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概要	

•  The	Neutral	and	Gas	Ion	Mass	Spectrometer（NGIMS）は，高
度500km以下の中性大気とイオンの組成と構造と，高度や緯
度，経度，local	solar	Jme，季節による変化を調べるための測
器．これによって，大気流出とそれに関する火星表面環境の
進化についての理解を目指している．	

•  MAVENミッションの初期のデータセットを用いて，高緯度から
中緯度付近に沿ったスケールハイト温度のマップを求めた．	

•  先行研究との比較を行った結果よく一致し，均質圏界面の位
置を定義した．	
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背景	
	
•  Viking1，2	
->200km以下の大気について，均質圏界面付近（120km付近）	
まで調べられてきた．[Nier	and	Mcelroy,	1976;	Nier	et	al.,	1976]	
->質量分析器から	CO2,	N2,	40Ar,	O2,	NOやCOのプロファイルを	
求めた．	
	
•  Sample	Analysis	at	Mars	(SAM)	experiment	on	the	Curiosity	
rover	of	the	Mars	Science	Laboratory	(MSL)	mission	

->組成や同位体のさらに新しい観測結果を得た．[Mahaffy	et	al.,	
2013]	
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NGIMSについて	

p 観測モード	
OSNB（Open	Source	Neutral	Beaming） 
mode	
	->	2.6秒毎に数ダースのm/zチャンネ
ルをサンプル．	
	
OSION（Open	Source	Ions） mode	
->	2.6秒毎にclosed	sourceの中性粒子
のサンプリングとopen	sourceによる周
囲のイオンの観測とを交互に行う．	

P.R. Mahaffy et al.

Fig. 3 A schematic of the ion
and gas flow into and through the
NGIMS

Table 1 NGIMS specifications
Neutral gas sampling (1) open source/molecular beaming

(2) closed source

Positive ion sampling Thermal and suprathermal through open
source

Ion source Electron beam ionization

Electron energy 75 eV

Ion source sensitivity ∼ ×10−3 counts/sec/part/cc for argon

Mass range 2–150 Da

Detector system Detector pulse counting electron multipliers

Example scan modes (1) neutral gas mode, (2) ion sampling
mode, (3) fractional scan mode in 0.1 amu
steps

Deployment mechanism Metal ceramic breakoff cap, pyrotechnically
activated

NGIMS and the heritage mass spectrometers operate at unit mass resolution over their
full spectral range (2–150 Da for NGIMS, 1–99 Da in the case of the Cassini-INMS and
2–294 Da in the case of the CONTOUR-NGIMS). Figure 3 illustrates the elements of the
NGIMS while Fig. 4 shows pictures of major elements of the mass spectrometer and its
vacuum housing. Several of the instrument performance specifications are given in Table 1.
The block diagram (Fig. 5) shows the various electronic subsystems.

2.2 Neutral Gas and Ion Sampling

Closed Ion Source The closed ion source was developed early in the history of exploration
of the upper atmosphere of the Earth (Spencer and Carignan 1988). It consists of an electron
impact hot filament ion source coupled to a largely closed volume where a small aperture in
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Measurement Modes 

•  2つのソース（closedとopen）	
Open	source	->	中性大気をイオン化して質量フィル
ターを通してディテクターまで到達させる．	
Closed	source	->	周囲の中性大気を観測．	
•  選ばれた質量のもののみをパルス計数ディテク

ターに到達させるためにチャージさせる(m/z)四重
極質量フィルター	

•  中性大気はHe,N,O,CO,N2,CO2,O2,NO,Ar， イオンは
NO+,O+,CO+,N2

+,CO2
+,O2

+,OH+,N+を対象．	
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•  2015/2/12	–	2015/5/19	

•  OSNBモードで202個	

•  Open	sourceの軸が速度ベクトルに対して2度以下の方向	

•  Lsは290から340をカバー	

•  EUV	F10.7	フラックス指数の月平均	
				ピーク値の75％（変則的に弱くなる太陽周期）	

•  2度のDeep	dip	
			1)	2月初期（Ls=289-293）	
						緯度が40度〜45度，昼夜境界線付近	
				2)	4月中旬（Ls=327-330）	
						正午，赤道付近	
->	衛星の軌道歳差運動により，北緯44.1度から南緯25.2度，午後6時35分	
から正午付近を通り午前9時12分のLSTをカバーした．	

サンプルしたデータについて	
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上層大気の密度構造	

Shortly after NGIMS was exposed to the space environment by deployment of its pyrotechnically actuated
breakoff cap, the instrument was configured to repeat OSION [Mahaffy et al., 2014] measurements on each
orbit to search for signatures of comet Siding Spring whose coma encountered the atmosphere of Mars on
19 October 2014. NGIMS secured temporal variations from orbit to orbit in ions and the neutrals measured
by the closed source. Eleven ions were observed [Benna et al., 2015] that were sourced from ablated dust
from comet Siding Spring, and the decay time of these ions after the comet’s departure was measured.

Data reported here includes all 202 OSNB orbits where the NGIMS open source axis was pointed 2° or less away
from the velocity vector over the Martian solar longitude Ls period of 290–340. During this northern winter
period (12 February to 19May 2015) the solar activity as measured by themonthly averaged EUV F10.7 flux index

Figure 1. Amass spectrum taken at 180 km on orbit #1064 (Ls 256, LST 11:50 A.M., and latitude 4.5°S at periapsis on this orbit)
in OSNB mode. Several singly and doubly charged ions produced in NGIMS by electron impact ionization from these neutral
species are labeled. Example traces from the closed source are shown in Figure S1 in the supporting information.

Figure 2. An example of the variation with altitude of nine atomic and molecular species during a single deep dip pass on orbit
#1064 (Ls 256, LST 11:50 A.M., and latitude 4.5°S at periapsis on this orbit) is shown. For the trace gas He, gas scattering in the
instrument at the lowest altitudesmay distort the profile. For those orbitswherewave activity is not excessive the region between
200 and 300 km can generally be used to derive scale height temperatures as shown in Figure S2 in the supporting information.
The orbit to orbit variability is illustrated in Figure S3. N, O2, O, and NO are derived from open source measurements and the
remaining gases from closed source data.

Geophysical Research Letters 10.1002/2015GL065329

MAHAFFY ET AL. STATE OF THE UPPER ATMOSPHERE OF MARS 2
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MAHAFFY ET AL. STATE OF THE UPPER ATMOSPHERE OF MARS 2

Orbit	#1064，高度180km（最低高度133.8km）	
近火点でのLS256，LST11:50A.M.，緯度-2.58o	

質量スペクトルの例（#1064）	 原子・分子の密度高度分布（#1064）	

近火点に近付くにつれて低高度で小さな変動	
軌道によって異なる重力波の影響	
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(123 at Earth) was approximately 75% of its peak value in this atypically weak solar cycle. Over this more than
14week period two deep dip campaigns were conducted to altitudes below 130km. The first of these in early
February 2015 (Ls= 289–293) spanned latitudes of 40–45° with 36 orbits at periapsis and near the terminator,
while the second in mid-April (Ls= 327–330) was near noon time near the equator. The MAVEN spacecraft’s
orbital precession enabled latitude and local solar time variations at closest approach from 44.1°N to 25.2°S
and from 6:35 P.M. back through noon and approaching 9:12A.M. to be sampled.

An example mass spectrum of ambient neutrals is shown in Figure 1 from the open source at an altitude of
180 km. The methods used to extend the dynamic range of the instrument by defocusing and to convert c/s
to density are described in the supporting information and illustrated in Figure S1. Absolute errors for the
major species (CO2, Ar, and N2) are estimated to be less than 20% and considerably lower for mixing
ratios (Figure S4).

3. Upper Atmosphere Structure and Composition

For midlatitude orbit #1064 during the second deep dip campaign whose inbound spectrum is shown in
Figure 1, the minimum altitude was 133.8 km, the latitude of periapsis was !2.58°, and the local solar time
at periapsis was noon. The variation in density for nine atomic or molecular species with altitude along the
inbound portion of the orbital track is shown in Figure 2. The analysis of various isotopes and other species
such as C and HxO products is ongoing and will be reported at a later time. Near the lowest altitudes there is
very little vertical variation as the spacecraft approaches periapsis. The structure observed at these low
altitudes reflects density waves that vary from orbit to orbit. The high temporal/spatial resolution sampling
of the atmosphere achieved by NGIMS demonstrates this remarkably dynamic and variable environment

Figure 3. Normalized density structure is illustrated for orbit #716 (Ls = 289, LST = 18:38, latitude = 44.4° at periapsis) early
in February 2015 where periapsis was near the terminator, and the latitude of periapsis was 44.4°N. The middle and bottom
show the variation in altitude and local solar time (LST) for this orbit. As the altitude changed by no more than 60 km the
distance traversed along the spacecraft track was more than 1800 km.

Geophysical Research Letters 10.1002/2015GL065329
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規格化した密度構造	

1回目のDeep	dip	
北緯44.4度の近火点，terminator付近	

密度構造は変動しやすく，
背景レベルの数十％ほど
変化する．	
	
また，緯度やLSTによって
も変化する．	
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各成分の密度バリエーション	

CO2，Ar，O，Heの天頂角と高度に関するマップ（Ls=288-326，近火点緯度46度から-4.3度）	

SZAが大きくなる
にしたがって	
ほとんどの高度
において密度が
落ちている．	

SZA30-60oに
おいて密度
が増加．	

高高度で
も豊富に
存在．	

with gravity waves propagating up from the lower atmosphere. For example, high variability is illustrated in
Figure 3 for near-periapsis data for an orbit during the first deep dip where the MAVEN spacecraft was close
to the terminator at periapsis latitude of 44.4°N. Gravity waves have been previously studied [Fritts et al.,
2006] with density variations measured from accelerometers on the Mars Global Surveyor and Mars
Odyssey spacecraft during their aerobraking campaigns. The density structures are highly variable, often
show amplitude variations of tens of percent over the background levels and demonstrate variations with
latitude and local solar time.

Figure 4 maps the variation of the average density of CO2, Ar, O, and He with altitude and solar zenith angle
(SZA) for the orbits selected for this study using bins of 5° SZA and 5 km altitude resolution. The SZA bins
average in Ls, solar input, and other variations but enable a direct comparison with previous data from
Viking and models. Vertical profiles at a SZA of 45° are shown in Figure 5 with sampling illustrated in
Figure S2. The structure seen on individual orbits is averaged out in this data set. Sources of error are
discussed in the supporting information.

4. Comparison With Surface Mixing Ratios

Early measurements from MSL’s SAM experiment gave a ratio to CO2 of ~2% for 40Ar and N2 [Mahaffy
et al., 2013]. Measurement over a Mars year from SAM showed the expected variation of the mixing ratio
of these noncondensable gases with season. At the lowest altitudes sampled by NGIMS 40Ar and N2

ratios to CO2 approach the values reported from the SAM measurements on the surface (Figure 6).

Figure 4. Variations of density for CO2, Ar, He, and O (Ls 288–326 and latitude at periapsis 46° to !4.3°) illustrates the
gradual fall off of density at any altitude with solar zenith angle for (top left) CO2 and (top right) Ar, the enhancements and
variation with altitude of (bottom left) He in the 30–60° SZA range, and the abundance at high altitudes of (bottom right) O.
More observations will be required to see if the He enhancements at 34–65° SZA will persist as the number of measurements
in each bin increases. The two deep dips are evident at low and high solar zenith angles. The space represented by
the darkest blue was not sampled.

Geophysical Research Letters 10.1002/2015GL065329
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CO2	

O	

Ar	

He	

2回のDeep	Dip	
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This suggests that the homopause for these species is reached at approximately 130 km or slightly lower
during these deep dips (Figure 6).

5. Upper Atmosphere Scale Height Temperatures

As illustrated in Figure 2 at altitudes above ~200 km the atmosphere follows an approximately exponential decay
of density with altitude and scale height temperatures derived from P(z) = Poexp(!z/H) where H= (kT/Mg) with
P(z) and Po being pressures at an altitude z and a reference altitude, k the Boltzmann constant, T the tempera-
ture in Kelvin,M the molecular mass, and g the acceleration due to gravity at the reference altitude can robustly

Figure 5. Vertical profiles are illustrated for nine upper atmosphere species at 45° solar zenith angle. The averaging secured
by binning the data from many orbits smooths out the gravity wave structure seen in individual orbits. The data are
sampled from a subset of the Ls = 288–326 season and latitude at periapsis 46° to !4.3° with the number of averaged
observations in each bin illustrated in Figure S2.

Figure 6. (left) 40Ar and N2mixing ratios plotted versus total atmospheric density before, after, and during the second deep dip campaign (Ls = 326, latitude =!2° to
!5°). Each point is the average density of either 40Ar or N2 at closest approach for that orbit. At the highest densities measured at about 10 kg/km3 the lowest
altitudes reached are ~130 km. At these altitudes the mixing ratios approach the bulk atmospheric mixing ratios established by the SAM experiment on the Curiosity
rover. (right) The ratio of 40Ar and N2 to CO2 are shown for 5° binned solar zenith angles less than 20°. These orbits include the second deep dip campaign and
adjacent orbits where the higher altitudes are covered. These comparisons with surface mixing ratios demonstrate that the homopause for these three gases should
be reached under these conditions at ~130 km.

Geophysical Research Letters 10.1002/2015GL065329

MAHAFFY ET AL. STATE OF THE UPPER ATMOSPHERE OF MARS 5

SZA45oの密度高度分布（重力波の影響をスムージング）	

 

領域毎のサンプルした回数	

（Ls=288-326，近火点緯度46度から-4.3度）	

各成分の密度バリエーション	
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Surface	Mixing	RaJosの比較	

（左）2回目のDeep	Dipの間とその前後
40ArとN2の全大気密度に対する混合比	
（Ls=326，緯度-2oから-5o）	

この高度付近では，バルク大気
混合比〜2％（Curiosity	rover，
SAMの結果）に近付く．	

（右）SZA20o以下における40ArとN2のCO2に対
する混合比（2回目のDeep	Dipを含み，高高
度もカバーする軌道）	
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Geophysical Research Letters 10.1002/2015GL065329
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最低高度130kmと対応．	

これら3つのガスの均質圏界面
は130km付近またはそれ以下で
あることが分かる．	
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Figure 7. (top) Scale height temperatures derived from fits to NGIMS data between 200 and 300 km. Data are acquired in the
Ls = 288–326 interval with latitude at periapsis 46° to!4.3°. (middle) The mean temperature in the 15–75° SZA region based
on fitting inbound binned Ar, CO2, and O signals is 274 ± 6 K secured by averaging temperatures derived from these three
independent determinations. The temperature drops by tens of Kelvin above 95° SZA. The apparent spike above SZA 85 may
simply be a consequence of the limited sampling in these bins as illustrated in Figure S2. Temperature variation with (bottom)
pressure for the two deep dip campaigns illustrate substantial differences at the lower altitudes and significant differences
between the deep dip campaigns. The first deep dip (red) is centered around Ls = 289 at 46°N and the second (blue) around
Ls = 326 near midlatitude. The Mars/Sun distance for these two deep dips was 1.41 and 1.48 AU, respectively.

Geophysical Research Letters 10.1002/2015GL065329

MAHAFFY ET AL. STATE OF THE UPPER ATMOSPHERE OF MARS 6

スケールハイト温度	

P(z) = P0 exp −
z
H

⎛

⎝
⎜

⎞

⎠
⎟, H =

kT
Mg

（上）フィッティングしたスケールハイト温度	
（Ls=288-326,	近火点緯度46度から-4.3度）	

（中）平均温度	

（下）2回のDeep	dipにおける温度圧力分布	

SZA15-75°：274±6	k	
SZA85°： スパイク構造->サンプル数による	
SZA95°以上：数十kほど下がる	

85	95	

低高度で大きくずれている．	1)  2月初期（Ls=289-293）	
緯度が40度〜45度，昼夜境界線付近->1.41AU	
	
2)			4月中旬（Ls=327-330）	
正午，赤道付近->1.48AU	
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結論	

•  NGIMSの初期結果によって，火星上層の平均的な組成や構
造を導出することができた．この結果によって，過去と未来の
MAVENミッションに有利なデータセットを与えることができた．	

->温度を拡散させる重力波の影響を弱めるためだと考えられる．	

•  NGIMSの他の測器やM-GITMのようなモデル[Bougher	et	al.,	
2015]を関連させて見ていく必要がある．	

	
•  Deep	dipの期間の均質圏界面の位置はCuriosityのSAMの結

果とよく一致していた． 	


