knowledge about the near-Mars space environment 

have been established several decades ago, their detailed structures, especially the 

long-term variations still need further investigation due to the lack of direct and 

continuous observations. The Mars Express spacecraft measures the electron density 

and electron energy by the Analyzer of Space Plasmas and Energetic Atoms 

(ASPERA-3) and the Mars Advanced Radar for Subsurface and Ionospheric Sounding 

(MARSIS) experiments, respectively, providing direct observations of the solar wind - 

ionosphere interaction with the longest, global and high resolution. 

MARSIS has collected more than three millions of ionograms since its antennas 

were deployed in the summer of 2005. In order to retrieve the electron density profile, 

Ne(h), of the Martian ionosphere from the topside ionogram, we proposed a method of 

ionogram inversion. The new inversion technique is developed from Titheridge’s 

method by replacing the prior polynomials with empirical orthogonal functions 

(EOFs), which are estimated from the archived Ne(h) observation by the radio 

occultation of Mars Global Surveyor (MGS). The EOF-based technique has achieved 

quick convergence and good stability. It is concluded that the newly developed 

method is an alternative tool for the analysis of MARSIS ionograms. 

We derived ~305,000 peak altitudes from MARSIS ionograms during 2005 – 

2009 with the EOF-based technique, and found that the peak altitudes are mostly at 

130 km and their half-thickness is 10 km. 

We have determined 2018 ionopause crossings and 11514 PEB crossings, 

respectively, from MARSIS and ASPERA-3 observations during 2005-2013, and 

found that the average position of the PEB appears to be ~200 km higher than that of 
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the ionopause, which corresponds to 10
3
 cm

-3
 in the electron density profile. The 

discrepancy can be explained by cross field transport of photoelectrons. The results 

also show that the average altitude of the PEB/Ionopause increases with the crustal 

magnetic fields as a log-function and tends to saturate at 50 nT. The PEB/Ionopause 

altitudes depend slightly on the SZA but do depend on the longitude and latitude. 

We have also determined 8500 BS crossings and 10800 MPB crossings from the 

ASPERA-3 observations and a large variability of their positions with respect to any 

mean models is observed at Mars. We also derived the average position and shape of 

the BS and MPB using conic-section fitting and found that the new models confirm 

those derived previously from smaller dataset.  

 

Key words: Mars, MEX, MARSIS, ASPERA-3, Martian ionosphere, MARSIS 

ionogram, ionogram inversion, BS, MPB, PEB, Ionopause, Martian crustal 

magnetizations 
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ѿ   

̆ ̆ ̆ “ ”̆ “Mars”̆

ҹ Ҭ Ȃ Ҍ Ҭ ѿ ԑᵬ

ᵣ̆ᵖ ̆ ԅ ῒז ԑᵬ ̆

ױֲ ῐ Ȃ Ἕ ѿ ῒ̆҉ ῒ

ԑᵬ Ȃ Ἕ ѿ ̆ ԍ ҩ ᵣ̆ῒ

Ҭ ̆ ԅ῀ Ȃ Ἕ ѿ ̆ῒ

Ḡ № Ҍ ᵬ Ȃ Ἕ ѿ ̆

 “ ᵰ ”̆ Ḡ № Ҍ ‖₯Ȃ

̆ ѿ Ҭ ̆ Ӟ ҍ

Ȃ 

1.1  

ԋ׆ ҕ Έ Ҭף ⌠҂ ץף Mariner Mars ↓

ҹ ֲ̆ ԅ ҍ ԑᵬ [Luhmann et al., 1992]Ȃ

ңҩ ↓ᶏ - ΐ Ȃ҂

Ҭף Viking 1 2 ᶫԅ ѿᴍ [Hanson et 

al., 1977]Ȃ1989 Phobos 2 ѿ ⌠ ᵣ

[Zakharov, 1992]Ȃᵖ ̆Phobos 2 850 km̆ ҍ

ԑᵬ Ȃ1997 9 11 ῃ סּ ̂Mars Global Surveyor̆

MGS̃ ⌠ ̂ 105 km⌠175 km̆

17ҩ ̃̆ ṿ Ҋץ ̆

̆ Ҍΐ ῤ Ẽ ̆ ΐ [Acuña et al., 

1998]Ȃ ̂Mars Express̆ MEX̃ 10 ̆ ᶫԅ

̂>1 eṼ [Brain, 2007]̆ ҹ ԑ

ᵬ ᶫԅ Ȃ 

1.1.1 ᵣ  
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ԍ ᴋⱵ̆ ῒ MGS MEX ᴋⱵ̆

ᵣ ץ Ȃ ᵬҹ ΐ

̆ῒ ԍ X Ȃ ԍ

ῤ Ḡ ̆ ԑᵬ Ȃ ԍ

̆ ԑᵬ ҉ ῤ ֟ ̆ ֟

ᶏ ⁞ Ẓ Ȃ ̂Interplanetary Magnetic 

Fields̆ IMF̃ ҉̆ ᵈ Ȃ

̆ ңҩ Ȃ ꜚ ҹ

̆ ̆ ῤ ᵣ Ȃ

҉ IMF Ҍ ̆ῒ ҹ Ȃ

ԍ Ҭ ̆ ╠ [Luhmann et 

al., 2004]Ȃ 

ԑᵬ ԅҌ ᵣ ̆

֓ ΐ Ҍ ȁ № [Nagy et al., 2004]Ȃ 1.1

ᵣ Ȃ ᵣ ΐ Ҋץ ̔ 

 

1.1 ᵣ ̆ [Nagy et al., 2004]Ȃ 
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̂1̃҉ ̂Upstream Regioñ  

̆ ~1.5 AU 1ͯ-3 cm
-3̆ 300-400 

km/s[Fränz et al., 2006]Ȃῖ №≢ 10-20 eV 2ͯ-10 eVȂ

҉ IMF 3ͯnT̆ Parker ̆ Ẓ -

56°[Brain et al., 2003]Ȃ 1ͯ.5 AU Alfven ̂Alfven 5ͯ0 

km/s̃ ̂ φͯ̃̆ ꜚ 0.5-0.8 nPă

⁞ ԑᵬ Ẓ Ȃ 

̂2̃ ̂Bow Shock̆ BS̃  

Ҋ Ҭ 1ͯ.6 RM̂RM ̃̆ ҉

Ҭ 2ͯ.6 RM [Edberg et al., 2008; Trotignon et al., 2006]Ȃ

MSE Ҭΐ Ҍ [Vignes et al., 2002] Ҍ [Zhang et al., 

1991]Ȃ ΐ ̂foot̃ ȁ ̂ramp̃̆ ̂overshoot̃

[Tátrallyay et al., 1997]Ȃ 

̂2̃ ̂Magnetosheath̃  

ҍ ̆p

[Moses et al., 1988]Ȃ Ҭ ⌠ ⱴ ̂mass-loading̃ [Bame 

et al., 1980]̆ ᵈ Ȃ ⱴ

⁞ ̆ Ҭ ҉ ̆ ᵣ

Һ ᵬ Ȃ 

̂3̃ ̂Magnetic Pile-up Boundary̆ MPB̃ 

Ҋ ѿҩ —— ̆ MGS ᴋⱵӊ╠

Ӟ ҹ“Magnetopause”[Lundin et al., 1989; Rosenbauer et al., 1989]̆ 

“Protonopause” [Sauer et al., 1995]  “Ion Composition Boundary”[Breus et al., 

1991]ȂMGS ԑᵬ ᵌԍ Ҍ ̆ԍ

҉ᶏ “ ”[Mazelle et al., 2004; Neubauer, 1988] ⌠

҉Ȃ ̆MEX ᴋⱵ ῀ѿҩ ——“ ̂Induced 

Magnetospheric Boundary̆IMB̃”Ȃ ῀ MEX ҉ ת

[Lundin et al., 2004]Ȃᵖ Ԉ ҩ ԑᵬ

₮ ̆ᵖ ῒ └ ῏ [Trotignon et al., 2006]Ȃ
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̆ ᶏױ “ ”̆

ԑᵬ ֟ ӊѿȂ 

⌠ ᵣȁ ⌠

̆ΐ Ҋץ [Bertucci et al., 2012]̔  

̂ã ▲ ⱴ 2-3Ṑ̕ 

̂b̃ ꜚ ▲Ҋ ̕ 

̂c̃ “ ”̂ draping̃ ▲ ̕ 

̂d̃ Ҋ ̕ 

̂ẽ ̕ 

̂f̃ ̂H
+

H
++̃ Ҋ Ȃ 

̂4̃  

ᵝԍ Ҋ ̆ ѿҩ ץ̆

ᵣ̂ ῒ O
+ /̃ҹҺ̆Ӟ ꜚ ᴰ

Һ [Dubinin et al., 2006a; Dubinin et al., 2006b]Ȃ ᶷ̆

₃ ̆ᾟ ̆ ᵣ Ȃ ᶷ

IMF ᵈ Ȃ ңҩ

ң̆ҩ Ҭ № ȂҬ ᵝ ҉ IMF ‗ ̆ IMF

̆ ᵝԍ ҉Ȃ 

̂5̃ ̂Ionopausẽ  

——‛ ᵣ̂< 1 eṼ

̂>100 cm
-3̃[Nagy and Cravens, 2002]Ȃ

1.2 Ȃ ̆ Һױ ׃ ҉ ̂ Ӟ Ҋ Ȃ̃

ҩ ң ≢ Ȃ CO2 O HeII ֟ 21-24 eV

27 eV ᾣ ᾣ̆ ῒΐ ῖ ṿ

[Frahm et al., 2006b]̆ ᾣ ——ᾣ ̂Photoelectron 

Boundary̆ PEB̃ ≢ ҉ [Lundin et al., 2004]Ȃᾣ

ᵝ № ̆ [Dubinin et al., 2008b]Ȃ ԍ

ᴰ ᾣ̆ Ӟ

ᾣ ӊ [Frahm et al., 2006a]Ȃ 
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҉̆ ҉ Ạ ̆ ӈҹῤ ᵣ

ᵌ ԍ ̆ ᵌ ԍ ꜚ ᵝ [Elphic 

et al., 1980]̆ ҩᵝ ҉̆ ѿҩ [Nagy and Cravens, 2002]Ȃ

MEX Ӟΐ ѿ ̆ᵖ₮

20%[Duru et al., 2009; Gurnett et al., 2010]Ȃ ᾣ̆

Ṝ [Dubinin et al., 2011; Dubinin et al., 2008a; Dubinin et al., 2008b]̆

Ṝᾣ ᵝԍ ӊ҉[Frahm et al., 2006a] Ȃ 

1.1.2 ҍ  

1.1 ȁ ȂῒҬ̆ № ₮ԅҍ Ȃ 

   

  1.6660 AU 0.728213 AU 

 1.3814 AU 0.718440 AU 

Ὲ  779.96 days 583.92 days 

 24.077 km/s 35.02 km/s 

 3389.5±0.2 km 

0.5320 Earths 

6051.8±1.0 km 

0.9499 Earths 

 6.4185×10
23 

kg 

0.107 Earths 

4.8676×10
24

 kg 

0.815 Earths 

ᵣ  1.6318×10
11

 km
3
 

0.151 Earths 

9.28×10
11

 km
3
 

0.866 Earths 

ⱬ 3.711 m/s² 8.87 m/s² 

 5.027 km/s 10.36 km/s 

 24h 37m  243.0185 days 

№ 95.97% CO2 

1.93% Ar 

1.89% N 

0.146% O 

96.5% CO2 

3.5% N 

0.015% SO2 

0.007% Ar 

 

http://en.wikipedia.org/wiki/Astronomical_unit
http://en.wikipedia.org/wiki/Astronomical_unit
http://en.wikipedia.org/wiki/M/s%C2%B2
http://en.wikipedia.org/wiki/M/s%C2%B2
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ѿ ̆ Һ № CO2̂ 1.1̃ ̆ Ҭ

ᵌ ̕ ѿ ̆ / ΐ ̆

Ҭ ᵌ ꜚⱬ ⱬ ̕p ⱬ ̆ ῒ

ῒ ᵈ⌠ Ҭ̆ ⱬ ̆ῒ ᶷ ₃ Ȃ 

Һ Ȃ Һ №

CO2 ֟ #/̆ ᵖ #/ Ô ԋҺ

№̆ 1.1̃ ֟ /̆ ץ ̂Һ̃ ṿ Һ № /̆

300 km ̆O
+ ҍӊ [Hanson et al., 1977]Ȃ ҉̆ᾣ

֟ ṿ 140 km̆ ̆CO2 Һ №̆O 10-20%Ȃ

#/ /Ȃ ץ ҉̆ ̂ ̃ ̂Һ̃

ṿ 140 km̆ Һ Ӟ /̆ 200 km ̆O
+ ⌠ ṿғ

ҹҺ [Kumar and Hunten, 1974]Ȃ 

ῤ ̆p ꜚ ̆ Ҭ

[Cravens et al., 1997; Luhmann and Cravens, 1991]̕ ᶏ

̆ ҬӞ [Russell and Vaisberg, 1983]Ȃ

ῃ ῤ ̂<2 ρπὝά ̃̆ ᵖΐ [Acuña et al., 

1998]̆ Ӟ [Cloutier et al., 1999]Ȃ ̆ץ ’Ҋ̆

ᵣ ץ ᴰ Ȃ

ץ ԍ 200 km҉ץ ᵣ Ȃ ҉̆ᾣ

⌠ ₮ 180-200 kmӊ Ȃ 

58ҩ ̂ 1.1̃ ̆ ̆Ӟ ᾣ ֟

̆ Ȃ ̆Mariner 5

ΐ [Kliore et al., 1967]̆ ӊ ԅ

̆ ῒ Ȃ Һ └

ңҩ̆ѿҩ ᵣ [Miller and Whitten, 1991]̆ ѿҩ

Ȃ ԍ ҩ └ Һ ᵬ ‗ԍ ꜚ ꜚ ᴆ

[Cravens et al., 1983; Dobe et al., 1995]Ȃ ̆ ̆

ᵣ Һ └Ȃ ̆ ῀ѿ֓ ̆

ľdisappearing ionspheresĿ̆ľionospheric holesĿ̆ľtail raysĿ̆ľtroughs”̆ľplasma 



 

7 

 

cloudsĿ Ҍ [Brace et al., 1983]ȂMars 4 5 ץ

Viking 1 2 ᶏ ΐ

[Zhang et al., 1990a]Ȃ ṿ ̆ υ ρπὧά̆ 160 kmȂ

ѿ֓ ѿ ̆ [Haider et al., 1992]

ᵣ Һ └Ȃ 

Ҍѿ ̆ ԍҬ ̆ EUV

ῖ ᴰ [Chen et al., 1978; Cravens et al., 1981]Ȃ

└Һ ңҩ[Fox and Kliore, 1997]̆ ѿҩ Ғ ῀̆

ѿҩ ᵞȂᵖ ̆ ╠ ңҩ └ Ҍ Ȃ ̆

ꜚ[Shapiro et al., 1995]̆ ׆ ⱬ ᴰ ⌠

῀⌠ [Gan et al., 1990]Ȃ 

1.2 Һ ῤ  

ҍ ֲ̆ Ҍ ̆ MEX MGS̆╠ץ

ԅ ҂ ̆ 5600ҩ

╩ Ȃ ғ̆ - ңҩ ̆ ѿ̆ - -

ӊ ₃ᵥ └̆ 45Ј-135Јӊ

̕ ԋ̆ ץ № Ẋ ҹ ̆ᵖ ’Ҋ̆

≢ ᵞ ȁ ₮ ̆ ̆ ⌠

Ȃ ̆ ᴧ ᴋⱵҬ̆

ᵣ ҩ ₃ӍҌ 1000 [Trotignon et al., 2006]Ȃ 

Ҋ̆ ̂European Space Agency̆ESÃ ԍ 2003 6

2 ԅ ѿҩ ᴋⱵ—— ̂Mars Express̆ MEX̃

[Chicarro et al., 2004]̆ ῒ ҍ ̂Mars Advanced 

Radar for Subsurface and Ionosphere SoundinğMARSIS̃ ҍ ᵣ

Analyser of Space Plasmas and Energetic Ions for Mars Express̆̂ת

ASPERA-3̃ №≢ ̆ҹ

ῒҍ ԑᵬ ᶫԅ ȁ ȁ№

[Barabash et al., 2006; Picardi et al., 2004]Ȃ 
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ԋ ׃ ԅ MARSIS ץ̆ ῀ ԅ

MARSIS ֟ —— Ȃ ̆ ױ ᾢ ₮ԅѿҩ

ꜚ ԍ׆ MARSIS Ҭ ץ ̆

ᶫԅ Ȃ ̆ ױ ₮ѿ ԍ MARSIS

—— ֜ ₱ (empirical orthogonal function̆ EOF)̆

ԍ׆ ⌠ ₮ ╩ Ȃ 

҈ ̆ ױ № ԅ ԋ ̆

⌠ѿҩ ף ṿ̆ ԅ

ᶭ Ȃ 

̆ ׃ױ ԅ ELS/ASPERA-3ת Ȃ ԍ ELS ̆ ₮ԅ

ᵣ ̆ ȁ ᾣ ̆

ғᶏ ԅ ҈ҩ ᵝ Ȃ Ҋ ̆ ױ

ᾣ ѿ ԅ № Ȃ Ҍ ̆

ΐ ▼ᵩ ̆ ץױ ᾣ ҹᶛ №̆ ԅ

▼ᵩ ԑᵬ └ᵬ Ȃ 

̆ ԓ Ҭ̆ ױ ᵬ ̆ └ ԅҊѿ ԅ ᵬ ⅞Ȃ 
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ԋ  ԍ Mars Express  

2.1 ῀  

2.1.1 A-H Ὲ  

ӊҬ̆ ҹ ᵣȂ ᵣҬ

ᴰ ≠ ̆ Appleton - Hartreê A - 

H̃Ὲ [Davies, 1990]Ȃ ԋ ҕ ԋ ̆ף ֲ ԅ

׃ Ҭᴰ Ὲ ̆ῒҬ̆Edward Appletonᾢ ᵬ

ҹֲױ [Appleton, 1927]Ȃ1931 ̆D. R. Hartree Lorentz

Ӟ ῀⌠ ᴰ Ҭ[Hartree, 1931]Ȃ ⱴ ѿ

Ҍ ̆p ᴰ Ὲ ҹ Appleton - Hartreê A 

- H̃Ὲ Ȃ ׆ ꜚ Ῥ ѿῈ ̆ҹ Ạ‰ Ȃ 

ҹԅ A - HῈ ̆Ẋ ꜚ ׃ ΐ Ҋץ ̔ 

ꜚ ̔̂ 1̃ ̂̕ 2̃ ̂̕ 3̃Ẓ ҹ“

”[Ratcliffe, 1959]Ȃ 

׃ ̔̂ 1̃ Ҭ ̂̕ 2̃ № ̂̕ 3̃ ̂̕ 4̃

̂̕ 5̃ ῏̂̕ 6̃Ҍ ꜚ̆ ԍ‛

ᵣ̂̕ 7̃ Ȃ 

׃ ֟ ̆ ץ P E ₮ 

Ὀ ‐Ὁ ὖ                                                         ςȢρ 

ῒҬ̆Ὀ ᵝ ̆P ҹ Ȃ (2.1) ׃ Ȃ

Ҭ̆ὄ ‘ὌȂ 

₃ ̂1,2,3̃ Ҭ̆Ẋ ѿ 1 ᴰ ̆

Ὲ ᾥ Ὲ ⌠ № ᾥ Ҭ̆ ⌠ 

ÄÉÖ Ὀ
‬Ὀ

‬ὼ

‬Ὀ

‬ὼ

‬Ὀ

‬ὼ
π                                       ςȢςÁ 

ÄÉÖ ὄ
‬ὄ

‬ὼ

‬ὄ

‬ὼ

‬ὄ

‬ὼ
π                                       ςȢςÂ 

ÃÕÒÌ Ὄ
‬Ὀ

‬ὸ
‭
‬Ὁ

‬ὸ

‬ὖ

‬ὸ
                                              ςȢςÃ 
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ÃÕÒÌ Ὁ
‬ὄ

‬ὸ
                                                                     ςȢςÄ 

   Ẋ ΐ ̂1̃̆̂2̃ ̂3̃ 1- ᴰ ̆↕

ꜚ№ ὩὼὴὭ‫ὸ ̆ ὩὼὴὭὯὼ ̆ ғ 2- 3-

Ȃ 

1- ᴰ ץ ҹ 

Ὁ Ὁὧέί‫ὸ Ὧὼ                                              ςȢσὥ 

 

Ὁ ὉὩὼὴὭ ‫ὸ Ὧὼ                                            ςȢσὦ 

Ҍ 2- 3- ̆ Ὲ ̂2.3b̃  

‬

‬ὼ
ὭὯ                                                             ςȢτὥ 

‬

‬ὼ

‬

‬ὼ
π                                                  ςȢτÂ 

‬

‬ὸ
ὭςȢτÃ                                                               ‫ 

‬

‬ὸ
ςȢτÄ                                                        ‫ 

(2.4) ῀ (2.2a) (2.2b)̆ ⌠ 

Ὀ ‭Ὁ ὖ̗π                                                  ςȢυÁ 

ὄ ‘Ὄ̗π                                                          ςȢυÂ 

Ὲ ̂2.5ã D ᴰ № Ȃᵖ ὖ Ὁ Ҍѿ ҹ ̆

ὖ ὉӞ 1- № Ȃ ғ̆ ὖ Ẓ ῒ ᵝ

̆ ԍ ԍҌ ꜚҬ̆ ᴰ № Ҍҹ ̆Ӟ

ὖӞ Ҍҹ ȂῈ ̂2.5b̃ ὄ Ὄ ԍᴰ Ȃ 

̂2.4̃ ῀ף ̂2.2c̃ ̂2.2d̃ ̆ ⌠ 

‬Ὄ

‬ὼ
ὭὯὌ Ὥ‫‭Ὁ ὖ                                    ςȢφÁ 

‬Ὁ

‬ὼ
ὭὯὉ ‘Ὥ‫Ὄ                                                ςȢφÂ 

‬Ὄ

‬ὼ
ὭὯὌ Ὥ‫‭Ὁ ὖ                                        ςȢφÃ 

‬Ὁ

‬ὼ
ὭὯὉ ‘Ὥ‫Ὄ                                                ςȢφÄ 

Ӟ  
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‭Ὁ ὖ
Ὧ

‫
Ὄ Ὀ                                          ςȢχÁ 

‭Ὁ ὖ
Ὧ

‫
Ὄ Ὀ                                          ςȢχÂ 

ὯὉ ‘‫Ὄ                                                      ςȢχÃ 

ὯὉ ‘‫Ὄ                                                     ςȢχÄ 

2.7ã̂׆ ̂2.7d̃ Ὄ̆ ⌠ 

‭Ὁ ὖ
Ὧ

‫

ὯὉ

‘‫

Ὧ

‘‫
Ὁ                       ςȢψÁ 

 

ρ
ρ

‭

ὖ

Ὁ

ρ

‘‭

Ὧ

‫

ὧὯ

‫
                            ςȢψÂ 

‫Ὧȁ׆ ὲ ӈ̆  

ὲ
ὧὯ

‫
                                                            ςȢω 

̆ 

ὲ ρ
ρ

‭

ὖ

Ὁ
                                                ςȢρπὥ 

̆ 

ὲ ρ
ρ

‭

ὖ

Ὁ
                                                ςȢρπὦ 

׆ ֓Ὲ ̆ ⌠ 

Ὁ

Ὁ

ὖ

ὖ
                                                          ςȢρρ 

Ῥ2.7̃̂׆ ⌠ Ὑ 

Ὄ

Ὄ

Ὁ

Ὁ

ὖ

ὖ
Ὑ                                         ςȢρς 

Ҋ ̆ ױ ѿ ᴆҊ ꜚ̔ ꜚ Ὁȁ ⱴ ὄ̆

Ҭ № ҹ’̆ ғ Ȃ Ҋᵬץ⌠

ⱬ̔ ⱬὩὉ̆ ⱴ ὄץ ὺ ꜚ֟ ⱬὩὺὄ̆ ԍ

ꜚ ᵬ ⱬά’ὺ̆ ꜚ Ҭ ⌠ ᵬ ⱬ̆ ԍὺὧϳ

Ṑ ⱬ(ὩὉ) ̆ ץ Ҍ Ȃ ꜚ ₃ ̂1,2,3̃ Ҭ

1- ᴰ ̆ ⱴ ὄᵝԍ 2-3 ꜚ — ̆ Ӈ

ꜚ ⱴ Ҋ ꜚ ҹ̔ 
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ά
‬ὼ

‬ὸ
ὩὉ Ὡ

‬ὼ

‬ὸ
ὄ ά’

‬ὼ

‬ὸ
                                 ςȢρσÁ 

ά
‬ὼ

‬ὸ
ὩὉ Ὡ

‬ὼ

‬ὸ
ὄ ά’

‬ὼ

‬ὸ
                                 ςȢρσÂ 

ά
‬ὼ

‬ὸ
ὩὉ Ὡ

‬ὼ

‬ὸ
ὄ Ὡ

‬ὼ

‬ὸ
ὄ ά’

‬ὼ

‬ὸ
             ςȢρσÃ 

⌠  

̂1̃ ң ӗץὩὔ̆ ῒҬὔ ̕ 

̂2̃ Ὥף‫ὼ ̆ ף‫ὼ ̆ ̕ 

ὖפ 3̃̂ ὔὩὼ̆ Ȃ 

̂2.13̃ ҹ 

‭ὢὉ ὖ Ὥὖὤ Ὥὖὣ                                         ςȢρτÁ 

‭ὢὉ ὖ Ὥὖὤ Ὥὖὣ                                         ςȢρτÂ 

‭ὢὉ ὖ Ὥὖὤ Ὥὖὣ Ὥὖὣ                           ςȢρτÃ 

ῒ Ҭ ̆ ὢ ‫ ‫ϳ ὩὔȾ‐ά‫ ̆ ὣ ‫ ‫ ȟϳ ὩὄȾ ά̆‫  ὣ

‫ ‫ ȟϳ  ὩὄȾ άץ‫ ὤ ‡Ⱦ̆‫ Ҋ T L№≢ף ⱴ ԍ ᴰ

№ Ȃ 

X̆Y Zף Ὲ ̂2.12̃Ҭ ὖȾὉ ὖȾὉ 

׆ ̂2.5ã ⌠ 

‭ὢὉ  ὢὖ                                                   ςȢρυ 

2.14ã̂⌠῀ף ̆ ⌠ 

ὖ

ὖ

Ὥὣ

ρ ὢ Ὥὤ
                                                   ςȢρφ 

׆ ̂2.12̃ ⌠ὖὉ ὖὉȂ Ӈ ςȢρτÂ ςȢρτÃң №≢ҍ0 0

ӗ̆Ῥ ⁞̆ ⌠ 

ὖὣ ὖὖὣ ὖὣ                                             ςȢρχ 

̂2.12̃ Ὑ ὖȾὖ̆2.16̃̂῀ף ̂2.17̃̆ ⌠῏ԍ R

 

ὣὙ
Ὥὣ

ρ ὢ Ὥὤ
Ὑ ὣ π                                       ςȢρψ 

̂2.18̃ ңҩ  
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Ὑ
Ὥ

ςὣ

ὣ

ρ ὢ Ὥὤ
ᶸ

ὣ

ρ ὢ Ὥὤ
τὣ                      ςȢρω 

ԍ ̆Z ̆ ץ ̆҉ ѿ ҹ 

Ὑ
Ὥ

ςὣ

ὣ

ρ ὢ
ᶸ

ὣ

ρ ὢ
τὣ                               ςȢςπ 

̂2.20̃ ᵣҬ̆ ғֽ ң ᴰץ Ȃ 

̂2.14b̃ ⌠ 

ὖ

‭Ὁ

ὢ

ρ ὭὤὭὣὙ
                                            ςȢςρ 

⌠῀ף2.21̃̂ ̂2.10ã ̆ ⌠ A-HῈ  

ὲ ρ
ὢ

ρ É:
ὣ

ςρ 8 É:
ὣ

τρ 8 É:
ὣ

           ςȢςς 

ץ ̆↕ Z=0̆ ‘1 ҹ 

‘ ρ
ςὢρ 8

ςρ 8 ὣ ὣ τρ 8 ὣ
                      ςȢςσ 

ױ ѿ֓ Ὲ ̆ҹ Ạ‰ Ȃפ ̂2.23̃ Ҭ

‘ π̆ ὢ ⌠ 

“+”̆  ὢ ρ    Ὢ Ὢ                            (2.24a) 

“ - ” ̆ὢ ρ ὣ  Ὢ Ὢ ὪὪ                     (2.24b) 

̆     ὢ ρ ὣ  Ὢ Ὢ ὪὪ                      (2.24c) 

(2.24a) ̆ ѿ ᴰ Ἕ ᵣҬᴰ ѿ ̆

ҹ O ῒ̆ז ↕ ҹ X Ȃ (2.24b)

ҍ (2.24c) ̆X ᶭ ԍ ⱴ ҍῒ ῏Ȃ ԍ ԍ

̂Ὢ̃ X ̆ ᴆ ὢ ρ ὣ ̕ ԍ ᵞԍὪ̂ ץ Y>1̃

X ̆ ᴆ ὢ ρ ὣ Ȃ 

̂2.24̃ ̆ ԍ ׆̆ ῀

№ ҹңҩҌ ᴰ Ȃ Snell ̆

                                                        
1
 ‘ ̆ Ҍ  
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↕̆ № Ҭᴰ Ӟ Ȃp

̆ ѿ ᴪ Ẓ ̆

ѿ ӊ Ȃ 

2.1.2  

⌠ ץ ԍ ץ ̆ A-H Ὲ Ҭ ⱴ

ᵬ Ҍ ̆ ҹ 

‘ ρ ὢ ρ
Ὢ

Ὢ
ρ Ὧ

ὔ

Ὢ
                                  ςȢςυ 

ῒҬ̆f ᵝ ̆ ᵣ fp 

Ὢ
‫

ς“

ὔὩ

τ“ά‐
 ψȢψωὔ                                     ςȢςφ 

ԍ ὔ Ȃ 

̂2.25̃ ̆ ̆ ѿ ԍ ԍ 1Ȃ ᴰ ̆

↕ ԍ׃ 0 1ӊ Ȃ ғ̆ ԍѿ ̆

⁞ ̕ ԍ ̆ ⱴ ᵞ̆ᵖ

῏Ȃ 

 

2.1 ̂ ȁ ̃ 

‘ X ҹ ̆ 2.1 ѿ ’Ȃ

№ ѿҩ ‖̆ ̂ὔ π̃ᴰ ̆
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‘ ԍ 1̕ ῀⌠ ̆ ⱴ̆ № ῤ Ҍ

̆↕ Ҍ ⁞ Ȃ ̆‘ ԍ 0Ȃ Snell

̆ 

‘ÓÉÎ•  ‘ÓÉÎ•                                         ςȢςχÁ 

̆‘ ρ̆ ↕  

‘ίὭὲ• ίὭὲ•                                            ςȢςχÂ 

ῒҬ̆• ᴰ Ȃ ‘ ԍ ԍίὭὲ•

̆҉ Ȃ ‘⁞ ⌠‘  ίὭὲ• ̆ • “Ⱦς ̆ ῃ Ȃ

ԍ ῀ ⌠ ̆• π̆ ‘ π ῃ ̆Ӟ ̆

׆ ᵣ ԍ ҉ Ȃ 

׆̆ ᵣ Ȃ ̆≠

Ῥ̆ Ȃ ≠

Ḥ Ȃ 

ת 2.1.3  

ת Ȃ ת ѿ ̆

ѿұ ‖̆ ҹ

̆Ҍ ῀ ᴪ Ҍ ҉ ̆ 2.1.2 ȂẊ

ᾣץ cᴰ ̆ ⌠ ҹ Ȃ ᵬ

ҹ ₱ Ҋ Ȃ ⌠

Ȃ 

ҹ ὺ ‬ὯȾ‬‫ ̆ғὯ ς“Ⱦ‗ Ⱦὧ̆‘‫ ↕  

ρ

ὺ

‬Ὧ

‬‫

‬
‘‫
ὧ
‬‫

ρ

ὧ

‘‫‬

‬‫

‘

ὧ
                                ςȢςψ 

ῒҬ̆ ‘ ̆ ӈҹ 

‘
‘‫‬

‬‫
‘ ‫

‬‘

‬‫
                                            ςȢςω 

ԍ ̆  

ὸ ς
ὨὬ

ὺ
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ς

ὧ
 ‘ ὪȟὪȟὪȟ—ȟ’ὨὬ                      ςȢσπ 

Ẋ ҉ ₮ Ҭ ᾣץ cᴰ ̆↕ ҹ 

ὬὪ
ὧὸ

ς
‘ ὪȟὪȟὪȟ—ȟ’ὨὬ                              ςȢσρ 

ῒҬ̆‘ ̆ ѿ ᵣ Ὢȁ ᵬ Ὢ̆

Ὢ̆ ᴰ ҍ ץ— Ҭ ’ ₱ Ȃ

Ὤҹ ̆ №҉ Ὤ ҹ f ̆h Ὢ

̆ ╩ ₮Ȃ 

╩ № ̂2.31̃ ⌠ Ὤ ὬὪȂ 

2.2 ԍ MARSIS ת  

2.2.1  

2.1 MEX  

 ṿ 

 

 

 

ẁ  

250 km 

10142 km 

6.75 hr 

86.6º 

 

2.2 Ȃ ESAȂ 
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̂Mars Express̆ MEX̃ ̂European Space Agency̆

ESÃ ѿҩ ᴋⱵ̂ 2.2̃ Ȃ2003 6 2 ̆MEX ᾥ

ᾥꜜ ḇ Soyuz ⱳ ̆ 7ҩ ̆ԍ 2003

12 25 ≠⌠ ̆ ғ ѿҩ [Chicarro et 

al., 2004]Ȃ 1 Ȃ2003 11 19 M̆EX Beagle 

2 ̆ᵖҌ ̆Beagle 2 ԅ ̆ESAҌ Ҍ

ҡ [Pullan et al., 2004]Ȃ ԅ 7ҩת ̆ 2.3 ̆ ≢№ױ

 

 

2.3 Ȃ ESAȂ 

̂1̃ № ᵣ ̂High Resolution Stereo CamerâHRSC̃̃

№ 2m/Ἕ ᵣ Ἕ ҹ̆ ᶫ

[Neukum and Jaumann, 2004]Ȃ 

̂2̃ ᾣ ת̂ Observatoire pour la Minéralogie, l’Eau, les Glaces 

et l’Activité̂OMEGÃ̆ ̔Visible/IR Mineralogical Mapping Spectrometer̃

№ ᾣ № ץ№

№[Bibring et al., 2004]Ȃ 1500 km⌠ 4000 km № 2-5 km̆

№ <350 mȂ 

̂3̃ (Mars Advanced Radar for Subsurface 

and Ionosphere Sounding, MARSIS)Һ̆ ׆ Ҋ ₃ 3
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ץ ῃ № ╩ ̂ ̃

[Picardi et al., 2004]Ȃ 

̂4 ị̃ №ᾣ ̂Planetary Fourier Spectrometer for Mars ExpresŝPFS̃̃

ԍ №ȁ ȁ ץ [Formisano 

et al., 2004]Ȃ 

̂5̃ ᾣ  Studying the Global Structure and Composition̂ת

of the Martian Atmospherê SPICAM̃̃

[Bertaux et al., 2004]Ȃ╠ Һ ῒҍ H2O ̆ ̆

╩ Ȃ ↕ ԍ ү ץ ╩ Ȃ 

̂6̃ ᵣ  Analyser of Space Plasmas and̂ת

Energetic Ions for Mars ExpresŝASPERA-3̃̃ Һ ԍ

ԑᵬ ̆ ᵣ Ҭ [Barabash et al., 2006]Ȃ 

̂7̃ ת (Mars Express Orbiter Radio Science , MaRS)Һ

ԍ Ҭ ȁ ╩ ̆ ╩ ̆ ⱬ ץ

ԑᵬ ֟ [Pätzold et al., 2004]Ȃ 

̆ ױ № MARSIS ASPERA-3ת Ȃ 

2.2.2 MARSISת  ׃

 

2.4 2005 6 17 MARSIS ̆ ֲ ѿ

ȁ ֒ Ȃ ESAȂ 

1972 17 ץ [Porcello et al., 1974]̆

҉ ̂MARSIS̃ ҩ
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̆ 2.4ȂMARSIS Һ └ ҉

№ Ȃ ҈ҩ [Picardi et al., 2004]̔ Ҋ

̆ ̆ῒҬ̆ ῃ

╩ ҹ ᶫԅ Ȃ ̆ ױ

MARSIS № Ȃ 

MARSIS ҺẼ ԋ ȂẼ ңҩ

20 m ῍ № Һ̆ ԍ ‖ Ȃ 7 

m̆ ԍ [Chicarro et al., 2004]Ȃ Ҭ

̂impedance matching network̃ / ̂transmit/receivẽ

῏ ̆ Ҭ ῏ [Jordan et al., 2009]Ȃ ԍ

Ҭ ῏ ̆ Ẽ ῍ ⱳ 3.5 MHz

ѿҩ ṿ̆ ᵞ Ҋ ̆ 100 kHz Ҋ ⌠ ᵞ[Jordan et al., 2009]Ȃ

₮ ӊ ῍ ⱳ 2.5 MHz ѿҩҊ [Jordan et al., 

2009]Ȃ ‖ ̆ / ῏ ⌠ ̆ Ḡ Ҍ

Ȃ ̆ ╠ Ȃ╠

Ҭ ԍ ᵞԍ 1 MHz ᾟ ⱳ Ȃ 

 

2.5 MARSISת ⱳ [Jordan et al., 2009]Ȃ M̆ARSISת

̂sounder channel̃ȁ ̂surface cancellation channelȁ̃

̂processor̃ └ ̂power and control subsystem̃ Ȃ 
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ӊ ̆MARSIS 4 № [Jordan et al., 2009]̆ 2.5 Ȃ

4 №№≢ ̂1̃ ̂sounder channel̃Ȃ Ḥ ֟ ̂signal generator̃ȁ

̂transmitter̃ ̂receiver̃ Ȃ̂ 2̃ ̂surface cancellation 

channel̃Ȃ ̂monopole antennã ̂converter̃Ȃ̂ 3̃

̂processor̃Ȃ̂ 4̃ └ ̂power and control subsystem̃̆ └

ⱳ Ȃ └ ȁ ‖

Ҋ Ȃ └ ᶏῒץ ȁ

Ȃ 

׆ 2008 6 M̆ARSIS ESA Planetary Science 

Archivê PSÃ ҉Ὲ ̆ᶫῃ ᶏ Ȃ 

2.2.3 MARSIS Һꜚ  

֓ ҉̆ MEX 1200 kmץҊ MARSIS Һꜚ

̂Active Ionospheric SoundinğAIS̃̆ ȂӞ ̆MARSIS

ץ ҹҬ ̆ 2.6 ȂMARSIS

35 min̆ 280 Ȃ 

 

2.6 ȂMARSIS ̆

[Duru, 2006]Ȃ 

MARSISҺꜚ ѿҩ 2.7 ȂMARSIS 0.1 MHz

̂Ὢ ̃⌠ 5.5 MHẑ Ὢ ̃ ῤ̆ ᵞ⌠ ᶭ 160ҩ

‖ Ȃ ҩ Ḡ ̂dwell timẽ ψ ÍÓ̆ ԍ ‖
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̂pulse repetition ratẽρςυ ÐÕÌÓÅÓȾÓȂ ҩ ̆ ρπȢωσχ Ë(Ú̆

ԍ ‖ ωρȢτσ ʈÓȂ ᾢ ₮ѿҩ ωρȢτσ ʈÓ ‖̆

ӊ ѿҩ 162.5 ‘ί ̂dead timẽ ԍḠ Ҍ ‖ ̆

̆ 80ҩ ̆ ҩ Ӟ 91.43 ʈÓȂ

80ҩ 1200km‗ ȂῬӊ ѿҩ

278 ʈÓȂ ҩ ῍ 7.846 msȂ160ҩ ῍ 1.255 sȂ ԋ

ת̆╠ υ ρȢςυυÓ̆Ӟ ⌠ѿ

1.255 s 7.53 s [Morgan et al., 2013]Ȃ ѿҩ Ҭ̆

ᵬҹ ₱ ⌠ ױ ⌠

MARSIS Ȃ 

 

2.7 MARSIS [Gurnett, 1999]Ȃ ҩ Ҭ M̆ARSIS Ὢ ⌠Ὢ

ӊ 160ҩ ̆ ῳὸ̆ Ҋѿҩ ת╠ υῳὸ̆ῒ

Ҭ̆ ҩ ῳὸȂῳὸ ‖ 91.43 ʈÓȁѿҩ 162.5 

‘ίȁ80ҩ ῍ 80 91.43 ʈÓ ѿҩ 278 ʈÓȂ 

׆̆ 0.1 MHz⌠ 5.5 MHz 5.4 MHz ̆ ҩ

№ץ 495ҩ 10.9 kHz Ȃ 495ҩ ῤ 160
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ҩ ̂ЎὪȾὪ ςϷ̃ [Morgan et al., 2013]Ȃҹԅ ᾧ ⌠

ᴆ Ҥ ̆ ֓ ҳ ף Ȃ 

ѿұ ‖ ῀

̆ ⌠ ȂẊ № ̆

MARSIS ѿҩ ҹὪ ‖̆ ᴪ

ᵣ ҉ Ȃ ᵣ ̂2.26̃ Ȃ

2.8҉ Ȃ 2.8҉ ѿҩῖ ᵣ

╩ ȂὪάὥὼ ᵣ ̆ ҳ Ȃ ԍ

Ὢάὥὼ ȂὪάὥὼ ῖ ṿ₃׆ Hẑ ̃

⌠ 4 MHẑ [̃Picardi et al., 2004]Ȃ Ḥ ὺ

└Ȃ ҹ ץ ԍ ץ ̆ ‘ ̂2.25̃ ̆

̂2.28̃ ̂2.29̃  

‘
ρ

ρ Ὢ Ὢϳ

  

ץ  

ὺ ὧρ Ὢ Ὢϳ   

ԍ ̆ Ὲ ҹ 

ὸ ς
Ὠᾀ

ρ Ὢ Ὢϳ

 

ῒҬ̆ᾀ ̆Ὢ ᾀ ᵣ Ȃ ὸᵬҹ Ὢ

₱ Ҋ ̆ ҉ ⌠ ᵣ ̆ ⌠ԅ ᵬҹ

Ȃᵖ ⌠Ὢάὥὼ ӊ҉

Ḥ ̆ ҹ ׆ Ȃ ὸ Ὢ₱

̆ ׆ ᵝ ̂ ̃ ᵣ Ὢὰέὧὥὰ

Ὢάὥὼ ῤȂ ҩ ‖ ̆

ᵬҹ ὸ Ὢ ₱ Ҋ ̆ ⌠ԅ Ȃ 
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2.8 ҉ ᵣ ╩ Ȃ

ᵣ Ὢ ᾀ ₱ ȂҊ Ȃ

Ȃ ᵣ Ὢὰέὧὥὰ “ ” Ḥ

ᵣ Ȃ Ὢὰέὧὥὰ⌠ Ὢάὥὼ

ῤ ⌠ Ḥ Ȃ ԍὪάὥὼ

̆ Ȃ Ὢάὥὼ֜ ̆ “ ̂cusp̃ ”

Ȃ [Gurnett et al., 2005]Ȃ 

2.8Ҋ ῖ Ȃ׆ ᵞ ̆ ѿҩ

ᵣ Ὢὰέὧὥὰ “ ” ̆ Ḥ ᵣ

Ȃ ֓ ̆ Ҭ ҹ Ȃ

̂2.26̃ ̆ “ ” ᵣ ץ ₮

ὔ ὰέὧὥὰȂ ̆ ԍ “ ” ₮ ԅ׆

̆ ⱴ̆ ̆ Ὢάὥὼ ѿҩ
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̂cusp̃ Ȃ ҉ Ὲ ̆ Ὢ Ὢάὥὼ ̆

ὪȾὪ ԍ 0̆ ̆ ҉ ԅ ⌠

Ȃ ҳ Ὢάὥὼ ̆ ׆

̆ Ȃ ԍ ץ Ҋץ Ȃ 

2.2.4ῖ MARSIS  

2.9 ѿ ῖ MARSIS Ȃx- ̆ ᶷ y-

̆ ᶷ y- Ȃ Ẋ ᾣץ ᴰ ⌠ ̆

ḱ Ȃ Ἕ Ȃ Ҭ῍ ̆ №ױ

≢ ̆ ᵣ ̆ Ȃ 

 

2.9ῖ MARSIS AIS Ȃ ̂ Ἕ ̃ ̂x- ̃

̂ ̃ ̂ ̃ ₱ Ȃ ᶷѿ ѿ ֦

ᵣ ̆ Ḥ ᵣ Ȃ

֓ ᵣ ὪὰέὧὥὰȂ

ⱴ ̆ ҳ Ὢάὥὼ ̆
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ѿҩ ̂cusp̃Ȃ ҩ ҳ Ȃ

ҳ ̆ ̆

Ȃ ̆ Ҋ ᴪ₮ Ȃ ѿ

Ȃ Ҭ № ᴪ ‖ⱴ ̆ ᵬ

ҊẠ ꜚ̆ ֓ ₮ ꜚ Ȃ 

2.2.4.1  

ⱴ ̆ MARSIS

Һꜚ ֟ Ȃ2.2.3 ₮῏ԍ ֟ └ ̆

Ҍ Ȃ 

2.2.4.2 ᵣ  

Һꜚ M̆ARSIS 0.1 MHz⌠ 5.5 MHz ῤ

ѿұ ‖Ȃ ‖ ⌠ ץ̆

Ȃ ֟ ̆ ̂ρȾωρȢτ ʈÓ ρπȢω Ë(Ú̃̆ ᵬ Ȃ

ᵣ ᵞԍ ̆ ῀⌠ ᵣ

ҬȂ Ḥ ̂400 Ṽ ̆ ԍ ̂<10 mṼ ̆ῒ

ᵣ Ḥ ⌠Ȃ ԍ ԍ

̆Ḥ “ḱ◄” Ṑԍ ᵣ [Morgan et al., 2013]Ȃ

֓ ҉ᶷ ҹѿ ֦ ̆ 2.9 ̆

֓ ᵣ Ὢὰέὧὥὰ̆

ὔ ὰέὧὥὰȂ ̆ ᶏױ ᶷ ѿ ֦ ᵣ

Ὢὰέὧὥὰ̆ᵖ MEX ⌠ ̆ ᵣ ᵞԍ

̂100 kHz̃ ̆ ⌠ ᵣ ̆ ̆ ץ

ᵣ [Gurnett et al., 2008; 

Gurnett et al., 2005; Morgan et al., 2013]Ȃ 

2.2.4.3  
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ҍ ᵌ̆ Ҭ Ȃ

₮ ̆ Ҭ ꜚ ֟

ᶏץ Ῥ̆ ѿ֓ ᶏץ

[Duru et al., 2006]Ȃ 

2.2.4.4  

Ҭ ѿ —— Ȃ

Ҭ ҹѿ ↓ ̆ 2.9 ȂMARSIS

‖ ̂400 Ṽ ̆ Ҭ ⌠ ‖ ⱴ ̆

ᵬ ҊẠ ꜚ̆ ⌠ Ҭ֟ ԅѿ ↓ ‖

[Gurnett et al., 2008]Ȃ֟ └ 2.10 Ȃ

‖ ᵌ ̆ ωρȢτ ʈÓȂҌᶭ ԍ Ȃ ҹῖ ̂

400 m̃ ᵞԍ ῖ ̂₃ km̃̆ ⱴץ Ҍѿ ⌠

₃Ӎ ̆ԍ ֟ ̆ Ȃ 

MEX ⱬ ̆ᵖ ᶫԅ

Ȃ ֓ ̆ ץ ̆

1-3%[Gurnett et al., 2008]Ȃ 

 

2.10 ֟ └[Gurnett et al., 2008]ȂҬ Ẽ

Ȃ ѿҩ ‖̆ ⱴ ̂400 V/m̃ ̆ ᵬ ҊẠ

ꜚ̆ ⌠ Ҭ֟ ԅѿ ↓ ‖Ȃ 
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2.3 MARSIS  

2.3.1  

20ҕ 70 ף ץ ̆ ת ץ ȁḤ

Ἕ ≢ ̆ ꜚ Ӟ Ȃ ╠

ARTIST ᴆ ↓̆ ≠ AUTOSCALA ᴆ̆

≠֒ SMARTIS ᴆ Ҭ ҍ CADI

ᴆȂ 

ARTIST(Automatic Real Time IonogramScaler with True Height) Lowell

Ҭ (University of Lowell, Center for Atmospheric Research, 

UMLCAR) └ ѿ ↓ ԍ Digisonde ꜚ ҍ Ȃ

Ἕ ≢ ̂ ℗ ̃ ꜚ

ῒ ╩ [Reinisch and Xueqin, 1982; 1983; Xueqin and 

Reinisch, 1982]Ȃ 

AUTOSCALA ≠ ҍ (IstitutoNazionale di 

Geofisica e Vulcanologia, INGV) ԍ AIS ת ᴆȂ

ԍ Ἕ ≢ ̆ғҌ Ḥ Ḥ ̆Һ ԍ׆ Ҭ

foF2ȁMUF(3000)F2ȁM(3000)F2ȁfoF1ȁh′Es,ftEs

╩ Ȃ ԍ F2 ̆ ᴆ ԋṿ

ԋ Ἕ̆ ΐ F2 ῖ ҉ ꜚ ᵬ ῏№ ̆∆

῏ F2 ̆Ῥ ѿ ῤ Ἕ

̆ Ἕ ᵬ ԋӗ ⌠ F2 Ȃ 

SMARTIST ᴆ ≠֒ ⱵҬ ̂IPS̃ ҍ

Ⱶ └ ԍ IPS ᶷ ת ᴆ[Fox and Blundell, 1989]Ȃ

ᴆ ԍ (Seeding with Constrained Extrapolation)Ȃ

Ҍ ( F2 № ҉ ) ԋ

̆Ῥᶏ Ἕ ≢ ̆ ᶭ ᴆ Ἕ Ȃ 

₃ᵥ (Fuzzy Geometry) Ҭ Ҭ ҍ

└ ꜚ ̆ ԍ№ Ҭ Ҭ ̂Chung Lĩ ז
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USU Bear Lake [Tsai and Berkey, 2000]Ȃ ᾢ

̆ ᶏ ₃ᵥ ≢№ ԍ Ἕ ̆ ȁ

ῤ ⌠ Ȃ 

2007 ̆Ҭ ҍ ԅ ԍ CADI(Canadian 

Advanced Digital Ionosonde) ת ꜚ [Ding et al., 

2007]Ȃ ᾢ≠ IRI ╩

EOF№ ̆ EOF₱ ̆ EOF₱

╩ ̆ ╩ ̆

⌠ ̆ ׆ ֓ Ҭ ҍ

ҹ ᵬҹ Ȃ 

҉ ̆ ≢

̆ ׅױ ҹ MARSIS ᶫԅҺ Ȃ MARSIS

Ҭ̆ ԅ Ḥ ̆

̆ ̆ ᵣ

֟ ᵣ Ҭ Ạ ⱴ ꜚ֟

Ȃ ҍ ԑ ғ̆ Ḥ ҉ ҍ

Ȃ ̆ᵬҹẼ ῤ ̆ ᵞԍ 1MHz

̆ ⱳ Ҋ ̆ ≢₮ [Morgan et al., 

2013]Ȃ ҉̆ X ̂ 2.1 ̃̆ O

Ҍ X ‗ ѿ [Jackson, 1969]Ȃᵖ ҩ Ҍ

ԍ MARSIS ̆ ҹ ץ ԍҌ X Ȃ ԍ ң

̆MARSIS №ᶭ ԍֲ ̆ ╠ ꜚ Ȃ 

Morgan et al., [2008] ₮ѿҩ ꜚ ԍ׆ MARSIS Ҭ

Ȃ ᾢ ṿ ᶏ̆ ꜚ

̆ ῤ ꜚ ҉ Ἕ ̆ ꜚ╧

Ҍ Ἕ ̆ ⌠ Ȃ ҉ᶷѿ ѿ

֦ ᵣ ᵣ ȂMorgan et al., 

[2008] ₮“ ” ԍ׆ ֓ Ҭ ᵣ Ȃ
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҉ᶷ ѿ ↓ ̆ ⌠

֦ Ҭ ̆ ԍ ᵣ Ȃ 

Bauer [2008] ԅѿҩ ԍ matlab ᴆ̆ Ḃ ᶏ ESA 

Planetary Science ArchivêPSÃ Ҭ MARSIS AIS ⱳ̆ PSA FTP

Ҋ  

 ̧ ꜚ⇔ ̆ ⇔ ҉ ⇔ FTP

Ҭ ̕ 

 ̧ Ḥ ̆ MEX ȁSZA Ḥ ̕ 

 ̧ ץ ̂Spectrogram̃ ̕ 

 ̧ ↓̕ 

 ̧ ̕ 

 ̧ ̆ ᵣ Ȃ

ᵣ ң ̆ѿ ҉ ̆ԋ

҉ ѿ ↓ ᵣ ֟ ֦ ȂῒҬ̆

ԋ ᵣ Ȃ Ӟ

ң ̆ѿ ᶏ ₯̆ԋ ꜚ

₃ҩ Ḥ Ȃ 

 ̧ ׆ ╩ ̕ 

 ̧ פ Ȃ 

4 ӊ ̆MARSIS ꜚ ȂWang and 

Ping [2012] ₮ѿҩ ̆ Ḥ ᵝ ≢

̆ ≢ 90%Ȃ Ҍᶭ ԍ ╩ ̆

Ҭΐ Ȃ 

2.3.2 MARSIS ðð  

⌠ῒז Ḥ ץ Ẽ ῤ ̆ ױ Һ

₮ѿ ԍ MARSIS ̆ ױ ̆

Ӟ ╠ᶏ ᴆ̂Һ ̃ ꜚ ̆

MARSIS׆ Ҭ Ȃ ץ Morgan et al., [2008] 
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ꜚ ҹ ̆ Reinisch ISIS ꜚ

≢ [Reinisch and Xueqin, 1982]̆ ⇔ ԅѿҩ Matlab Ȃ Ҋ ץױ

2.11̂ 2.9̃ ҹᶛ̆ ׃ Ȃ 

    

2.11a Ȃ 

ѿ̔ Ȃ 

2.11a ѿ ῖ MARSIS ̆ 2.9Ȃ 

ԋ̔ᶏ ꜚ Ȃ 

MARSIS Ҭ̆ ᵣ ѿ

⁞ Ȃ ѿ ȂWang and Ping 

[2012] ₮ Hough ֓ ̆p ң Ҍ

H̆ough Ҍ ῃ ῒ ‪Ȃ ғ̆ ᵝԍ

ѿ ҉ H̆ough ᴪ ѿ Ȃ ̆ ꜚ

ѿ ῒז Ḥ [Morgan et al., 

2008]Ȃᶏ ҉ Ҋ ₯ѿ ̆ ₮

Ҭ̆ 2.11b Ȃ 
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2.11 bᶏ ꜚ Ȃ 

    

2.11c Ȃ 
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2.11d ӈ ṿ Ȃ 

        

2.11e Ҭ Ȃ 
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2.11f Ȃ 

 

   

2.11g ꜚ╧ Ҍ Ȃ 
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2.11h ⌠ Ȃ 

҈̔ Ȃ 

Ḥ ṿρ ρπ ὠȾά ȾὌᾀ╧

[Morgan et al., 2008]Ȃ 2.11c Ȃ 

̔ ӈ ṿ Ȃ 

ѿҩ ̆ ṿ ӈҹңҩ ӊ ѿҩ

ṿ[Reinisch and Xueqin, 1982]Ȃ 2.11dҬ̆ Ἕ ⌠

ṿ ̆ ֓ Ἕ ף ԅ ῒ̆ Ӟ ԍ

Ἕ ̆ ⁞ ԅ Ȃ 

ԓ̔ Ҭ Ȃ 

ῤ̆№ң Ҭ [Reinisch and Xueqin, 1982]Ȃѿ ҩ

̆ ς ῤ ṿ ̆ ᵬҹ

Ҭ Ȃԋ Ҭ ꜚ ς ρ

ץ ̆ ᵬҹ Ҭ Ȃ ⌠ Ҭ

2.11eҬ Ȃ 

Έ̔ Ȃ 
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׆ Ҭ [Reinisch and Xueqin, 1982]Ȃ׆ Ҭ

ꜚ 2 ̆ ѿҩ ̆ ╠ѿҩ

ṿ ᵬҹ ̆ ⌠̆↕ ╠ѿҩ ᵬҹ Ȃѿ

⌠ ὪάὥὼȂ∞ ⌠ Ὢάὥὼ ‰ ҩ

⌠Ȃ 2.11f Ȃ ᵞ №̆

ԑ Ӱ̆ ױ ҂Ҭ ꜚ╧ ֓Ҍ Ȃ 

҂̔ ꜚ╧ Ҍ Ȃ 

ᵞ ̆ Ӱ Ҍ ⌠ ̕

҉Ȃ 2.11g Ȃ ᵝԍ Ҍ

╧ ̆ ⌠ԅ ̆ 2.11h Ȃ Ҭ₮ “

” № ԍ Ȃ № ωρȢτʈÓ̆

Ҋ  

Ὑ ὧ
ὸ

ς
σ ρπὯάȾί

ωρȢτ‘ί

ς
ρσȢχὯά   

ԍ ҹρσȢχ ËÍ φȢω ËÍȂ 

⌠ ץ ₮ ὸ 

ὸ ωρȢτ ʈÓ ‖  

ρφςȢυ ʈÓ                                          

Ὥ πȢυϽωρȢτ ʈÓ  ȟρ Ὥ ψπ                   

ῒҬ̆ ׆ 253.9⌠ 7422.6 ʈÓȂ ᶷ ѿ ‖ Ȃ

ὸ׆ ‖ Ȃ ԋ ̆ Ӟ Ȃ

ҹԅḠ Ҍ ‖ Ȃ ҈ 80ҩ

̆ ҩ ωρȢτ ʈÓȂ Ẋױ ṿ₮ Ἕ Ҭ ̆

ץ 0.5ҩἝ ḱ Ȃ ⌠ ᵬҹ ₱ Ҋ ̆ᵬҹ

῀ Ҋ ԍ MARSIS Ȃ 

ṿ ̆ Ҭ̆Morgan et al., [2008]ץ

ҹ ‰̆ ױ ҹ ‰Ȃᶏ ‰

ṿ̆ ṿѿ ΐ Ȃᶏ

‰ ѿҩ ̆ ᵞ № Ҋ ̆γ ԍ ṿ №
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ᵖӞ ₮ Ȃᵖ ’Ҋ̆ ԍ MARSIS №

̆ ң ‰ ⌠ ₃Ӎ ҩ ̆ ῤ̆

ץ ‰ ҉ ‗ԍ ᵬ Ẓ [Morgan et al., 2013]Ȃ 

2.3.3 MARSIS ðð ᵣ  

ԍ ᵣ ̆ ױ “ ” [Morgan et al., 2008]Ȃ

҉ᶷ ѿ ↓ ̆ 2.12 Ȃ

⌠ ֦ Ҭ ̆ ԍ ᵣ

Ȃ Ὲ ̂2.26̃ ̆ ᵣ ₮ Ȃľ

Ŀ Ҋ ρπ ςπ ÃÍ̆ ς Ϸ[Duru et al., 2008]Ȃ 

 

2.12ҍ 2.9 Ȃ ᵣ Ȃ ҉ᶷѿ ↓

֦ Ҭ ̆ ԍ ᵣ Ȃ 

ᵣ ̆ Ẋױ ᵣ Ҥ ԍ ᵣ

̆ ԅ Ȃ ҉̆ ᵣ  

‫ ‫ ρ σ‗ Ὧ  
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ῒҬ̆‗ ̆ Ὧ ς“Ⱦ ‗̆  ‗ Ȃ ḱ ҉

ԋ ₮[Gurnett and Bhattacharjee, 2005]Ȃ ҉̆ ҩḱ ̆ѿ

Ҍ ȂẼ ⌠ L=40 m̆ ῒ ‗ τπ άȂ

‗ φȢωὝȾὲ Ⱦ ÃÍ̆ῒҬὝ ̆ ᵝ Kelvin̆ὲ ̆

ᵝ ÃÍ [Gurnett and Bhattacharjee, 2005]Ȃ ҉ 5000 K 

[Nagy et al., 2004]̆ Ҋ ὲ ρπÃÍ ̆ Ӈ

‗ ȟ ρȢυ Í̆ ↕҉ Ҭ ḱ σ‗ Ὧ πȢρχφ̆ ԍ Ẓ 8.4%Ȃ

ҩ Ẓ ԍ ᵞ № ЎὪȾὪͯ ρπϷ̂ ԍ

Ҋ 10 ÃÍ̃Ȃ ᵞ ̆ ̆ ḱ

ץ ῃ Ȃ 

 

2.13 MEX ̆ ᵞ̆ ᵣ

̆ ̆ Ȃ 

ᵣ Ҍ Ἕ 2.12Ҭ ̆ Ṝ

ғ ̆ 2.13 ҉̆ ľ Ŀ ⱬȂҹ Ăndrews 

et al. [2013] ₮ѿ ꜚ Ȃ №ҹңҩ
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ѿ̆ҩ ᵞ ὲ̆ ρυπ ÃÍ ѿ̆ҩ ὲ̆ ρυπ ÃÍȂ

ӈ q 

Ñ ὰέὫ
ρ

ὔ
άὥὼί  

ῒҬ ĭ i ҩ j̆ j ҩ ̆ί ̆άὥὼ

i- ṿȂВ άὥὼί ╠ Nҩ ҉

ṿӊ ̆ ṿ ⌠ԅ qȂ ᵞ ̆ ̆

̆ Ȃ ̆ Ḥ ̆ ̆ ̆ ₮

ҩ ҉Ȃ ̆ N=20̂ ԍ ὸ πȢςυ ς ÍÓ̃ ᵞ

ӊ Ȃ  

ὰέὫὲ ‌ ή  

ᴋ ѿ ̆ ꜚ ₮ q̆ ₮

Ȃ 

ᵞңҩ ̆p ҉Һ ᵞ Ȃ

̆ Ḥ ̆ ̆ ̆ҹԅ ⌠ ⱴ ̆

ׅ ᶏ Ἕ ׆ ᵣ Ȃ 

̆ MEX ⌠ ֓ ̆ ҉ ᵣ

Ȃ ҈ҩ[Duru et al., 2008]̔  

ѿҩ ᵞץ ԍ ᵣ ῒ ᵞԍ

Ҋ ̂100 kHz̃ Ȃ ԍ ԍ 10 Ḥ ̆ ץ

ᵞԍ 10 kHẑ1 ÃÍ̃ ᵣ ֟ Ȃ ғ̆ ԍ

ᵞ ̆ῒ ᵣ Ӟᵞԍת №

̂10.9 kHz̃ ̆ ᶏῒ ̆ Ӟ Ҍ⌠Ȃ ̆

Ҍᵞԍ 30 kHẑ ρπ ÃÍ̃ ̆ῒ ḤȂ 

ԋҩ ̆ ֟ ╠

Ȃҹԅᶏ ̆ ֟ Ả

ЎὸÍÉÎ0.25ms̆ ԍ Ҋ ̂ 2.4.2 Ȃ̃ ὒ 40 

m̆ ᵀ ̆ ᵣ ҹ L/ЎὸÍÉÎ=160 km/s ᵣ ̂
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̃ ⌠Ȃῖ 400 km/s̆ ץ Ҭ ᵣ

ᴋᵥ ԍ 400 km/s Ҭ̆ ⌠Ȃ 

҈ҩ MEX Ȃ Landau

ץ ԍ ᵣ Ả Ȃ ҍ ᵣ

̆ Ὧ‗ ρ L̆andau [Gurnett and Bhattacharjee, 2005]Ȃ

ʇ τπ̆ ‗ φȢωὝȾὲ Ⱦ̆ ῏ Ὕ ψυςρÎ̆ ᵞ̆

̆Landau Ȃ Ҋ ὲ ρπ ÃÍ ᵀ

Landau ̆ ⌠ Ҋ 80,000 Kelvin̆ ԍ

̆ ץ Ҭ Landau Ҍ Ȃᵖ Ҭ

100,000 K̆ ץ Ҭ Landau Ҍ Ȃ 

҉ ̆ Ҋ↓ᴋ ѿ Ҭ̆ ᵣ

⌠̆ ֓ ̂1̃ ᵞԍρπ ÃÍ̂̕2̃ ᵣ

ԍ 160 km/s̕ ̂3̃ ԍψυςρ ὲȂ ԍ № ̆ ⌠

ᵣ MEX ῀⌠ ȁ ȁ Ҋ

Ȃ 

2.4 MARSIS  

2.4.1 ῖ  

׆ 20ҕ 30 ף ת ῀ᶏ ץ ̆ Ӟ ӊ

Ȃΐ ף Abel № ̆№ Ȃ 

2.4.1.1 Abel №  

Ẋ № ̆ ᵬ ҹ f Ὤ ̂2.31̃

₮̆ ̂2.31̃  Ώҹץ

ὬὪ ‘
ὨὬ

ὨὪ
ὨὪ Ὤ                                  ςȢσς 

ῒҬ̆Ὤ ̆ ҊὪץ π̆ Ȃ 

’Ҋ̆ № ̂2.32̃ Abel № ̆Abel №
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Ҭ ῖ [Whittaker and Watson, 1927]̆ ῒ [Budden, 1966]

 

ÈÆ
ς

“
ὬὪίὭὲ‌

Ⱦ

Ὠ‌                               ςȢσσ 

    ῒҬ̆‌ ὪὬ Ὢϳ̆‌ ὪὬ Ὢάὥὼϳ ȂῒҬ̆Ὢάὥὼ

̂ҳ Ȃ̃ 

2.4.1.2№  

̆ ╩ “№ ”ȂBudden “ ”[Budden, 

1955] ѿҩῖ ᶛ Ȃ 

Ẋ ὬὪ ̆ ױ № ₃ҩ ̆

Ẋ ѿҩ ҬὨὬȾὨὪ ̆ ₱ץ ὬὪ ѿ ↓ ף Ȃ

ὬὪ i ̆ Ὤ Ὢ ̆ Ώ₮̂n+1̃ ҩ

 

Ὤπ Ὤπ 

ὬὪ Ὤπ
ὬὪ Ὤπ

Ὢ π
‘ ὪȟὪ ὨὪ 

ὬὪ Ὤπ
ὬὪ Ὤπ

Ὢ π
‘ ὪȟὪ ὨὪ 

ὬὪ ὬὪ

Ὢ Ὢ
‘ ὪȟὪ ὨὪ                     ςȢστ 

Ễ 

È Æ Èπ
ὬὪ ὬὪ

Ὢ Ὢ
‘ ὪȟὪ ὨὪ 

ѿ Ώ⌠ j n= Ȃ ̆ i=1 ̆Ὢ πȂ 

 פ

ὓ Ὢ Ὢ ‘ ὪȟὪ ὨὪ                                  ςȢσυ 
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̂2.34̃ ҹ 

Ὤ Ὢ Ὤπ ὬὪ ὬὪ ὓ                              ςȢσφ 

 

Ὤᶻ ЎὬ ὓ                                                   ςȢσχ 

Ὤᶻ ҹὪ ׆ Èπ ̆ЎὬ ̆ ὓ

i Ҭ‘ ԍ Ὢ ṿȂ 

̂2.37̃ Ώ  

Ὤᶻ ὓϽЎὬ                                                       ςȢσψ 

ῒ ҹ 

ЎὬ ὓ ϽὬᶻ                                                   ςȢσω 

₮ ѿ ЎὬ̆ ԍ Ὢ ҹ 

Ὤ  Ὤπ ЎὬ                                             ςȢτπ 

ԍ ̆ ̆№ Ȃ ₮

̆ № ̆ Ȃ Ҭᶏ

Ȃ 

2.4.1.3  

ҹԅ ֓ ̆ ῒ ҹԅ № № Ẋ̆ ╩ ΐ

̆ ҍ ̆ ₮ ̆ “

”ȂῒҬ̆Titheridge Taylor ץ ReinischẒ Chebyshev

ҹ Ȃ 

1985 ̆ ῌ Titheridge ₮ԅ ԍ №

(Polynomial Analysis) ̆ POLAN [Titheridge, 1985]Ȃ

╩ ҹ ҩ ҩ Taylor ̆ ҍ ̆ ₮

̆ ╩ ȂҊ ₮ ׃ Ȃ 
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Ẋ ᵣ ̂Ὢ̃ ̂h̃ ΐ Ҋץ  

Ὤ Ὤ ή Ὢ Ὢ                                       ςȢτρ 

ῒҬὬ Ὢ№≢ ∆ ∆ ̆

T Ȃ ὬץҊ Ὢ҉ץ Ȃ

Rҩ Vҩ Ȃ ⌠ ҩ╩ kҩ

Ὢ Ὢפ̆ Ὢ̆Ὤ ὬȂ 

Ẋ ԍὪ ṿ ḱ ̆ ḱ Ὢ Ὢ Ȃ

ḱ [Titheridge, 1988]Ȃḱ Ὤ Ȃ ̂2.31̃ ̂2.41̃

⌠ 

Ὤ Ὤ ήὮ ‘ ὊȟὪ Ὢ Ὢ Ὢ 

ήὄ                                                                    ςȢτς 

    

ῒҬ̆ 

ὄ Ὦ ‘ ὊȟὪ Ὢ Ὢ Ὢ  

ὄ [Titheridge, 1988]Ȃ 

̆ Ὢ Ὥ ρȟςȟȣȟὠ ҹ 

Ὤ Ὤ ή Ὢ Ὢ  

ήὅ                                                      ςȢτσ 

ῒҬ̆ 

ὅ Ὢ Ὢ  

̂2.42̃ ⌠ 

ὄȟή ὄȟή Ễ ὄȟή Ὤ Ὤ 

ὄȟή ὄȟή Ễ ὄȟή Ὤ Ὤ                          ςȢττ 

ȣ 

ὄȟή ὄȟȟή Ễ ὄȟȟή È Ὤ      

̂2.43̃ ⌠ 

ὅȟή ὅȟή Ễ ὅȟή È Ὤ 

ὅȟή ὅȟή Ễ ὅȟή È Ὤ                           ςȢτυ 
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ȣ 

ὅȟή ὅȟή Ễ ὅȟή È Ὤ 

̂2.44̃ ̂2.45̃ ⌠ ή Ὦ ρȟςȟȣȟὝȂ

̂2.41̃ ὪȟὭ Ὑ ρȟỄȟὙ ὠ ṿȂ 

TȁR V Ҍ ṿ̆ ױ ץ ⌠ ᴋ

Ȃ ̆ R=0̆ ⌠ Ȃ T=R+V ⌠ Ҥ

Ȃ T<R+V̆ ԋӗ ̂2.52̃ ̂2.53̃ ̆ ⌠

╩ Ȃ 

Reinisch ѿ ԅ ̆ Ẓ Chebyshev

ף ԅ Titheridge Taylor [Xueqin and Reinisch, 1982]ȂẒ Chebyshev

ңҩ ᴨԍ Taylor ѿ̆ Ẓ Chebyshev ṿ

ԋ̕ ҩ╩ Ȃ Ҋ ׃

Reinisch Ȃ 

ḱ  

Ὢ Ὢ̆ ԍ O  

Ὢ Ὢ ὪϽὪȟ̆ ԍX                 (2.46) 

Ὢ Ὢ ὪϽὪȟ̆ ԍ Z  

ῒҬ̆Ὢȟ Ὤ Ȃ ᴋ Ҋץ ᴆ

 

Ὢ ὪÈ                                                            ςȢτχ 

҉ ѿ ῤ ѿ̆ ѿ

Ȃ 

ҹ ᾧ ‘ ԍ ᶏ̆ Ҋ↓ ף [Becker, 1960] 

ὸ
Ὢ Ὢ Ὤ

Ὢ Ὢ
                                                ςȢτψ 

ῒҬ̆Ὢ ᵣ Ȃ 

̂2.31̃ ҹ 

ὬὪ ςὪ Ὢ ‘ὸ
Ὠᾀ

ὨὪ
Ὠὸ                                ςȢτω 
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ף ̆ ‘ὸ ΐ ṿ̆҉ Ҭ № ץ

₮ Ȃ 

Ẋ  

ᾀ ὃ ὫȾ ὃὝᶻὫ                                      ςȢυπ 

ῒҬ̆ 

Ὣὸ
ὰὲ ὪȾὪάὥὼ

ὰὲ ὪȾὪάὥὼ
ȟπ Ὣ ρ                                  ςȢυρ 

Ὢ Ὢ ὸ Ὢ Ὢ                                             ςȢυς 

Ẓ Chebyshev  

ὝᶻὫ ρ 

ὝᶻὫ ςÇρ                                              ςȢυσ 

ὝᶻὫ ςςÇρὝᶻ Ὣ Ὕᶻ Ὣ                                      

ṿ g=0̆ ὃ ṿ ᾀȂ z=0̆

̆g=1ץ Ὕᶻρḳρ̆ ὃ ѿҩ  

ὃ ὃ                                         ςȢυτ 

̆ ὃ ‗ ҩ╩ Ȃ ̂2.50̃Ҭ ὫȾḠ ԅ ṿ

ÇO π Ȃ 

̂2.49̃ ҹ 

ὬὪ ὃὛ                                     ςȢυυ 

ῒҬ̆ 

Ὓ
Ὢ Ὢ

ςÌÎ ὪȾὪÍÁØ

‘ὸ

ὪὫȾ
ὝᶻὫ ςὫ

Ὠ

ὨὫ
ὝᶻὫ Ὠὸ    ςȢυφ 

ꜚ ̂2.55̃ ӊ ҹ  

‐ Ὤ ὃὛ                               ςȢυχ 

e ̆ ̆ ѿ ̆ ╩ Ӟ ӊ Ȃ 

2.4.1.4 MARSIS  
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MEX ҉ MARSIS ᵬ Ğurnett et al. [2005] ᾢᶏ Abel

№ MARSIS ԅ ╩ ̆

̆Nielsen et al., [2006] ľ Ŀ Ẋ № ̆

ѿҩ ҬẊ ᵣ ̆ ԅѿҩ MARSIS

ȂMorgan et al., [2008] ԅľ Ŀ ̆Ҍ Ẋ

ѿҩ ҬẊ ᵣ Ȃᵖľ Ŀ ̆ ̆

̆№ ̆ ₮ ̆ Ȃҹ ̆

Wang et al., [2009] ᶏ ҉ ѿҩľҌ Ŀ Chapman-ɻ

╩ ̆Zou et al. [2010]↕ᶏ ľSinĿ ԅ ľ Ŀ

Ȃ 

2.4.2 Һ №№  

2.4.2.1Һ №№  

Һ №№ (Principal Component Analysis̆PCA)

ҩ ҹѿҩ ̂ ̃ Ȃ

̆ ғף ԅ ̆ Ȃ

Ӟ ̆ ԍ ●Ὧ ὲ P̆CA ץ ⌠ѿҩ ◊ά ὲ

ғ ◊ № ● № Ȃ άḺὯ ̆PCA

Ȃ № ῏̆

ᵩḤ ’Ҋ ᴪ Ȃ ◊Ҭ № ҹ ֜ [Wilks, 2011]Ȃ 

Ẋױ k=2 ԋᾝץ̆ ● ὼȟὼ ҹᶛ̆׃ ֜ ₮[  

 , 2002]Ȃ ὼȟὼ ѿҩ  

Ù Ὡὼ Ὡὼ                                                     ςȢυψ 

ᶏ ΐ ̆ Ҋ ⌠  

ρ

ὲ
ώ ώ

ρ

ὲ
Ὡὼ Ὡὼ Ὡὼ Ὡὼ                               

Ὡ
ρ

ὲ
ὼ ὼ Ὡ

ρ

ὲ
ὼ ὼ ςȢυω 

ςὩὩ
ρ

ὲ
ὼ ὼ ὼ ὼ                                        
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 פ

ί
ρ

ὲ
ὼ ὼ  

ί  
ρ

ὲ
ὼ ὼ                                        ςȢφπ  

ί
ρ

ὲ
ὼ ὼ ὼ ὼ  

ҹ6ÁÒËἾὀ Ὧ6ÁÒἾὀ̆ ҹԅ └ ̆ Ҋ↓ ᴆ 

Ὡ Ὡ ρ                                                       ςȢφρ 

ᴆ ṿ  

ὗ Ὡί Ὡί ςὩὩί ‗ὺ ὺ ρ                     ςȢφς 

№ ṿ  

‬ὗ

‬ὺ
ςὩί Ὡί ‗Ὡ π                                 ςȢφσÁ 

‬ὗ

‬ὺ
ςὩί Ὡί ‗Ὡ π                                ςȢφσÂ 

╢פ
ί ί
ί ί ̆ ╔ ὩȟὩ ȟ╘

ρ π
π ρ

̆↕҉ ᴇԍ 

╢ ‗╘○ π                                                   ςȢφτ 

ԍ ̆ ● ὼȟὼ Һ №̆ ᴇԍ ṿ ῒ

֜ ᵝ Ȃ 2 ⌠ p ̆ ṿ ⌠ ↓̆ῒ

֜ ᵝ ҹ№≢ҹὩȟὩȟȣȟὩ̆↕  

ừ
Ừ

ứ
ώ Ὡ● Ὡ ὼ Ὡ ὼ Ễ Ὡ ὼ                                 

ώ Ὡ● Ὡ ὼ Ὡ ὼ Ễ Ὡ ὼ                    ςȢφυ
ȣ

ώ Ὡ● Ὡ ὼ Ὡ ὼ Ễ Ὡ ὼ                               

 

№≢ҹ X ѿȁ ԋȁ p ҩҺ №̆ Һ № ԍ

ṿȂ Ӈ‗ȾВ ‗ ԅ kҩҺ № Ḥ Ḥ ᶛ̆

ױ ӊҹ kҩҺ №ώ Ȃ ѿҺ №ώ ̆ ώ Ὡ●

ὼȟὼȟȣȟὼ Ḥ ⱬ ̆ ώȟȣȟώ ⱬᶭ ⁞ Ȃ

╠mҩҺ № ӊ В ‗ȾВ ‗ ҹώȟώȟȣȟώ ̆

╠ mҩҺ №ώȟώȟȣȟώ ὼȟὼȟȣȟὼҬḤ ⱬȂ Ҭ̆

ά ὴ̆ᶏ╠ mҩҺ № ⌠ ᶛ̂ 80%⌠ 90%̃ Ȃ
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╠ mҩҺ №ώȟώȟȣȟώף ὼȟὼȟȣȟὼ̆Ҍᵖᶏ

ᵞ̆ ғӞҌ ԍ Ҭ Ḥ Ȃ 

҉׆ № Һ̆ №№ ₱ Ҍ Ԋᾢֲҹ ̆

Ҭ ̆ ̆ ғΐ

Ȃ MARSIS Ȃ 

2.4.2.2 ԍ MGS ֜  

≠ ῃ סּ ̂Mars Global Surveyor̆ MGS̃

5600ҩ ╩ ᵬҹ PCA№ Ȃ ױ ᾢ ֓

╩ ѿ  

ὪᶻὬ
ὪὬ

Ὢάὥὼ
 
ὔ Ὤ

ὔ άὥὼ
                                       ςȢφφ 

ῒҬ f̆p(max) Ne(max)№≢ ᵣ fp ῒ Ne ṿ̆҉

ѿ ṿȂ 

Ẋ ╩ ⁞ ̆ ױ ץ ѿ ╩

ὪᶻὬ ⌠ ὬὪᶻȂ ѿҩ ὬὪᶻ̆ᶏ

PCA№ ̆ 

Ὤ Ὢᶻ ὬὪᶻ ὃ Ὁ Ὢᶻ                                 ςȢφχ 
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2.14 MGS ╩ PCA№ ⌠ Ȃ҉ Ҋ №≢

╠ EOFsȂ 

ῒҬ Ὢ̆ᶻ ѿ ᵣ Ὤ̆ Ὢᶻ jҩ Ὤ̆Ὢᶻ

Ὤ Ὢᶻ ⌠ ̆Ὁ Ὢᶻ Ajk №≢ ԍ j ҩ k

ҩ ֜ ̂Empirical orthogonal Functions̆EOFs̃ ῒ ȂEOFs

K Ὢᶻ ‗ ȂὉ ὪᶻᴂÓ ὬÓ ὬÓ ⌠̆

Ӟ ̆ kҩ EOF ԍ kҩ Ȃ №

̆ ױ Ὤ Ὢᶻ ⌠ Ὁ ὪᶻᴂÓ҉ ̆ Ӈ

Вὃ Ὁ Ὢᶻ ȟὯ ρȟςȟỄȟὓȠὓ ὑ ף Ȃ ̆

̂2.67̃ Ҭ EOF ↓ Ὤ Ὢᶻ ҉ Ȃᶛ ̆╠

ὃ Ὁ ὪᶻȟὯ ρȟςȟσȟτ ף 94% Ȃ ̆

MARSIS Ҭ̆ ױ ԅ╠ ₱ Ȃ ╠ ₱

2.14 Ȃ ̆ ’Ҋ̆ ף ԅ ῖ Ȃ
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EOF ף ȂҌ ₱ ף ԅ Ҍ

Ȃ 

2.4.2.3 ԍҺ №№ MARSIS  

Ẋ № ̆ ԍ ᵬ ҹ f ̆ ᾀ 

Ȃ ᾀ ̆ ᵣ Ὢ f Ȃ ’Ҋ̆׆

⌠ ᾀ ᾀ Ҋ ₮ 

ᾀὪ ‘ ὪȟὪὨᾀ ‘ ὪȟὪ
ὨᾀὪ

ὨὪ
ὨὪ             ςȢφψ 

ῒҬ̆ ’Ҋ̆ ‘ ὪȟὪ ρ ρ Ὢ Ὢϳ ȂὪὰέὧὥὰ

MEX ᵣ ̆ᾀὪ ̆ Ҋ׆ ⌠ 

ᾀὪ Ὤ ὬὪ                                                      ςȢφω 

ῒҬ̆ὬὪ ⌠ ̆Ὤ MEX Ȃ 

    ̂2.68̃ №Ҭ̆ ױ ף Ὢ ὪÓÉÎ‰ ᾧ ‘

₮ ṿȂ ̂2.68̃ ҹ 

ᾀὪ Ὢ ὲ ὪȟὪÓÉÎ‰
ὨᾀὪ

ὨὪ
ÃÏÓ‰Ὠ‰                       ςȢχπÁ 

 

ᾀὪᶻ Ὢᶻ ὲὪᶻȟὪᶻÓÉÎ‰
ὨᾀὪᶻ

ὨὪz
ÃÏÓ‰Ὠ‰                   ςȢχπÂ 

ῒҬ ‰̆ ὰέὧὥὰÓÉÎὪὰέὧὥὰὪϳ ÓÉÎὪᶻὰέὧὥὰὪᶻϳ Ȃ (2.70b)

Ҭ̆Ὢᶻ ̂2.66̃ ӈ ѿ ᵣ Ȃ ѿ Ӟ

ӈὪᶻ ὪὪάὥὼϳ Ȃ 

⌠ ӊ ῏ ̂2.69̃ ̆̂2.69̃ ̂῀ף 2.70b̃

Ҭ̆ ⌠ 
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ᾀὪᶻ  Ὢᶻ
ὨὬ

ὨὪz
Ὠ‰ ὃὪᶻ

ὨὉ

ὨὪz
Ὠ‰        ςȢχρ 

Ώ  

ᾀὪᶻ ὒ ὃὓ                                            ςȢχς 

ῒҬ 

ὒ Ὢᶻ
ὨὬ

ὨὪz
Ὠ‰ȟ ὓ Ὢᶻ

ὨὉ

ὨὪz
Ὠ‰ȟ           ςȢχσ 

ץ ╠ ₮ ᾀ̕ Ὢᶻ ᶏ ╠ ⌠ MARSIS

Ȃ ̆ ὃᴂÓ ᶏ ԋӗ ̂2.72̃ ⌠̆

╩ Ӟ ӊ ̂2.67̃ Ȃ 

2.1.1.3 MARSIS ԍ 2.15(a)-(f)

MARSIS Ҭ̆ ⌠ 2.16(a)-(f) Ȃ 2.16(a)-(f)Ҭ̆

ѿ ᵣ № Ȃҹԅ ̆ ױ

⌠ ╩ ̆ ⌠ ҉̆ ̆ Ҍ

Ҋΐ Ҍ ̆ ̆ ױ

Ȃ 

 



 

51 

 

 

 

2.15 Ҍ Ҋ MARSIS ῒ Ȃΐᵣ 2.9Ȃ 
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2.16 ԍ 2.15 Ȃ 2.15 ̆ ԍ EOFs

⌠ ╩ Ȃᶏ ╩ ⌠ Ȃ 
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ᶏױ ҉ 2005 6 ⌠ 2009 12 ῍ 2520ҩ 410̆ 000

̆῍ ⌠ 305,000ҩ ╩ ̆

2.15 ₮ԅ ṿ № ̆ ץ Ҭ 130 km̆

10 kmȂ 

MEX ӊ╠̆ Һ ԍ MGS

ԅ ṿ ȁҬ ȁ [Zou et al., 

2006]  [Zou et al., 2010] ץ̆ └

ᵬ [Wang et al., 2004]Ȃ ҉̆ ױ ԍ MARSIS

ѿ֓ Ȃ 

 

2.17 № Ȃ  
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҈   

3.1 ӈ 

ΐ ҉̆ ῒ ԑᵬ

Ȃ ̆ ῤ ȂῒҬ

ȁꜚ ̆ῤ ̆ ҉

ῤ Ȃѿ ̆ Ҭ ꜚ

Һ ᵬ ̆ ꜚ № ῒ̆ Һ ᵬ

[Angsmann et al., 2011]Ȃ 

 

3.1 Pioneer Venus Orbiter Ȃ ̆

ѿҩ [Russell and Vaisberg, 1983]Ȃ 

҉̆ ᵬҹ ᶏ Ẓ [Brace et al., 1983; 

Cravens et al., 1997; Luhmann and Cravens, 1991]̆ Ẓ ╠

̆ ̆ᵝԍ ᶷȂ ꜚ

ԍ ᵣ ̆ ῃ

Ȃ ᵌ ԍ ̆ ᵌ ԍ ꜚ

҉̆ ѿҩ ̂sharp gradient̃̆ ҩ ҹ
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[Nagy and Cravens, 2002]Ȃ 3.1 Ȃ ҩ ᵣꜚⱬ

Ҭ ҹ℗ Ȃ 

҉̆ MEX ̆╠ץ ԅ Viking 1ȁ2 ⌠ ңҩ in-situ

╩ ӊ [Hanson et al., 1977]̆ ֲ ῏ԍ

Ȃp ԅ ₃ҩԊᶛ[Kliore, 1992; Zhang et al., 1990b]̆

╩ Ҭ ⌠ ᵌԍ [Nagy et al., 2004; 

Shinagawa, 2004]Ȃ2005 6 ̆ MEX ҉ MARSISת ̆

ԅֲ ȂMARSIS ΐ

ѿ [Dubinin et al., 2008b]Ȃ 

3.2 MARSIS Ҭ  

MARSIS ΐ ѿ ——

[Dubinin et al., 2008b]ȂMARSIS ң Ȃѿ

ῒ̆ ѿ ↓ ‖

Ȃ ᶫԅ 130 km⌠ 400 kmӊ Ȃ ԋ ׆

ᵣ Ҭ Ȃ ᶫԅ 275 km⌠ 1200 km

Ȃ Ҭ ̆ ҹ

№ ̆ ԅ [Duru et al., 2009]Ȃ 

Һꜚ Ҭ̆ ᵞԍ ᵣ ̆

ᵣ ᵣ Ȃ ҹ Ḥ ̆ ᵣ

ῒ ⌠[Morgan et al., 2013]Ȃ

MARSIS ̆ ᵬҹ ₱ Ҋ Ȃ

֓ ᵣ MARSIS ᵞ № ҹѿ

֦ Ȃ ᵣ ᵞԍ 100 kHz ̆ ᵣ Ҍ ̆p ̆

ᶏ ׅ ץ ⌠ ᵣ [Gurnett et al., 

2008; Gurnett et al., 2005; Morgan et al., 2013]Ȃ ⌠ԅ ᵣ ̆

Ὲ ̂2.66̃ Ӟ ⌠ԅ Ȃ 

MARSIS ҬӞ ⌠ԅ ᵌ Duru et 

al. [2008]̆ 3.2 Ȃ 10:16 UT╠ MARSIS ⌠ ᵣ ̂
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ῒ ̃̆ MEX ȁ ȁ ᵣҬȂ 

 

3.2 2005 9 4 ̆ 2106̆ MARSIS UTȁ ȁ

Ȃ 10:25 UT ~10:42 UT̆ ѿҩ ̆

ὔ ρπππ ὧάȂ 

׆ 10:16 UT ̆ ₮ ̆ ςπ ὧάȂ

׆ 10:23 UT⌠ 10:25 UT Ҍ⌠ 2 minῤ ▲ ⱴ⌠ρπππ ὧάץ

҉ ӊ̆ ̆ MEX Ҍ Ҋ ⱴ̆ 10:36 UT MEX

Ҋ ⌠ ⌠φπππ ὧάȂ ԅ ̆MEX ҉ ̆

Ҋ ⌠ρπππ ὧάȂ׆ 10:42 UT⌠ 10:47UT 5min

ῤ ⌠ ςπ ὧάȂ ̆ ▼ᵩ № MARSISӞ ⌠

ᵣ ̂ ῒ ̃̆ MEX ῀⌠ ҬȂ 10:23 UT

⌠ 10:25 UT 10:42 UT⌠ 10:47 UT ңҩ ץ Ҭ ₮ ᵌ

Ҭ ѿ [Elphic et al., 1981]Ȃ 
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҉̆ ғ ₮ ῀ №Ӟ₮

₮ №[Brace et al., 1980]Ȃ ҉̆ ⌠Ἕ 3.2ѿ

Ȃ ’Ҋ̆ ꜚ̆ ꜚ ₃׆

⌠₃№ ̆ ꜚ ЎὲȾὲ ԍ 1̆ Ṝ ⌠ 10[Duru et al., 2008; 

Gurnett et al., 2010]̆ 3.3 ѿҩῖ ᶛ Ȃ 2104 ҩ

Ҭ ⌠ ᵣ ̆ MEX ׆ Ҋ ⌠ ̆

׆ 20-50 cm
-3 ⱴ⌠ 5000 cm

-3̆ MEX׆ ҉ ⌠ ̆

Ҋ ⌠ԅ 20 cm
-3Ȃ 20:59 21:23 UT Ἕ ѿҩ

̆p ҩ ̆ ꜚ₃Ӎ

ԅ ҩ ̆ ῀ № ₮ № ₮

Ȃ ̆ 80% ΐ ꜚ[Gurnett et al., 2010]̆

MEX Ṝ ꜚ Ȃ 

 

3.3 3.2 ᵌȂҌ ̆ ҩ ҉̆ ꜚ₃Ӎ ԅ ҩ

̆ Ṝ̆ ̂7.53 s̃ ԍ 100%Ȃ 

3.4҉ 2005 11 14 2360҉ ѿ [Duru et al., 
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2009]Ȃ Ҭᵞ ̂<0.5MHz̆ ֽ ԍ ̃ “ ”

ῤ̆ ₃ӍҌ ̆ ῤ ѿҩ Ȃ 3.4Ҋ

ԍ҉ ╩ ȂҊ Ҭ ѿҩ ₃׆̆

ὧά ⌠₃ ὧάȂ ԊᶛҬ̆ ̆

390 kmȂ 

 

 

3.4҉ ѿ ȂҊ ԍ҉ ╩ Ȃ

҉ ᵞ Ҋ ᵞ ╩

ѿҩ ᵌ ̆ 390 km [Duru et al., 2009]Ȃ 

3.3 ҉ ðð  

׆ 2007 6 ⌠ 2013 8 ᶏ Andrews et al [2013] Ἕ

῍ ⌠ 747149ҩ ̆ 7209ҩ Ȃ Ӈ
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╩ Ҭ̆ —— ᶛ ̆

’Ҋ̆ ╩ Ҭ Ҋ ᵄ ꜚȂ ғ̆MARSIS

̆ ⌠ 1000 cm
-3̆

3.2 3.4 Ȃ ̆ץ ‗ױ ṿף Ȃ 

 

3.5MARSIS ╩ ᵝ Ȃ ԋӗᵀ

╩ Ȃ υππ ὧά ὔ ρπππ ὧά ̆ ᵝ Ẓ № ғ

⌠ ̆ Ẓ № ̆ғὔ ρπππ ὧά

Һᵣ ҉ Ȃ 

ҹԅ ҩ ṿ ΐ ף ̆ ױ

№ Ȃ 0-4000 cm
-3 ῤ 30 cm

-3̆ ҩ ῤ

Ҭṿ ῒ ‰ ̆ ╩ 3.5 ̆ Ȃ

Morgan ֲ MARSIS № ̆Ẋ

№ № ѿҩ ᵀ [Morgan et al., 2008]Ȃ

ԍ ̆ ᶏױ Ҋ 3.5Ҭ  

ὔ ὥz ÅØÐὦz ᾀ                                                 σȢρ 
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ῒҬ ὔ̆ ̆ ᵝ cm
-3

z̕ ׆ ̆ ᵝ kmȂ

ᶏ ԋӗ a b̆ 95% Ḥ ῤ̆ a b №≢

ὥ φȢρφψρπσȢρρφρπȟωȢςρωρπ b̆ = -0.01542 [-0.01683, -0.01401]Ȃ

Ȃ ץ̆₮ 500-1000 cm
-3ҹ ̆ №ҹ

҉Ҋңҩ Ȃ ὔ ρπππ ὧά ̆╩ Ҥ № ̆

№ Ȃ υππ ὧά ὔ ρπππ ὧά ̆╩ Ẓ № ғ

⌠ ̆ Ẓ № ̆ғὔ

ρπππ ὧά Һᵣ ҉ Ȃ ̆ ςππ ὧά ὔ τππ ὧά ̆

600 km – 950 km ῤḠ Ҍ ̆ ҩ

ԍ ᵝ ̆ ױ ץ ῒ № Ȃ ҉№

̆ ױ ӈҹ Ҋ ⌠ ρπππ ÃÍ ̆ 3.2

Ȃ 

 

3.6 Ȃ Ҋ ӈҹ׆ ꜚ

Ҋ ⌠ ρπππ ὧά ̆ ҉ ӈҹ׆

ꜚ ⱴ⌠ ρπππ ὧά ̆ Ȃ҉Ҋ ӊ ҹ

Ȃ 
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3.6Ҭ̆ Һᵣ Ҋ ⌠ ρπππ ÃÍӊ ѿҩ ̆

Ҋ ⌠ ρπππ ÃÍ Ȃ׆ ꜚ Ҋ ⌠

ρπππ ὧά ҹ Ҋ ׆̆ ꜚ

ⱴ⌠ ρπππ ὧά ҹ ҉ Ȃ҉Ҋ ӊ ҹ

̆ Ȃ 

׆ 2007 6 ⌠ 2013 8 ѿ῍ ⌠ 747149ҩ ̆

7209ҩ ̆ῒҬ 2018ҩ ץ ₮ ̆1726ҩ ץ

₮ Ȃ № 3.7 ̆ Һ №

29-30 kmҍ 33-34 kmӊ ̆ ṿ 33 km̆ 2 kmȂ ṿ Duru et al., [2009]

ѿ ̆ᵖ ᵞ̆ ṿ ӈΐ ẫ Ȃ 

 

3.7 MARSIS № Ȃ Һ № 29-30 

kmҍ 33-34 kmӊ ̆ ṿ 33 km̆ 2 kmȂ 

3.4  

҉̆ ꜚ № ⱴ ᵞ̆ ץ

ⱴ ̆ Pioneer Venuŝ PṼ ̆

ᵞ 330 km̆ ⱴ

̆⌠ ҉ ⌠ 1000 km[Brace et al., 1980]Ȃҹԅ

Ӟΐ ̆ ױ 2018ҩ -
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̂Mars Solar Orbital̆ MSÕҬȂMSO x- ׆ ̆y-

ԍ ̆z- x- y- ᵝ ӗ ̆

ᾀᴆ ὼᴆ ώᴆȂ Ҭ̆ ױ MSO Ạԅѿ֓ ̆ 3.8 ̆x-

Ҍ ̆ᵖ y- ԅὙ ώ ᾀ̆ ̆Ὑ ⌠ -

Ȃ ԍ MEX Ẓ Ҍ ̆ №ץ Ҭ ԅ

<10° Ȃ ̆ ԅ ᶷ ̆ ҹ ᶷ ⌠

Ȃ Ҭ ₮ԅ Troignon

ᵝ [Trotignon et al., 2006]ȂҊᶷ MEX

̆ 250 kmȂ ̆ ԍ

└̆ ⌠₮ Ҋץ ̆MEX

‗ ԅ Ҋ Ȃ ᵝ ₮

ᵝ ̂ 850 km̃ ӊҊȂ 10°<SZA<55° ̆ ԍ 600 km̕

55°<SZA<85° ̆ ԍ 700 km̕ 85°<SZA<90° ̆

 

3.8 Ҭ —— Һᵣ҉ Ȃ №

≢ Troignon et al., [2006] ᵝ

Ȃ ҉Ҋ Ȃ

250-700 kmӊ Ȃ 
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ԍ 600 kmȂ ҉ №≢ ҉ᶷ Ȃ ֓ ̆

Ҍ Ȃ ӊ╠̆Schunk and Nagy [2000] ԍ Mars 

Global Surveyor 300 km 500 kmӊ ȂDuru et al., 

[2009] ֲ ԍ MARSIS ̆p ῒ ӈҹ

̆ Ҭ 300 km 600 kmӊ ̆ ғ

Ҍ Ȃ ױ Schunk and Nagy [2000]ץ Duru et al., [2009]

ѿ Ȃ 

ҹԅ ṿ ̆ ᶏױ ṿὔ υππὧά ף ὔ

ρπππὧά ̆ῒ 3.10 Ȃ

ҍ 3.10 ̆ ṿὔ υππὧάȂ 20Ј<SZA<50Ј 

 

3.9 Һᵣ҉ Ȃ Ҭṿ ׆

10Ј<SZA<20Ј Ҋ ̆ 60Ј<SZA<70Ј҉ ⌠ ̂~491 km̃ ̆

Ҋ Ȃ Ҭṿ Duru et al., [2009]

ѿ Ȃ 

ҹԅ ѿ ᶭ ̆ ױ

10°̆ ρπЈ 3:!ωπЈ Ҭṿ ῒ҉Ҋ

№ᵝ ̆ 3.9 ̆ ҉Ҋ №ᵝ Ȃ 10Ј<SZA<20Ј ̆
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Ҭṿ ~450 km̂ Ҋ №ᵝ ̂ήȢ̃ ~400̆ ҉ №ᵝ ̂ήȢ̃

~529 km̃̕ 20Ј<SZA<50Ј Ҋ ⌠~388 km (ήȢ -ήȢ ̆~339-~476 km)̆

60Ј<SZA<70Ј ҉ ⌠ ~491 km (ήȢ -ήȢ̆~391-~592 km)̆

Ҋ ⌠~413 km (ήȢ -ήȢ̆~358-~500 km)Ȃ Ҭṿ

Duru et al., [2009] ѿ ̆ ׆ 10Ј<SZA<20Ј Ҋ

̆ 60Ј<SZA<70Ј҉ ⌠ ̆ Ҋ Ȃ Ҭṿ

ᶭ ᶭ Ҍ Ȃ 

  

3.10 3.10 ᵌ̆ 3.10 ̆ ṿ

ὔ υππὧάȂᶏ ṿὔ υππὧάף ὔ ρπππὧά ⌠

Ҭṿ 50-100 km̆ ᵖῒ ᶭ ᶭ Ҍ Ȃ 

̆ Ҭṿ ԅ 50 km̆ 50Ј<SZA<90Ј ̆ Ҭṿ

ԅ 100 km̆ ᵖ ᶭ ᶭ Ҍ Ȃ 

҉ Ĭvanov-Kholodny et al., [1979]׆ Venera 9 10 ╩

Ҭ ₮ ̆ Venera SZA<60Ј

ⱴ ⌠̆ ҉ ⌠ 600 kmȂ PV ̂ ╠

̃̆ Venera ᶭ Ҍ ̆Brace et al., [1980] ῒ
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Һ ԍ ꜚ Ȃ PV Ҭ̆ ӈҹ

ῤὔ ρππ ὧά [Brace et al., 1980]̆

Venera ᵞ Ҍ ̆ ₮ Ҍ

ᾧ ѿ֓Ȃ Venera ₮ ̆

Ӈң ӊ ᶭ ῒז Ȃ ԍ ꜚ

׆̆ 1975 ̂Venera ̃⌠ 1979 ̂PV ̃ S׆ 80

⌠ 200̆ ⱴԅ 2⌠ 2.5Ṑ̆ ⱴ Ҭ

ᵣ ⱴ̆ Ӈ̆ ⱬ └ ꜚ

ᵞ ᵞ[Brace et al., 1980]Ȃ 

҉̆MARSIS Ҋ ρπ ςπ ÃÍ̆ ₮

҉ ̆ Ҍץ ҹ ᶭ Ҍ

Ȃ 

ԍ ꜚ 2̆005 2013 ꜚᵞ Ȃ ꜚᵞ ̆

ᵞ̆ ᵞ̆ ̂>200 km̃

Ҭ ᵞȂ ̆ ꜚᵞ ̆ ṿ ̂~150 km̃

ᵞȂ ңҩ ᵞȂῒҬ̆ ԋҩ ̆

ҹ ᾣ └̆ Ҍ ᾣ֟ └̆

Ȃ ̆ ԍ ꜚᵞ ̆ ᶏ ᵞ̆

ᵖ ꜚ ׅ Ȃ Ӈ̆ ̆Ӟ ҉ ⱬ

└̆↕ ᵞ Ȃ 
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 ᵣ ððELS/MEX  

MGS ̆ Ҍΐ ῤ ̆ ▼ᵩ

[Acuña et al., 1998]̆ ץ ҉ ῒ ԑᵬ ̆ ԑ

ᵬ ֟ ԅ҈ҩ ӄ ̆ ̆ ᾣ Ȃ

1965 Mariner 4 ̆ ⌠ [Kliore et al., 1967]ȂPhobos 2

MGS Ӟ ѿҩ ӄ ᵣ ̆ ᵝԍ

Ҋ ̆ ᵣ ▲ [Acuña et al., 1998; 

Riedler et al., 1989]ȂMGS Electron Reflectometer̆ER̃̂ת

ѿҩ Ȃ ҩ ҉ ̆ ⱴץ

⁞ ҹҺ̕ ҩ ҉Ҋ 2̆0-50 eV [Mitchell 

et al., 2001]̆ ⱴ ѿ ᾣ ṿ [Fox and Dalgarno, 

1979; Mantas and Hanson, 1979]̆ ᵖ ̆ER № ̂ЎὉȾὉ ςυϷ̃

Ҍ ץ ֓ ṿ ₮ ȂELS/MEXΐ № ЎὉȾὉ ψϷ

Ḡԅ ֓ᾣ ṿ ₮ ̆ ԅ Ҭ ѿ

ҩ ӄ ᵣ ——ᾣ Ȃ 

4.1 ╠  

4.1.1 ᾣ  

ѿ ̆ Ҭ № Ҭ ᾣ

֟ ᾣ ᾣ̆ Ҭ ΐ ᾣ ᵬ ̆

‗ԍ ᴰ Ȃ 

Һ № CO2ȂCO2 ԍ 898.5Å ᾣ ֟

Ȃ Ҭ Ҭ CO2 304Å ֟ #/ ѿҩ

27eV Ȃ304Å ᾣ CO2 ֟ ῒז #/Ȃ

#/ ᴍ ₮ ̆ ₮ 21-24 eVȂ ңҩᾣ

ṿ ԍ 60 eV Ҭ Һ ĔLSת

ңҩ ṿ Ȃ 
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Mantas and Hanson [1979] ԍ Viking 1 Ҭ №╩

ץ ̆ ԅң ̂ ̃Ҋ

100 eVץҊ Ȃ ̆ Ҭ ңҩ 21-24 eV 27eV

ṿ̆ ңҩ ṿ ԍ CO2 O ̆ῒҬ № ԍ CO2

Ȃᾣ ṿ₃Ӎ ҹ CO2 O╠҈ ל ̆

≢№ױ 13.77 eV (X
2
Πg), 17.32 eV (A

2
Πu) 18.10 eV (B

2ɫ ץ(  13.62 eV (
4
S), 

17.10 eV(
2
D) 18.50 eV (

2
P)Ȃᵖ ̆ ҉̆Fox and Dalgarno [1979]

13 eV ̆CO2 ᵣᾣ O 11Ṑ̕ 17 eV ̆CO2

O 5Ṑ̕ 18 eV ̆CO2 O 9ṐȂ ̆ץ 21-24 eV 27 

eV ᾣ Һ ԍ CO2 Ȃ 

 ל 4.1.2

Ҭ̆ ᵣҬ ꜚ ֟

ᾣ ̆ ץ Ҭ [Barth et al., 1992; Lai and 

Tautz, 2008]Ȃ MEX ҉ ELS/ASPERA-3ᴰ ᶷ

⌠ ̆ל -4 V⌠-8 Vӊ [Frahm et al., 2006b]Ȃ

Ҭ OȁO2 CO2 ̆ ֓ ᾣ ֟ 21-24 eV

27 eV ᾣ [Frahm et al., 2006b]̆ ֓ᾣ Ҭ

₮ ṿȂ ̆ Ҍ Ҍᾥ ⌠ל ᴰ ̆

Ҭ ṿ ԍ ṿ ᵞ Ẓ Ȃ ṿẒ ץ ₮

Ȃל ̆ ץ Ẋ Ҍ ᵝ ᴰ

ΐ Ȃל ̆ Ẓ ̆

ᶏ IMA ץ ⌠ ᵣҬ №‛ №[Fränz et al., 2010]Ȃ 

4.1.3  

҉̆ Ἕѿҩľ Ŀ ꜚ ᴰ

[Brace and Kliore, 1991]Ȃ IMF ̆ᶏ

ῤ ̂₃ ̃ ̆ ֓ ֓ ⌠

ῤ IMF̆ ֓ ῤ Ȃ ῤ ꜚ
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└̆ Ҍ Ȃ ꜚ ѿ ṿ ̆

ҌῬ ⱴ ᵞ[Brace and Kliore, 1991]Ȃ ҹ ᵞ

̆ ץ ԍ ԍ mass-loading ⁞ ̆

ᵞӞҌῬ ⱬ ̆ ⌠ ῤ ᵬ̆ҹ

ῤ ѿ № ⱬ ̆ ҹ Ȃ 

ᵬҹ ΐ ̆ ԑᵬ └ ᵌԍ

[Luhmann et al., 2004]̆ ғ̆ ῒ ’Ҋ ԍ

[Phillips et al., 1984]Ȃ 

4.2 ELS/MEX ת  ׃

Mars Express - ӊ ԑᵬ ≠ȂMEX

250 km̆ ѿ 11,580 km̆ ӊ 10,050 km̆ 86Ј ẁ ᶏ

MEX ⌠ ᵣ ̆ ғ ֓

[Barabash et al., 2006]Ȃ 

MEX ҉ ᵣ  Analyser of Spacêת

Plasmas and Energetic Ions for Mars Express̆ASPERA-3̃ ȁ

Ҭ - Ҭ ԑᵬ ץ ᵣ

Ҭ [Barabash et al., 2006]ȂASPERA-3 4ҩᴰ ̆№

≢ Ҭ Ἕ̂תNeutral Particle Imager (NPĨȁҬ  Neutral̂ת

Particle Detector ̆ NPD̃ ȁ ̆ electron spectrometer̂ת ELS̃

№ Ion Mass Analyser̆̂ת IMA Ȃ̃ № ELS Ȃ 

ELSת Һ 1 eV-20 keV ̆ τЈσφπЈȂ σφπЈ

№ 16ҩ ̆ ҩ ѿҩ ‰ № Ȃת № ɿ%Ⱦ% ψϷ̆

№ 4sȂẒ ҹ-5 VץḠ ᴰ Ҍ ᵞ ᾣ ̆

ᵖ Ӟ ԅ ELS ᵣҬ ‛ ̂<5 eṼ №Ȃ 

4.3 ᵣ  

ᵣ ԑᵬ ̆ ╠ Ȃ

ᶏ ⁞ ⌠֒ ̆ꜚ ⱴ ̆ ELS
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Ҭ ҹ № ̆ 4.1 M̆EX 04:35:58 UT

Ȃ ╠ ꜚ̆ MEX Ҍ ̆ №

Ҋ Ȃ MAG/MGS Ҭ̆ ꜚ

׆̆ ̆ Ҭ ꜚȂ ̆MEX

Ȃᵖ ELS Ҭ̆ ױ ץ ⌠ ̂ 10 eṼ №

05:03:30UT ѿҩ Ҋ ̆ MEX ̆

ᵣ Ȃӊ ԅѿ ̆ᾣ 05:16:40 UT ₮ ̆ᾣ

ΐ 21-24 eV 27 eV ῖ ṿ ≢₮ [Frahm et al., 

2006b]Ȃ 1 Ҭ̆ᾣ ṿ Ẓ ῒ ṿ̆

[Frahm et al., 2006b]Ȃ 05:43:45UTᾣ № ̆

MEX ԅ Ȃ ₮ №̆MEX 05:49:30 UT

̆ № Ῥ ≢₮ Ȃ ᵝ

Ṝ ֓ ̆Ҍ ₮ ̆ ₮ Ȃ ̆

MEX 06:21:00 UTῬ ῀ ҬȂ 

 

4.1 MEXѿҩ Ҭ ELS Ȃ ₮ԅ

MEX Ḥ ̆ῒҬ MEX ⌠

̆ Һ Ȃ 
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4.2ᶏ ASPERA-3 ELS ̂2005 1 1 ⌠ 2013 6 31 ̃

₮ ȁ ᾣ MSO Ҋ ᵝ Ȃ

ᵝ ᾣ Ȃ ᾣ ̆

ᾣ ’Ҋᵝ Ȃ Ҋ

Ҍ ̆ᵌӍ ⌠ Ẓ Ȃ 

ױ ԍ ELS 2005 1 1 ⌠ 2013 6 31 11000ҩ

ԅ № ̆῍ ₮ 8516 ̆10799

̆11514 ᾣ Ȃ 4.2 MSO Ҭ ԅ
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ᵝ ȂῒҬ ҹ̆ԅῃ ᵝ ̆ 4.2Ҋ 4.2

҉ Ȃ Ҭ ᵝ ԅᾣ ȂMSO ᾣ

҈ Ȃ҉Ҋң №≢ MEX ̆ ₮̆

ԍ MEX Ẓ ̆ 3.5ҩ

̆ ᾣ 250 km Ȃ

ᾣ ̆ ᾣ ’Ҋ

ᵝ ȂᵌӍ ⌠ Ẓ ̆ Ҋ Ҍ ̆ Ҋ

№ Ҭ ᴪױ ῒ╧ Ȃ 

4.4 ᵣ ᵝ  

4.4.1  

ȁ ׆ ץ Ҍ ῒ ᵝ ̆

Ḃ ӊѿ [Russell, 1977; Schwingenschuh et al., 1990; 

Slavin et al., 1991; Trotignon et al., 2006; Vignes et al., 2000]Ȃ ̆ ᾢ

MSO Ҋ ᵝ ԅᾣ ̆↕ x- ԍ

ȂẊ ̆ ῏ԍ x- ̆↕ ὶȟ—Ҋ  

ὶ
ὒ

ρ ‐ὧέί—
                                                      τȢρ 

̆ ⌠ 

ρ

ὶ

‐

ὒ
ὧέί—

ρ

ὒ
                                                     τȢς 

ῒҬ̆ὶ ὼ ώ ᾀȂҹԅ ⌠ ᴨ ̆ Ҭ̆ (ὼ, 0, 

0) x- ҉ ꜚ̆ῒҬὼ ꜚ ̆ ץ ᵝ — ὧέί ὼ

ὼ Ⱦὶ̆‐ ̆ὒ Ȃ ὼ̆ ρȾὶȟὧέί—Ҭᶏ

̆ ԋӗᵀ ₮ ‐ ὒȂ ᵝ ὼ ң ̆ѿ

ᶏ ρȾὶȟὧέί— ῏ ̆ѿ Ȃ ‐ȁὒ ὼѿ

̆ Ҋ Ҭ ὶ̂subsolar aerocentric distancĕ

x- ̃ ҉ Ҭ ὶ̂terminator distancĕ y- ̃№

≢  

http://zh.wikipedia.org/wiki/%E6%9E%81%E5%9D%90%E6%A0%87
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ὶ ὼ ὒȾρ ‐                                                τȢσ 

ὶ ὒ ‐ ρὼ ς‐ὒὼ Ⱦ                                 τȢτ 

 

Ὀ ςὒ ‐ ρ ὼ ὼ ς‐ὒὼ ὼ
Ⱦ
                      τȢυ 

ҩῈ҈҉ץ ̆ ̆ ὶ ὒȾρ ‐ὧέί— ⌠ὶ ὒ ‐ὶὧέί—̆ ≠

ὧέίὼ ὼ Ⱦὶ̆ ⌠ ὼ ὼ ώ ᾀ ὒ ‐ὼ ὼ Ȃ 

MPB ѿ̆ҩ ԍ ᶷ ̂x>0 ,̃

ѿҩ ԍ ᶷ ̂x<0̃̆ ңҩ ̂x=0̃҉ ѿ

[Trotignon et al., 1996]Ȃ ̂x=0̃҉ ҉

ὶ ̆ῒ  

‚

ὶ
                                                                τȢφ 

ῒҬ̆ 

‚ ρ ‐ ὼ ‐ὒ                                                 τȢχ 

ὶ ὒ ‐ ρὼ ς‐ὒὼ Ⱦ                                τȢψ 

Ẋ ⌠ ᶷ ‐ȟὒȟὼ ̆ ̂4.4̃ ὶ Ӟ ӊ Ȃ

ҹңҩ ̂x=0 ҉̃ ѿ ↕̆ ̂4.7̃ ̂4.8̃ ̆

ᶷ ҈ҩ Ҭ‐ȁὒ ὼҬ ᴋ ѿҩȂ ῒҬѿҩ ̆

ῒזңҩ Ӟ ӊ Ҋ Ȃ ̆ ‐ҹ ̆↕ὒ ὼ Ӟ ӊ

 

ὒ ρ ‐ ὶ ‚
Ⱦ
                                      τȢω 

ὼ ‐ὒ ‚Ⱦρ ‐                                      τȢρπ 

4.4.2 ԍ ELS/MEX  

ELS/MEX ᶫԅ ╠ ȁ ᵣ

̆ Ḡ ԅ № Ҭ ӈȂ ᶏױ ᴰ ⌠ԅ

3ҩ ᵝ ̆ Ạ ̆ҹ ѿ

└ᵬ Ạ‰ Ȃ 

ԍ ̆ᶏ 4.4.1 ᵝ 4.3a  
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4.3 ᶏ ԋӗ ⌠ ̆ῒҬ a ԍ

ELS/MEX ̆ b aҬ ԍ Mars ↓̆Phobos 2 MGS

̆ c b MEX ῤ Ȃ

ѿ ̆ ҉ └ Ẓ̆ ᵝ σȢυὙȂ ̆

MEX ῤ ѿ Ȃ 
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̆ 4.1 ѿ↓ Ȃ Ҭ̆ ╧ Ẓ

̆ ᾢ ҳ ̆ ҳ

̆ ᶷ №╧ Ȃ ѿ ̆ ҉ └̆Ẓ

ᵝ σȢυὙȂ 4.3b ₮ԅ ῒז ̆ 4.3c 4.3b

ῤ Ȃ ̆ Ҋ ҍ Vignes et 

al. [2000] Troignon et al., [2006] ѿ ̆

Slavin and Holzer [2008] ѿ ̆ 4.1 Ӟ ԅ ѿ Ȃᵖ

̆MEX ⌠ ̂x > 3.5 RM̃ ̆ ץ ҹ

└ ֓ Ȃ ᵣ҉ ̆ ῤ

ѿ ̆ ԍ MARS ↓ȁPhobos 2 MGS Ӟ

ԍ MEX Ȃᵖ ̆ ԍ MEX ӈ Ӟ

Ȃ 

4.1  

 Number 

of 

crossings 

Aberration xF 

 (RM)  

ʀ L 

(RM) 

rSD 

 (RM) 

rTD 

(RM) 

D at 

x=-16 

(RM) 

Slavin and Holzer,  

Mars 2-3-5, 1981 

14 ὸὥὲ 

(ὠ Ⱦὠ ) 

0.5 0.94±.04 1.94±.01 1.50±.04 2.36 11.4 

Vignes et al., 

MGS, 2000 

450 τЈ 0.72 1.02±.02 1.93±.01 1.67±.03 2.56±.06 18.0 

Troignon et al., 

Phobos2 and MGS, 2006  

700 τЈ 0.6 1.026±.002 2.081±.006 1.63±.01 2.63±.01 18.9 

This study 

(ELS/MEX) 

8516 τЈ 0.67 0.99±.005 1.82±.003  1.58±.007 2.38±.002 15.4 

ԍ ̆ ᶏױ 4.4.1

ᵝ Ȃ Ẓ ̆ELS/MEX ᶷ ̆

ץ ᾢױ ᶷ ̂x>0̃̆ Ҭ╧ ԅ Ẓ ̆

⌠ 4.4a ̆ 4.2 ѿ↓ Ȃ ԍ

MEX Ẓ ̆ ԅҊ ̂x < 3.5 RM̃ └̆

ᶭ ᾥ ԅ Ȃ 4.4b ₮ԅ ῒז

̆ 4.4c 4.4b ῤ Ȃ ̆ ԍ

ELS/MEX Troignon et al. [2006] ₃Ӎѿ ̆ 4.2  
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4.4 ᶏ ԋӗ ⌠ ̆ῒҬ a

ԍ ELS/MEX ̆ b aҬ ԍ Phobos 2 MGS

̆ c b MEX ῤ Ȃ ̆ ԍ ELS/MEX

Troignon et al. [2006] ₃Ӎѿ Ȃ 
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Ӟ ԅ ѿ Ȃ 

4.2  

 Number 

of 

crossings 

Aberr

- 

ation 

xF  

(RM)  

ʀ L 

(RM) 

rSD 

 (RM) 

rTD 

(RM) 

D at 

x=-5 

(RM) 

D at 

x=-1

6 

(RM) 

Vignes et al., 

MGS, 2000 

488 τЈ 0.78±.01 0.90±.01 0.96±.01 1.29±.04 1.47±.08 4.27 - 

Troignon et al., 

Phobos2 and 

MGS, 2006  

901 τЈ 0.64±.01 

(x>0) 

1.60 

0.77 

 

1.009±.003 

1.08±.03 

 

0.528±.012 

1.25±.03 1.44±.03 5.74 10.07 

MPB 

(ELS/MEX) 

10799 τЈ 0.5 

(x>0) 

3.34±.14 

0.60±.005 

 

1.03 

1.19±.002 

 

0.18±.017 

1.24±.004 1.40±.002  

 

5.44 

10.96 

 

4.5ᶏ ԋӗ ⌠ ᾣ ȂrSD=r TD̆ ᾣ

ᶭ Ҍ ̆ ѿ Ȃ 

ԍᾣ ̆ᶏ 4.4.1 ⌠ ᾣ

4.5 ̆ 4.3 Ȃ Ҭ╧ ԅ Ẓ ̆

Ӟ╧ ԅ ᶷ ̆ ҹ ᶷ ⌠ ᾣ ԍ

Ȃᾣ Ҋ ̆rSD̆ ҉
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̆rTD̆₃Ӎ ̆ ᾣ ᶭ Ҍ

̆ ᶭ ѿ Ȃ 10°<SZA< 70° ̆ᾣ

ԍ 1200 km̕ 70°<SZA< 90° ̆ᾣ ԍ 1600 km̆

Ҭ҉ᶷ Ȃ 

4.3 ᾣ  

 Number of 

crossings 

Aberr- 

ation 

xF 

(RM) 

ʀ L 

(RM) 

rSD 

(RM) 

rTD 

(RM) 

PEB 

(2005.01 – 2013.07) 

11514 τЈ 0 0.003±.003 1.19±.002 1.19±.004 1.19±.002 

4.5 ᾣ  

҉̆ ῤ ᵣ ᵌ ԍ ̆

ᵌ ԍ ꜚ ᵝ [Elphic et al., 1980]Ȃ ҩᵝ ҉̆

ѿҩ [Nagy and Cravens, 2002]Ȃ ῤ

ѿҩ ṿ̆ 100 cm
-3

500 cm
-3 ᵝ [Knudsen 

et al., 1979]Ȃ ҉̆ ҹ MEX ת ̆ ױ

Ⱳ ᶏ ⱬ ӈ Ȃ ԍ MARSIS ╩ D̆uru 

et al. [2008] ⌠ ѿ ̆ᵖ MARSIS

ꜚ Ἕ̆ 20%[ Duru et al., 2009; Gurnett 

et al., 2010]Ȃ ̆ ‗ױ ѿҩ ṿ ӈ Ȃ ҈

Ҭ̆ MARSIS № ̆ υππ ὧά ὔ ρπππ ὧά

̆ ὔ ρπππ ὧά Һᵣ ҉ ᶃ

Ȃ ̆ ױ ӈҹ Ҋ ⌠ ρπππ ÃÍ ᵝ

̆ 4.6a Ȃᵖ ̆MARSISҌΐ № ̆ ץ ᾣ ׆

Ҭ ₮ ̆ MARSIS Ҍ

ᾣ Ȃ 

Ҭ CO2 O HeII ֟ 21-24 eV 27 eV ᾣ

̆ῒҬ №ᾣ ԍ CO2 [Fox and Dalgarno, 1979]Ȃ

ᾣ ῒΐ ῖ ṿ ץ ӈᾣ ——ᾣ
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Ҋ ᵝ [Dubinin et al., 2006a; Lundin et al., 2004]Ȃ ̆╠ץ

MGS ER Ҭ 20-50 eV ѿҩ

̆ Mantas and Hanson [1979] Fox and Dalgarno [1979] ѿ Ȃᵖ

̆ER № ̂ЎὉȾὉ ςυϷ̃ Ҍ ץ ᾣ ṿ ₮

ȂMEX ԅ ̆ ELS/ASPERA-3 № ὉȾ‏̂

Ὁ ψϷ̃ ̆ ṿ ₮ [Barabash et al., 2006]Ȃ ELS

Ҭ̆ ױ ᾣ ҹ CO
2 ᾣ ṿ ᵝ Ȃ

ԍᾣ ꜚ ̆ ױ ꜚ ̆

4.6b Ҭ ̆ ᾣ ҹ № Ҋ ⌠

ς ρπ Ὡὠὧάί ίὶὨὩὠ ᵝ Ȃ ῀ № ᾣ̆

~200 km̆ ₮ №̆ᾣ ₃Ӎ Ȃ 

2006 ̆Fränz et al., [2006] ԍ ELS ̆ №

ᵣ № ̆ ԅ ᵣ

̆ ȁ [Fränz et al., 2006]Ȃᵖ ̆ ԍ ASPERA-3ת

Ҍ ᴆҊ ῃ ̆ Ҭ ₮ ASPERA-3

Ӟᴪ ̆p ᶭ ̆ ᵣ Ҍᴪ

Ȃ ғ̆Fränz et al., [2006] 300 km

⌠ρπππ ÃÍ̆ ѿ ̆ᵖ ‗

֟ ̆ ASPERA-3

Ȃ ᶏ ̆ ԍ-5 V Ẓ ԅ ELS ᵣҬ ‛

̂<5 eṼ №̆Fränz et al., [2006] №

̂>5 eṼ ҹל Ṝ Ȃ ̆ץ ԍ ELS

ᵝ Ả ̆ Ҍ

Ȃ 

№҉ץ ̆ MEX ̆╠ץ ᾣ ѿ Ҍ

ң̆ҩ ȂMEX ԅ ῒ̆ MARSIS

ת ASPERA-3 ת №≢ ̆

₮ ᾣ Ȃ ғ̆MEX ᶏ ױ ׆

҉№ ң ӊ Ȃҹԅ ᾧ ̆ ױ
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ѿ ̂2005 6 ⌠ 2013 6 ̃ № ᾣ ̆

ῒҬ̆ ҹ 2018̆ ᾣ , 10900Ȃ 

4.6 MEX ѿҩῖ ԊᴆȂa MARSISת

╩ ̆b ELS ̆c MEX

̆d MEX Ȃ ῀ №̆

ᾣ ~200 km̆ ₮ №̆ᾣ

₃Ӎ Ȃ 
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4.7 ᾣ ᶭ Ȃ ԍ

̆ ѿ ̆ ᶭ Ӟ 3.9ѿ Ȃ ᾣ Ӟ

№ ̆ 10Ј<SZA<40Ј Ҭ̆ṿ ~553 km̂ ήȢ -ήȢ ~̆421 km - ~763 km̃̕

40Ј<SZA<80Ј ̆ ⌠~633 km (ήȢ -ήȢ̆~476 - ~851 km)̆

Ҋ ⌠~563 km (ήȢ -ήȢ̆~440 - ~718 km)Ȃ ̆ ᾣ

ԅ 200 km̆ ᵖ ᾣ

ⱴ ҌҤ ̆ ᾣ Ҭṿ ᶭ Ҍ Ȃ

׆̆ ץ ̆ᾣ ԍ ̆ ѿ

ҩ ᾣ Ҭṿ ԅ~200 kmȂ 

 

4.7 ̂ ̃ ᾣ ̂ ̃ ᶭ Ȃᾣ

Ҭṿ ̂ ̃ Ҭṿ ̂ ̃ѿ ̆

ᶭ Ҍ Ȃѿҩ ᾣ Ҭṿ ԅ

~200 kmȂ 

҈ Ҭ№ ԅ ᶭ Ҍ Ȃ ԍᾣ

̆ѿҩ ԍ [Phillips et al., 1984]Ȃ
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ῤ ᵣ ᴰ ̆ ᾣ

ᵞ ᵝ Ȃ 

ҹԅ ѿ № ᶭ ̆ ױ ᾣ

MSO Ҭ̆ ҉ ⌠ ңҩ

ᵝ ̆ 4.8 ̆ 4.4 ȂῒҬ̆ᾣ

ԅ 2005 1 6 ᵖῒ ₃Ӎ Ȃ Ҭѿҩ ᶭ

ᾣ Ҭṿ ԅ~200 kmȂ 

 

4.8 ᶏ ⌠ ̂ ̃ ᾣ ̂ ̃

ᵝ Ȃѿҩ ᾣ Ҭṿ ԅ~200 kmȂ 

4.4 ᾣ  

 Number of 

crossings 

Aberr- 

ation 

xF 

(RM) 

ʀ L 

(RM) 

rSD 

(RM) 

rTD 

(RM) 

Ionopause 2018 τЈ 0 0.015±.004 1.14±.001 1.12±.004 1.14±.001 

PEB 10900 τЈ 0.001 0.005±.008 1.19±.002 1.19±.009 1.19±.002 

ᾣ Ḡ № ңҩ

₮ ’Ȃ׆ 2005 6 ⌠ 2013 6 ᾣ ₮

Ԋᶛ 1394ᶛ̆ῒҬ ↕ғ SZA>10£ 992ᶛȂ ױ 992ᶛ

№ ̆ №≢ 4.9 4.10 ̆
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4.9 4.5 ̆ 4.10 4.6 Ȃ ץ

̆ ңҩ ᶭ ⱴ ̆ ғ ҹ

̆ῒ Ӟ ֓ ̆ᵖ ̆ ңҩ

ᶭ ᶭ Ҍ ̆ ғᾣ Ҭṿ ᶭ ԅ~200 kmȂ

4.11 ԅ ᾣ ̂ὶ ὶ ̃ ̆

ῒҬὶ Ҭ Ȃ 4.11 ץ ₮̆ᾣ

Ԋᶛ 90%̆ ῒҬ 35% ԊᶛҬᾣ

ԅ 200 kmȂὶ ὶ Ҭṿ 116 km (q25 - q75: ~25 – ~280 km)Ȃp

̆ ֓ ԍ 992ҩԊᶛ̆ ῒ ᵞȂ 

 

4.9 4.7 ̆ᵖ ₮ ̂ ̃ ᾣ

̂ Ȃ̃ 

4.5 ᾣ ᶭ Ȃ 

SZA [deg] 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 

hmedian,Ionopause 

[q25, q75] 

[km] 

469 

[408, 563] 

387 

[333, 519] 

388 

[339, 495] 

392 

[342, 452] 

443 

[375, 540] 

501 

[421, 608] 

444 

[386. 553] 

413 

[362, 488] 

hmedian,PEB 

[q25, q75] 

 [km] 

640 

[473, 943] 

561 

[400, 773] 

540 

[409, 745] 

534 

[422, 732] 

616 

[467, 782] 

640 

[524, 824] 

649 

[501, 946] 

528 

[428, 675] 
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4.10 4.8 ̆ᵖ ₮ ̂ ̃ ᾣ

̂ Ȃ̃ 

4.6 ᾣ Ȃ 

 
Number 

of 

crossings  

Aberr 

-ation  

focus 

(RM)  

eccentricity Lami-latus 

rectum (RM) 

subsolar 

areocentric distance 

(RM) 

terminator distance 

(RM) 

PEB 
1394 4° 0  0.019±.020  1.20±.004 1.18±.024 1.20±.004 

Ionopause 
1394 4°  0 0.013±.005 1.14±.002  1.13±.005 1.14±.002 

ᶭ ᾣ Ҍ

ѿ ̆ԋ ԅ~200 km̆ ᾣ ⱬ ᴰ Ȃ 

Mantas and Hanson [1979] ԍ Viking 1 Ҭ №╩

ץ ̆ ԅң ̂ ̃Ҋ

100 eVץҊ Ȃ ╠ ̆ Ҭ 21-24 eV

27 eV ᾣ Һ ԍ CO2 Ȃ 130-150 kmץҊ̆Ҍ

ᾣ ₃Ӎ ̆Ҍ Ȃᵖ 130-150 kmӊ҉̆

Ҋ ᾣ Ҋ ᵞԅ 2ҩ ̆ ᾣ

҉ᴰ ̆ ᾣ ῒ֟ Ȃ 
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4.11 ᾣ ӊ ὶ ὶ № Ȃ ᶷ

̂SZA>10£̃̆ ңҩ ₮ 992 Ҭ̆ῒҬ̆ᾣ

Ԋᶛ 90%̆ ῒҬ 35% ԊᶛҬᾣ

ԅ 200 kmȂ 

̆[Haider et al., 2010] ԅң ̂ ̃Ҋ ᾣ

̆Ӟ ԅ ң Ȃ ҉̆[Cui et al., 2011] Ӟ ԅ

ᾣ ᴰ └ȂMantas and Hanson [1979] ҹ

ԍ ̆ ҹ Һ ̆ ῤ

̕ ΐ ῤ ̆↕ ԍ Ȃ1998 MGS

Ҍΐ ῤ ̆ ΐ ▼ᵩ Ȃ ץ

ԍ Ӟ ԍᵞ ̆ ԍ ▼ᵩ [Frahm et 

al., 2006b]Ȃ ̆ Ҭ ̆ IMF ⌠

ҬӞ Ȃ 

ױ ̆ Ҭ ̆CO2 O
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X ֟ ᾣ Ȃ ̆ ₮ ᾣ

ⱬ ̂ ̃ ҉ᴰ ̆ ץ ⌠ ᾣ

׆ ᴰ Ȃ⌠ᴰ ⌠ ѿ ̆ ԑᵬ ֟

ῃ Һ ᵬ ̆ ᵣ ᴰ ҹ

ⱴ Ả ̆ ᾣ ₮

ѿᵝ Ȃᵖ ’Ҋ̆ ῤᾟ ԅ ꜚ̆ᶛ

Kelvin-HelmholtzҌ ꜚ̆ └Ҋ̆ ꜚᶏ ΐ

ᾣ ⱬ ῀⌠ ̆ ᵞ̆

̆ ⱬ Ӟ Ȃ ’Ҋ̆ ⌠ ᾣ

ԍ ȂNASA ̂Mars Atmosphere and 

Volatile Evolution̆ MAVEÑԍ 2014 9 21 ⱳ ῀ ̆ῒ

ת ᵣ ̆ ֓ ꜛԍ ‗

ᾣ Ȃ 

4.6 ᾣ  

∆ֲ̆ ᵣ

Ȃҕ ҉ ѿҩ ⱳ ⅞̆Mariner 4̆ ⌠ 3.9Ṑ

̆ ⌠ԅ ᵣ [Kliore et al., 1967]̆ ᵖ

ҍ ꜚ № Ȃ ҈ Ҭ̆

ԍ ̂>~800 km̃ ת ֲ̆ ѿ

‗ Ȃ1997 9 11 ῃ סּ ̂Mars Global 

Surveyor̆ MGS̃ ⌠ ̂ 105 km

⌠ 175 km̆ 17ҩ ̃̆ ṿ Ҋץ

̆ ̆ Ҍΐ ῤ Ẽ ̆ ΐ

[Acuña et al., 1998]Ȃ 

Һ № 120°W -210°W 30°S -85°S̆

~1600 nT̂ 100 km̃ [Acuña et al., 1999]Ȃ ̂ὄ ς‘ϳ ̃ ⱴ⌠

̆ ԅ ̆ ԅ ῃ

ԑᵬ Ȃ ̆ ױ /ᾣ
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Ȃ 

Mitchell et al., [ 2001] ԍ 290ҩ MGS ̂science phasing orbit̃

ᾣ ῏῏ ̆p ҩ

⌠ Ẓ Ҍ ȂDuru et al. [2009] ԍ MARSIS

╩ ̂> 100 nT̃ ̂< 100 nT̃

ԅ 60-100 kmȂ׆ 2005 ⌠ 2013 ױ ⌠ 2018ҩ ̆

11514 ᾣ ̆ ᶏ ױ

/ᾣ ᵬ Ȃ 

 

4.12 /ᾣ ῒ Ȃa

b̕ ᵝ ̕

c ᾣ ̕d ᾣ ᵝ

Ȃ 

ᾢᶏ Cain et al., [2003] /ᾣ



 

87 

 

̆ 4.12Ҭ№≢ ₮ /ᾣ

ῒ ̆ ץ ̆ ңҩ 120°W -210°W 

30°S -85°S ῒז Ȃ ̆ ױ /ᾣ

ѿ ̆ ҹ /ᾣ

ᶭ ̆ ҉ Ȃ 

 

4.13 5Ј ̂҉ /̃ᾣ ̂Ҋ̃ ṿ ῒ

̆ ԍ ҩ Ҭ ѿҩ Ȃ 
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4.14 Ҭ 120°W -210°W̆ ῤ̂ ̃

̂ ̃ ̂҉̃/ᾣ ̂Ҋ̃ № Ȃ 

ҹԅ ᾧ ꜚ ̆ ױ 5Ј̆

ҩ ῤ /ᾣ ṿ ῒ ̆ 4.13

Ȃ ץ ̆ ṿ ᵝԍ~420 km⌠~480 kmӊ ̆ ԍ

ṿ ~420 km̆ ᵝԍ~360 km⌠~420 kmӊ ̆ᵞԍ

ṿ ̕ ̆ Ȃᾣ ṿ
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~710 km̆ ~590 km̕ ғ̆ᾣ

Ӟ Ȃ /ᾣ ΐ ᶭ

̆ ṿ ~100 kmȂṿ M̆EX ѿ Ҭ

̆ Ḡ ԅ ᵣ҉Ҍ ᴆ Ȃ 

№ ̆ ҉Һ Ҭ 120°W -210°WȂ

ҹԅ ѿ ̆ ױ №ҹң №̆ѿ №ᵝԍ ῤ̆

ѿ №ᵝԍ ȂῒҬ̆ᵝԍ ῤ 238ҩ̆ᾣ

1892ҩȂ 4.14 ₮ԅ /ᾣ Ȃ ԍ

̆ ῤ̂ ̃ ̂ ̃ № Ҭ 500 

km̆p № ̆ №≢ 118 km 102 kmȂ ԍᾣ

̆ ῤ̂ ̃ ̂ ̃ № №≢ Ҭ 600 km 

500 km̆ ғ̆ № ̆ №≢ 293 km 249 kmȂ

̆ /ᾣ Ȃ 

ҹԅ /ᾣ ̆ ױ

10 nT̆ ҩ ῤ /ᾣ Ҭṿ ῒ

̆ ᶏ ₱ Ù Áz ÌÏÇØ Â ֓Ҭṿ ̆ ⌠ 4.15

Ȃ 50 nTץҊ̆ /ᾣ Ҭṿ ⱴ

̕ 50 nT̆҉ץҬṿ ҍ ῏ ⌠ Ȃ ҹ

ρὶϳ ̂ ᵌԍẼ ̃ ρὶϳ ̂ ᵌ Ẽ ̃ ⁞̆

ᵞ ̆ ̂ὄ ς‘ϳ ̃ ⱴ⌠ ̆ ԅ /ᾣ

̆ᵖ ̆ Ҍ ץ ̆ ᶭץ ῏

⌠ Ȃ 
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4.15 10 nT̆ ҩ ῤ /ᾣ Ҭṿ

ῒ Ȃᶏ ₱ Ù Áz ÌÏÇØ Â Ҭṿ ⌠ ̆

ῒҬ̆ ԍ ̆ ҹ a=66.3̂ 36.82, 95.77̃ b̆=232̂ 116.5, 347.4̃̆

ῒҬ̆ ῤ ṿ 95% Ḥ ̕ ԍᾣ ̆ ҹ

a=117.8̂ 82.94, 152.6̃̆b=311.5̂ 169.9, 453.2̃Ȃ 
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ԓ   

5.1 ᵬ  

Ҍΐ ῃ ῤ ̆ ץ ҉ / ҍ ԑᵬ

Ȃ ԑᵬ ֟ ԅ ҩ ᵣ ῒ Ȃ ֓

ȁ ȁᾣ Ȃ 2003 MEX

῀ ׂ̆ῒ MARSISת ASPERA-3ת

ᵣ ԅ ҹ̆ ῒҍ ԑᵬ ᶫ

ԅ ȁ№ ȁ ȂṢꜛԍ ֓ ̆

ױ ԅ Ҋ ̔ 

1. ԅѿ ԍ ֜ ₱ ̆

̆ ̆ҹ MARSIS ᶫԅ ΐȂ 

2005׆ .2 ⌠2009 ᶏ̆ ԍ ֜ ₱ MARSIS׆̆

Ҭ ԅ 305,000ҩ ̆ Ҭ 130 km̆

115 – 145 kmȂ 

׆ .3 2005 ⌠ 2013 ̆ ԍ MARSIS ╩

ELS/ASPERA-3 №≢ ԅ 2018 11514 ᾣ

Ȃ ᾣ ᵝ ԅ~200 km̆

ᾣ ⱬ ᴰ Ȃ ᾣ / ᵝ

ⱴ ̆ 50 nT ⌠ ̕Ҍ ᶭ ԍ ̆

ᵖΐ ᶭ Ȃ 

׆4̈ 2005 ⌠ 2013 ̆ ԍ ELS/ASPERA-3 ̆ ױ

ԅ ~8500 ~̆10800 ̆ ғᶏ

ԅ ңҩ ᵝ ̆ ԅ╠ֲ

ᵝ Ȃ 

5.2 ᵬ  

ױ ԍ MARSIS ELS/ASPERA-3 ת ̆№≢ ԅ

╩ ᵣ ̆ ȁ
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ȁᾣ Ȃ ԍ ᵬ̆ ױ Ҋ҈ҩץ

ⱴ ᵬ̔ 

ԍ MARSIS ASPERA ̆ MAVEN

̆ ѿ  

1. ᾣ / ⱬ Ȃ 

2. └ BSȁMPBȁPEB Ionopauseβ ̆ ꜚ

̆ EUV Ȃ 
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