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Abstract
• これまで、プラズマの数密度プロファイルが、理論的な指数関数のプロファイルからばら
つくことが観測されてきたが、大多数の理由はよくわかっていない。また、先行研究にお
ける観測はプラズマ観測のみであった。 

• 本研究では、MAVENに搭載されたNGIMSを使用して、火星の上層大気におけるイオン・(電
子)・中性大気を昼間側で解析した。 

• 高度160-200 kmで観測された中性大気は、バルク大気と同じ振る舞いをしていた。 

• 同じ高度帯で電離大気が中性大気と同じ構造を示した割合は全体の70%だった。 

• 残りの30%では、電離大気に限って特徴的な形状が見られた。特に、残留磁場領域や明け
方の観測で見つかりやすかった。 

• 1次元電離大気モデルを使用して、中性大気の数密度の構造によって直接的に引き起こされ
る電離圏の数密度構造を再現した。この結果は、火星大気において電離大気と中性大気が
強く結合していることを表している。
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Introduction
• 火星の電離圏(~80 - ~400 km)は物理的な作用によって変動しやすいことがわかっている。  
電離大気の特徴から、太陽放射(宇宙天気的なイベントや太陽活動度)、季節(ダストストー
ム、大気波動)、磁場のトポロジーの変動が確認されてきた。(Haider+01; Nagy+04; 
Withers+09) 

• 火星電離圏は高度で2つの領域に分類される 
‣ 電離圏下部 (< ~150 km), 光化学反応が支配的 
Main layerは極端紫外線の吸収・X線光子・隕石のablationで作られる。  
光化学平衡を仮定することで観測された様子を再現可能。(e.g., Fox+96など) 

‣ 電離圏上部 (> ~150 km), プラズマの拡散や輸送が支配的 
プラズマが電場や磁場環境に応答しやすくなる。 
さらに上層大気ではプラズマは太陽風に影響を受けて散逸の影響を受けやすい。  
(e.g., Dubinin+18; Ma+04) 

• MAVENによって、中性大気と電離大気を同時にその場観測することが可能になった。  
本研究では、火星大気における ion-neutral coupling の程度を明らかにし、電離大気の
変動性として提案された駆動源の違いを明らかにする。
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Analysis (Instrument)
• Neutral Gas and Ion Mass Spectrometer (NGIMS) を使用 

• 観測できる質量範囲; 2 - 150 amu (atomic mass unit)  
分解能; 1 amu 
観測高度; ~150 - 500 km 

• 昼間側で中性大気とイオン大気を同時観測したorbitのみ解析 (Fig. 1) 
(SZA < 90°) 

• inboundのみ使用 

• 観測期間; 2014/10 - 2018/4  
 
計1724プロファイル
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to constrain the model. These measurements occurred at the SZA range of ~67°–76°, latitude range of ~35°–
26° south, longitude range of ~175°–178° east, and ~09:00 LT. During this observation, the spacecraft
traversed ~50 km vertically and ~320 km horizontally. The model does not presently account for
latitudinal or longitudinal variations, and so the observational SZA and LT constraints were used.

BUMIM uses over 100 photochemical reactions (photoionization, recombination, and ion‐neutral interac-
tions) and includes physical dynamics of plasma transport due to forces of gravity and pressure gradients
along the vertical dimension. The model currently produces density profiles of 18 ions using (i) photochem-
istry only as well as using (ii) photochemistry and transport dynamics. Simulations from these two cases,
using the neutral atmosphere input from Figure 3, are shown in Figure 4 for O2

+, O+, and CO2
+ as well

as the electron densities and are compared with MAVEN NGIMS measurements for orbit 6206.

Figure 1. Coverage of Mars atmosphere and volatile EvolutioN neutral gas and ion mass spectrometer observations used
in this work, filtered for inbound dayside orbits where both ion and neutral measurements were made. Panel a shows the
distribution of the observations in SZA (green), latitude (blue), longitude (gray), and solar longitude (red) for the time
spanning October 2014 through April 2018. Panel B shows the distribution in LT of the filtered observations. LT = local
time; SZA = solar zenith angle.

Figure 2. Sample atmospheric species' profiles satisfying the filtering criteria used for this work. Solid lines show mea-
surements for abundances of CO2 (red), N2 (green), and Ar (blue) neutrals as well as for CO2

+ (gray) and O+ (violet)
ions, as a function of altitude. Dotted lines indicate the exponential (unperturbed) fit to the neutral profiles and a linear‐log
fit to the plasma profiles using the densities at the altitude boundaries of the measurements. Panel a demonstrates a
coupled atmosphere where neutral and ion species show divergences from the fit at similar altitudes. CO2

+ and O+

density profiles are anticorrelated. CO2
+ density profiles correlate well with neutral density profiles. Panel B demonstrates

an uncoupled atmosphere in which ion profiles are similarly perturbed to the neutrals at some altitudes but clearly
indicate additional structure in the plasma. CO2

+ and O+ density profiles are correlated. Both ion density profiles do not
correlate well with neutral density profiles. In each panel, the neutral density profiles for each species are consistently
perturbed.
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Analysis (Simulation tools)
• Boston University Mars Ionosphere Model (BUMIM) を観測結果の解釈のために
使用。 

• BUMIMとは 
1次元流体モデル。中性大気と太陽放射を入力とし、電離圏のプラズマの環境をシミュ
レーションする。光化学反応式を含む。(Martinis+03; Matta+13; Mayyasi & 
Mendillo, 15) 

• 電離圏下部; 光化学平衡が成り立つ。 
電離圏上部; 圧力勾配や重力によるプラズマの鉛直輸送が徐々に卓越。 

• 250 km以下の範囲でシミュレーションした。 

• 電流や残留磁場、誘導磁場、水平風などは考慮されていない。 

• 鉛直解像度; 1 km 
(NGIMSのデータも高度1 kmごとに平均された)
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Analysis (Methodology)
• 理論的には、擾乱のない中性大気の数密度分布は、高度が増加するにつれて指数関数的に減
少する。実際の大気は、理論的なプロファイルからの局所的な増大/減少が見られる。
[Grebowsky+17; Withers+12; Yigit+15] 

• この研究では、指数関数的なプロファイルから外れた中性大気のプロファイルを調べ、同様
に電離大気の相当する高度における数密度プロファイルの外れ具合を調べる。 

• 計測範囲; 衛星の近火点から40 km上空まで (平均で~160 - 200 km) 

• 分子種ごとのプロファイルのばらつきの相関は、中性-中性, プラズマ-プラズマ, 中性-プラズ
マの組み合わせで調べた。 
　中性-プラズマの相関が85%以上のもの → “coupled”  
　中性-プラズマの相関が低いもの　　　 → “uncoupled” 

• 特に、CO2 - CO2+, CO2 - O+, CO2+ - O+の組み合わせを調べた。 
光化学反応の理論に従えば、CO2 - CO2+ → 一緒に動く, O+ - CO2・CO2+ → 反対に動く
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CO2 + hv → CO2+ + e 
O + hv → O+ + e 
CO2+ + O → O+ + CO2



Results
• Coupled と Non-coupled profileの例 (Fig. 2)
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to constrain the model. These measurements occurred at the SZA range of ~67°–76°, latitude range of ~35°–
26° south, longitude range of ~175°–178° east, and ~09:00 LT. During this observation, the spacecraft
traversed ~50 km vertically and ~320 km horizontally. The model does not presently account for
latitudinal or longitudinal variations, and so the observational SZA and LT constraints were used.

BUMIM uses over 100 photochemical reactions (photoionization, recombination, and ion‐neutral interac-
tions) and includes physical dynamics of plasma transport due to forces of gravity and pressure gradients
along the vertical dimension. The model currently produces density profiles of 18 ions using (i) photochem-
istry only as well as using (ii) photochemistry and transport dynamics. Simulations from these two cases,
using the neutral atmosphere input from Figure 3, are shown in Figure 4 for O2

+, O+, and CO2
+ as well

as the electron densities and are compared with MAVEN NGIMS measurements for orbit 6206.

Figure 1. Coverage of Mars atmosphere and volatile EvolutioN neutral gas and ion mass spectrometer observations used
in this work, filtered for inbound dayside orbits where both ion and neutral measurements were made. Panel a shows the
distribution of the observations in SZA (green), latitude (blue), longitude (gray), and solar longitude (red) for the time
spanning October 2014 through April 2018. Panel B shows the distribution in LT of the filtered observations. LT = local
time; SZA = solar zenith angle.

Figure 2. Sample atmospheric species' profiles satisfying the filtering criteria used for this work. Solid lines show mea-
surements for abundances of CO2 (red), N2 (green), and Ar (blue) neutrals as well as for CO2

+ (gray) and O+ (violet)
ions, as a function of altitude. Dotted lines indicate the exponential (unperturbed) fit to the neutral profiles and a linear‐log
fit to the plasma profiles using the densities at the altitude boundaries of the measurements. Panel a demonstrates a
coupled atmosphere where neutral and ion species show divergences from the fit at similar altitudes. CO2

+ and O+

density profiles are anticorrelated. CO2
+ density profiles correlate well with neutral density profiles. Panel B demonstrates

an uncoupled atmosphere in which ion profiles are similarly perturbed to the neutrals at some altitudes but clearly
indicate additional structure in the plasma. CO2

+ and O+ density profiles are correlated. Both ion density profiles do not
correlate well with neutral density profiles. In each panel, the neutral density profiles for each species are consistently
perturbed.
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• 中性・イオン数密度分布とも
に指数関数(破線)からの外れ
方が似ている。

• 高度175 km以上のイオン数密度
分布に、中性大気にはない擾乱
が見られる。 

• 残留磁場領域付近を観測した。

• 全プロファイル(1724個)のうち1223個(70%)がcoupled, 504個(29%)がuncoupledな
プロファイルであった。Uncoupledのプロファイルについては後述。



Results (モデルによる再現)

• 結果は2通りで表示 (Fig. 4) 
(1) 光化学反応のみ 
(2) 光化学反応 + 輸送 

• 図の表示方法 
(1) 点線 
(2) 薄い実線 
実際の観測; 太い実線
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Simulations that include only photochemistry are representative of lower atmospheric plasma dynamics,
and simulations that include both photochemistry and transport are more representative of upper atmo-
spheric plasma dynamics (Mendillo et al., 2011). The neutral atmosphere of Mars expands and contracts
with increasing and decreasing neutral temperature (e.g., Bougher et al., 2004; Slipski et al., 2018; Zhang
et al., 1990). MAVEN's operation at Mars has overlapped with a time of relatively weak solar activity where
the temperature in the thermosphere of Mars, on average, is relatively cool and therefore representative of a
contracted atmosphere.

O2
+ is the dominant ion in the Martian ionosphere (e.g.,Fox & Dalgarno, 1979; Kumar & Hunten, 1974;

Mayyasi & Mendillo, 2015). For orbit 6206 simulated here, the neutral density observations for CO2, O,
N2, CO, and Ar show density perturbations with plasma enhancements, aka “bulges,” that peak locally
at 162, 175, and 189 km. A scaled profile for Argon is shown in Figure 4 for comparison with the simu-
lated and measured ion density profiles. Simulations with photochemical only processes are shown in

thin dotted lines and those with diffusion included are shown in thin
solid lines in Figure 4. To highlight the difference between the resulting
density profiles, the region between photochemical only and photoche-
mical with diffusion profiles are shaded and indicate the altitudes where
transport processes become important. The simulated O2

+ densities cap-
ture the inflection in the data at 155 km and show similar bulges that
peak at 162 and 175 km. The topmost observed bulge at 189 km is cap-
tured by the simulation at similar altitude in the photochemical
only profile.

In the photochemical with diffusion simulation, the plasma enhancement
at 189 km is vertically transported to 200 km. The NGIMS measured O2

+

density profile (solid red line in Figure 4A) shows similar trends in magni-
tude and altitude with the simulated profiles. There is good agreement
between the simulations and measurements below 180 km. Above 180
km, the observed density profile lies within the range of the simulations.
Similar comparisons apply to the CO2

+ and electron plasma profiles, with
divergences likely due to additional processes not included in the 1‐D
simulation. The altitude at which diffusive processes begin to dominate
over photochemical processes, as seen by the altitudes of the shaded
regions in Figure 4, is ~180 km. For the conditions adopted to simulate
orbit 6206 NGIMS measurements, this altitude corresponds to a pressure
level of ~5.4 × 10−7 Pa.

Simulated O+ density features (thin dashed and thin solid green lines)
are similar to those observed (thick solid green line) but with lower den-
sities. Additionally, density profile trends for O+ are increasing with alti-
tude in the observations but decreasing with altitude in the model
simulations. This discrepancy is not due to transport processes since O
+ is only minimally affected by vertical diffusion at the simulation

Table 1
Observational Conditions for Neutral Gas and Ion Mass Spectrometer Measurements Shown in Figures 2 Through 5

MAVEN orbit Figure SZA range (°) Latitude range (°N) Longitude range (°E) LST range (hr)

5374 2A 82–89 72to74 −66 to −29 2.6–5.1
2053a 2B 44–51 −28 to −19 −35 to −33 10.8–11.0
6206 3 & 4 67–76 −35 to −26 175 to 178 8.7–8.9
1181 5A 30–39 −32 to −19 163 to 166 9.7–10
5758a 5B 59–62 28 to 41 −168 to −163 16.4–16.7
6066a 5C 31–42 −15 to −4 125 to 128 11.2–11.4
6073a 5D 33–44 −16 to −6 38 to 40 9.7–11

Note. MAVEN = Mars Atmosphere and Volatile Evolution; LST = local standard time; SZA = solar zenith angle.
aOrbits taken near region of strong crustal magnetic fields.

Figure 3. Neutral atmosphere, derived from NGIMS measurements of orbit
6206. The solid lines indicate the altitude profiles for O (black), CO2 (red),
N2 (green), CO (blue), and Ar (gray). H2 (orange) and H (pink) are not
available from NGIMS and are therefore derived from previous work con-
sistent with the solar minimum conditions of the NGIMS observations
(Matta et al., 2013). Dotted horizontal lines indicate the altitudes at which
NGIMS observations in this orbit were available and the solid profiles
between these lines indicate the measured values. Dashed lines represent
the unperturbed exponential fit for each species' profile between the alti-
tudes of the measurements. Beyond the dotted lines, the unperturbed fits
were extrapolated to remaining ionospheric altitudes and the combined
profiles (solid line measurements and extrapolations) were used as input to
the Boston University Mars ionosphere model. NGIMS = neutral gas and
ion mass spectrometer.
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altitudes. There are likely additional spatial processes not captured in the 1‐D model that would contri-
bute to the discrepancy between the simulated and measured densities. One possibility to mitigate the dif-
ferences between the simulated and observed O+ profiles can be explored by adjusting H2 and H
concentrations that are intrinsic to this ion formation. The production of O+ depends on the abundance
of CO2. Loss of this ion depends on H, H2, and O abundances. O is constrained by NGIMS; however, the
lighter species are not. The atomic and molecular hydrogen density profiles used for this orbit were
adopted from the higher limit of the range of densities that previous studies have assumed (Matta
et al., 2013). This assumption may cause more theoretical loss of O+ in the simulation than is apparent
in the data. When the assumed H and H2 densities are decreased to lower conventional limits, loss of
O+ decreases, but production rates stay the same resulting in a net increase of this ion density and a pro-
file that fits the observations in quantity as well as in trends with altitude, as shown in the thick green
line of Figure 4B. Determining the accurate densities of atomic and molecular hydrogen is beyond the
scope of this work, and this demonstration supports investigations examining ionospheric composition
sensitivity to the hydrogen abundance in the neutral atmosphere of Mars (Fox, 2015; Matta et al., 2013;
Stone, Yelle, Benna, & Elrod, 2018).

Several other coupled profiles were simulated and yielded similar results. Uncoupled profiles were also
simulated, for consistency, and the resulting ion densities were found to poorly match the observations
for all ions at all altitudes. Figure 5 shows additional examples of uncoupled profiles, where plasma density
structure was different than neutral density structure with altitude.

In Figure 5, panels A through C show neutral density profiles with relatively smooth variations from their
exponential fit, and similar to the larger data set, have consistent trends for all neutral densities with altitude.
Panel D shows a relatively more variable neutral atmosphere with a depletion having a local minimum at
167 km, enhancements with local maxima at 171 and 177 km, and smaller magnitude density depletions

Figure 4. Plasma density profiles from orbit 6206. Simulations with photochemistry only are shown as thin dotted
profiles, and simulations with added transport are shown as thin solid profiles. The shaded regions indicate the differences
between the simulated densities bordered by these two simulation cases. The thick solid lines represent the neutral gas
and ion mass spectrometer data. Panel a shows density profiles for O2

+ (red). Panel B shows density profiles for O+

(green). The two simulation cases for O+ nearly overlap. This panel has an additional thick dotted line discussed below.
Panel C shows density profiles for CO2

+ (blue). Panel D shows electron density profiles (black). In all panels, the
neutral density of argon, scaled down by 5 orders of magnitude, is shown in a thick purple solid line for comparison of
density variations with altitude. Three horizontal dotted lines indicate altitudes where the neutral density shows local
peaks at 162, 175, and 189 km. The thick green dotted line in panel B represents a simulated O+ density profile that
was modeled using less neutral atmospheric hydrogen, as discussed in the text.
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• Input (中性大気, 気温, Fig. 3) 
観測が行われた高度はNGIMSのデータを用い、その他
の高度では指数関数に従うと仮定した。 
H2, Hについては先行研究から引用。(Matta+13)

Fig. 3

Fig. 4

H2, H関連の光化学反応式 (一例) 
　CO2+ + H → HCO+ + O 
　O+ + H → H+ + O 
　O+ + H2 → OH+ + H



Results (電離圏分布再現結果, 1)
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altitudes. There are likely additional spatial processes not captured in the 1‐D model that would contri-
bute to the discrepancy between the simulated and measured densities. One possibility to mitigate the dif-
ferences between the simulated and observed O+ profiles can be explored by adjusting H2 and H
concentrations that are intrinsic to this ion formation. The production of O+ depends on the abundance
of CO2. Loss of this ion depends on H, H2, and O abundances. O is constrained by NGIMS; however, the
lighter species are not. The atomic and molecular hydrogen density profiles used for this orbit were
adopted from the higher limit of the range of densities that previous studies have assumed (Matta
et al., 2013). This assumption may cause more theoretical loss of O+ in the simulation than is apparent
in the data. When the assumed H and H2 densities are decreased to lower conventional limits, loss of
O+ decreases, but production rates stay the same resulting in a net increase of this ion density and a pro-
file that fits the observations in quantity as well as in trends with altitude, as shown in the thick green
line of Figure 4B. Determining the accurate densities of atomic and molecular hydrogen is beyond the
scope of this work, and this demonstration supports investigations examining ionospheric composition
sensitivity to the hydrogen abundance in the neutral atmosphere of Mars (Fox, 2015; Matta et al., 2013;
Stone, Yelle, Benna, & Elrod, 2018).

Several other coupled profiles were simulated and yielded similar results. Uncoupled profiles were also
simulated, for consistency, and the resulting ion densities were found to poorly match the observations
for all ions at all altitudes. Figure 5 shows additional examples of uncoupled profiles, where plasma density
structure was different than neutral density structure with altitude.

In Figure 5, panels A through C show neutral density profiles with relatively smooth variations from their
exponential fit, and similar to the larger data set, have consistent trends for all neutral densities with altitude.
Panel D shows a relatively more variable neutral atmosphere with a depletion having a local minimum at
167 km, enhancements with local maxima at 171 and 177 km, and smaller magnitude density depletions

Figure 4. Plasma density profiles from orbit 6206. Simulations with photochemistry only are shown as thin dotted
profiles, and simulations with added transport are shown as thin solid profiles. The shaded regions indicate the differences
between the simulated densities bordered by these two simulation cases. The thick solid lines represent the neutral gas
and ion mass spectrometer data. Panel a shows density profiles for O2

+ (red). Panel B shows density profiles for O+

(green). The two simulation cases for O+ nearly overlap. This panel has an additional thick dotted line discussed below.
Panel C shows density profiles for CO2

+ (blue). Panel D shows electron density profiles (black). In all panels, the
neutral density of argon, scaled down by 5 orders of magnitude, is shown in a thick purple solid line for comparison of
density variations with altitude. Three horizontal dotted lines indicate altitudes where the neutral density shows local
peaks at 162, 175, and 189 km. The thick green dotted line in panel B represents a simulated O+ density profile that
was modeled using less neutral atmospheric hydrogen, as discussed in the text.
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Fig. 4

Arプロファイル 
高度162, 175, 
189 kmで 
数密度の増大

モデルによるO2+の分布 
　高度155, 162, 175 kmで数密度の増大  
　(1, 光化学反応式のみ)では189 kmにも増大 
　(2, 輸送を含む)では189 kmではなく200 kmに増大が見える。  
　(1)と(2)は180 km以下で合致 →180 km以上で輸送の効果が卓越し始める。  
　CO2+, e-も同様

(1, 点線) 光化学反応のみ 
(2, 薄い実線) 光化学反応 + 輸送



Results (電離圏分布再現結果, 2)

• O+, シミュレーション結果と観測結果の数密度が合わない。 
O+については、この高度帯では輸送の影響を受けにくい。 
改善する一つの可能性として、H2とHの数密度の調整が挙げられる。 

• O+の生成はCO2, O+の消失はH, H2, Oの量によって決まる。 
H, H2を減少させることで、O+の量が正味で増加する可能性がある。
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altitudes. There are likely additional spatial processes not captured in the 1‐D model that would contri-
bute to the discrepancy between the simulated and measured densities. One possibility to mitigate the dif-
ferences between the simulated and observed O+ profiles can be explored by adjusting H2 and H
concentrations that are intrinsic to this ion formation. The production of O+ depends on the abundance
of CO2. Loss of this ion depends on H, H2, and O abundances. O is constrained by NGIMS; however, the
lighter species are not. The atomic and molecular hydrogen density profiles used for this orbit were
adopted from the higher limit of the range of densities that previous studies have assumed (Matta
et al., 2013). This assumption may cause more theoretical loss of O+ in the simulation than is apparent
in the data. When the assumed H and H2 densities are decreased to lower conventional limits, loss of
O+ decreases, but production rates stay the same resulting in a net increase of this ion density and a pro-
file that fits the observations in quantity as well as in trends with altitude, as shown in the thick green
line of Figure 4B. Determining the accurate densities of atomic and molecular hydrogen is beyond the
scope of this work, and this demonstration supports investigations examining ionospheric composition
sensitivity to the hydrogen abundance in the neutral atmosphere of Mars (Fox, 2015; Matta et al., 2013;
Stone, Yelle, Benna, & Elrod, 2018).

Several other coupled profiles were simulated and yielded similar results. Uncoupled profiles were also
simulated, for consistency, and the resulting ion densities were found to poorly match the observations
for all ions at all altitudes. Figure 5 shows additional examples of uncoupled profiles, where plasma density
structure was different than neutral density structure with altitude.

In Figure 5, panels A through C show neutral density profiles with relatively smooth variations from their
exponential fit, and similar to the larger data set, have consistent trends for all neutral densities with altitude.
Panel D shows a relatively more variable neutral atmosphere with a depletion having a local minimum at
167 km, enhancements with local maxima at 171 and 177 km, and smaller magnitude density depletions

Figure 4. Plasma density profiles from orbit 6206. Simulations with photochemistry only are shown as thin dotted
profiles, and simulations with added transport are shown as thin solid profiles. The shaded regions indicate the differences
between the simulated densities bordered by these two simulation cases. The thick solid lines represent the neutral gas
and ion mass spectrometer data. Panel a shows density profiles for O2

+ (red). Panel B shows density profiles for O+

(green). The two simulation cases for O+ nearly overlap. This panel has an additional thick dotted line discussed below.
Panel C shows density profiles for CO2

+ (blue). Panel D shows electron density profiles (black). In all panels, the
neutral density of argon, scaled down by 5 orders of magnitude, is shown in a thick purple solid line for comparison of
density variations with altitude. Three horizontal dotted lines indicate altitudes where the neutral density shows local
peaks at 162, 175, and 189 km. The thick green dotted line in panel B represents a simulated O+ density profile that
was modeled using less neutral atmospheric hydrogen, as discussed in the text.
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Results (Non-coupling profiles, 1)
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• 電離大気の擾乱の鉛直スケール; 2~10 kmの範囲 
多くの電離大気は急激に増大/減少する。 
一方で、Bの170 km付近のように滑らかに変動
する例もある。 

• CO2+, O+の傾向は、光化学反応の理論に反して、
似た分布を見せた。(ただし、Dの172 kmを除く) 
=> ion - neutralの衝突時間に相当、またはそれ
より早いタイムスケールで、外的要因によって、
プラズマが影響を受けていることを示唆する。

with local minima at 186 and 194 km. The ion density profiles for each of these sample cases do not vary
similarly with altitude to the neutral density profiles and were therefore flagged as “noncoupled” cases. In
panel A, density measurements for orbit 1181 are shown. A significant density depletion between 170 and
181 km affects both ions consistently and is not reflected in the neutral density profiles. A relatively
smaller density depletion is evident in both the ion density profiles at 166 km, an altitude where these
two ion densities are expected to have anticorrelated trends. Above 183 km, the ion density profiles show
typical uncorrelated trends that are consistent with the relatively featureless neutral density profiles. In
panels B, C, and D, the ion densities show significant structure that is not reflected in the neutral density
profiles for each orbit.

The plasma structure length scales shown in Figure 5 vary from ~2 to ~10 km. Most of the ion density varia-
tions are sharply transitioning from enhancements to depletions and vice versa, and a few density enhance-
ments are smooth transitions with altitude, such as the plasma density enhancement peaking near 170 km in
panel B. In a few instances of vertical structure trends, such as near 172–173 km in panel D, the CO2

+ andO+

densities are anticorrelated. However, the majority of plasma structure in Figure 5 shows CO2
+ and O+ ion

densities to have similar trends with altitude, contrary to what is expected from photochemical theory. These
similarities indicate that external forces are affecting the plasma at various timescales that are comparable to
or smaller than the ion‐neutral collisions timescales. The observational conditions for the NGIMS measure-
ments shown in Figures 2, 3, 4, and 5 are listed in Table 1.

The uncoupled profiles shown in Figures 2B, 5B, 5C, and 5D, corresponding to MAVEN orbits 2053, 5758,
6066, and 6073, respectively, are measured over regions of strong crustal field (e.g., Brain et al., 2003).
These profiles share the characteristics of having sharply varying and numerous plasma structures with alti-
tude. These structures may be due to field aligned currents, electron precipitation, solar wind interactions,
plasma instabilities, or a combination of these and/or other mechanisms.

Figure 5A, corresponding to orbit 1181, is measured at a region of weak field and shows a smooth variation
in plasma density that is not reflected in the neutral density. It is possible that such structure, seemingly
independent of crustal field effects, may show exclusive effects of gravity wave perturbations where the
neutral‐plasma collision timescale is large compared with the gravity wave propagation timescale such that
a lag exists between neutral and plasma density variability with altitude. The smooth structure in orbit 1181

Figure 5. Sample uncoupled profiles measured by neutral gas and ion mass spectrometer. In each panel, the solid lines
show the measured densities for CO2 (red), N2 (green), Ar (blue), CO2

+ (gray), and O+ (violet). The dotted lines show
the exponentially decaying “unperturbed” trend for neutral species CO2 (red), N2 (green), and Ar (blue). The gray and
violet dotted lines show a log‐linear fit for CO2

+ and O+, respectively, using the altitude boundary ion density values.
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Results (Non-coupling profiles, 2)
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• 残留磁場領域で観測されたプロファイル(表1. 
赤線)には、急激なプロファイルの変動が共通
していた。 
沿磁力線電流、電子降り込み、太陽風との相互
作用、プラズマ不安定、などが原因として考え
られるかもしれない。

with local minima at 186 and 194 km. The ion density profiles for each of these sample cases do not vary
similarly with altitude to the neutral density profiles and were therefore flagged as “noncoupled” cases. In
panel A, density measurements for orbit 1181 are shown. A significant density depletion between 170 and
181 km affects both ions consistently and is not reflected in the neutral density profiles. A relatively
smaller density depletion is evident in both the ion density profiles at 166 km, an altitude where these
two ion densities are expected to have anticorrelated trends. Above 183 km, the ion density profiles show
typical uncorrelated trends that are consistent with the relatively featureless neutral density profiles. In
panels B, C, and D, the ion densities show significant structure that is not reflected in the neutral density
profiles for each orbit.

The plasma structure length scales shown in Figure 5 vary from ~2 to ~10 km. Most of the ion density varia-
tions are sharply transitioning from enhancements to depletions and vice versa, and a few density enhance-
ments are smooth transitions with altitude, such as the plasma density enhancement peaking near 170 km in
panel B. In a few instances of vertical structure trends, such as near 172–173 km in panel D, the CO2

+ andO+

densities are anticorrelated. However, the majority of plasma structure in Figure 5 shows CO2
+ and O+ ion

densities to have similar trends with altitude, contrary to what is expected from photochemical theory. These
similarities indicate that external forces are affecting the plasma at various timescales that are comparable to
or smaller than the ion‐neutral collisions timescales. The observational conditions for the NGIMS measure-
ments shown in Figures 2, 3, 4, and 5 are listed in Table 1.

The uncoupled profiles shown in Figures 2B, 5B, 5C, and 5D, corresponding to MAVEN orbits 2053, 5758,
6066, and 6073, respectively, are measured over regions of strong crustal field (e.g., Brain et al., 2003).
These profiles share the characteristics of having sharply varying and numerous plasma structures with alti-
tude. These structures may be due to field aligned currents, electron precipitation, solar wind interactions,
plasma instabilities, or a combination of these and/or other mechanisms.

Figure 5A, corresponding to orbit 1181, is measured at a region of weak field and shows a smooth variation
in plasma density that is not reflected in the neutral density. It is possible that such structure, seemingly
independent of crustal field effects, may show exclusive effects of gravity wave perturbations where the
neutral‐plasma collision timescale is large compared with the gravity wave propagation timescale such that
a lag exists between neutral and plasma density variability with altitude. The smooth structure in orbit 1181

Figure 5. Sample uncoupled profiles measured by neutral gas and ion mass spectrometer. In each panel, the solid lines
show the measured densities for CO2 (red), N2 (green), Ar (blue), CO2

+ (gray), and O+ (violet). The dotted lines show
the exponentially decaying “unperturbed” trend for neutral species CO2 (red), N2 (green), and Ar (blue). The gray and
violet dotted lines show a log‐linear fit for CO2

+ and O+, respectively, using the altitude boundary ion density values.
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Simulations that include only photochemistry are representative of lower atmospheric plasma dynamics,
and simulations that include both photochemistry and transport are more representative of upper atmo-
spheric plasma dynamics (Mendillo et al., 2011). The neutral atmosphere of Mars expands and contracts
with increasing and decreasing neutral temperature (e.g., Bougher et al., 2004; Slipski et al., 2018; Zhang
et al., 1990). MAVEN's operation at Mars has overlapped with a time of relatively weak solar activity where
the temperature in the thermosphere of Mars, on average, is relatively cool and therefore representative of a
contracted atmosphere.

O2
+ is the dominant ion in the Martian ionosphere (e.g.,Fox & Dalgarno, 1979; Kumar & Hunten, 1974;

Mayyasi & Mendillo, 2015). For orbit 6206 simulated here, the neutral density observations for CO2, O,
N2, CO, and Ar show density perturbations with plasma enhancements, aka “bulges,” that peak locally
at 162, 175, and 189 km. A scaled profile for Argon is shown in Figure 4 for comparison with the simu-
lated and measured ion density profiles. Simulations with photochemical only processes are shown in

thin dotted lines and those with diffusion included are shown in thin
solid lines in Figure 4. To highlight the difference between the resulting
density profiles, the region between photochemical only and photoche-
mical with diffusion profiles are shaded and indicate the altitudes where
transport processes become important. The simulated O2

+ densities cap-
ture the inflection in the data at 155 km and show similar bulges that
peak at 162 and 175 km. The topmost observed bulge at 189 km is cap-
tured by the simulation at similar altitude in the photochemical
only profile.

In the photochemical with diffusion simulation, the plasma enhancement
at 189 km is vertically transported to 200 km. The NGIMS measured O2

+

density profile (solid red line in Figure 4A) shows similar trends in magni-
tude and altitude with the simulated profiles. There is good agreement
between the simulations and measurements below 180 km. Above 180
km, the observed density profile lies within the range of the simulations.
Similar comparisons apply to the CO2

+ and electron plasma profiles, with
divergences likely due to additional processes not included in the 1‐D
simulation. The altitude at which diffusive processes begin to dominate
over photochemical processes, as seen by the altitudes of the shaded
regions in Figure 4, is ~180 km. For the conditions adopted to simulate
orbit 6206 NGIMS measurements, this altitude corresponds to a pressure
level of ~5.4 × 10−7 Pa.

Simulated O+ density features (thin dashed and thin solid green lines)
are similar to those observed (thick solid green line) but with lower den-
sities. Additionally, density profile trends for O+ are increasing with alti-
tude in the observations but decreasing with altitude in the model
simulations. This discrepancy is not due to transport processes since O
+ is only minimally affected by vertical diffusion at the simulation

Table 1
Observational Conditions for Neutral Gas and Ion Mass Spectrometer Measurements Shown in Figures 2 Through 5

MAVEN orbit Figure SZA range (°) Latitude range (°N) Longitude range (°E) LST range (hr)

5374 2A 82–89 72to74 −66 to −29 2.6–5.1
2053a 2B 44–51 −28 to −19 −35 to −33 10.8–11.0
6206 3 & 4 67–76 −35 to −26 175 to 178 8.7–8.9
1181 5A 30–39 −32 to −19 163 to 166 9.7–10
5758a 5B 59–62 28 to 41 −168 to −163 16.4–16.7
6066a 5C 31–42 −15 to −4 125 to 128 11.2–11.4
6073a 5D 33–44 −16 to −6 38 to 40 9.7–11

Note. MAVEN = Mars Atmosphere and Volatile Evolution; LST = local standard time; SZA = solar zenith angle.
aOrbits taken near region of strong crustal magnetic fields.

Figure 3. Neutral atmosphere, derived from NGIMS measurements of orbit
6206. The solid lines indicate the altitude profiles for O (black), CO2 (red),
N2 (green), CO (blue), and Ar (gray). H2 (orange) and H (pink) are not
available from NGIMS and are therefore derived from previous work con-
sistent with the solar minimum conditions of the NGIMS observations
(Matta et al., 2013). Dotted horizontal lines indicate the altitudes at which
NGIMS observations in this orbit were available and the solid profiles
between these lines indicate the measured values. Dashed lines represent
the unperturbed exponential fit for each species' profile between the alti-
tudes of the measurements. Beyond the dotted lines, the unperturbed fits
were extrapolated to remaining ionospheric altitudes and the combined
profiles (solid line measurements and extrapolations) were used as input to
the Boston University Mars ionosphere model. NGIMS = neutral gas and
ion mass spectrometer.
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5A (残留磁場領域以外を観測していた) 
• 磁場の影響ではなく重力波かもしれない。 
• 重力波の伝搬時間が ion - neutral の衝突時
間より短ければ、中性大気と電離大気の分布
にずれが生じる可能性がある。

Table 1



Results (ヒストグラム表示)

SZA 
特に傾向なし 

Latitude 
南半球でuncoupledの傾向が強くなる = 残留
磁場領域で電離大気の擾乱が起こりやすいこと
を示唆する。Field-aligned dynamicsが原因
と考えられる。(Dieval+15, 18; Dubinin+16; 
Matta+15; Modolo+05; Shinagawa & 
Cravens, 89) 

Longitude 
わずかに80°E~280°Eにおいてuncoupledのプ
ロファイルが増えている。
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ion densities disappears at higher altitudes, and this dissipation could be due to the presence of a perturbing
mechanism that is local to the altitude region of 170–180 km or could be due to a more spatially expansive
process that becomes damped at higher altitudes.

Histograms of the distribution of all the filtered profiles with SZA, LT, latitude, and longitude are shown in
Figure 6. These observational parameters are determined from averaging between spacecraft periapsis con-
ditions and upper altitude limit conditions for each profile of the inbound dayside data set. Due to MAVEN's
near‐polar orbit, the in situ measurement conditions are expected to vary more with SZA and latitude than
longitude and LT but still minimally enough to use averages as representative. The variation in SZA in for
these profiles ranged between 0° and 14°, with a median of ~1°, and latitude variations ranged between 0°
and 13°, with a median of less than 2°. Longitude and LT variations were narrow with medians of ~1°
and 0.3 hr, respectively.

The distribution of coupled profiles with SZA closely follows the distribution of total profiles analyzed. More
observations were collected at SZA 40° to 80° than remaining dayside conditions. There is a lack of trends
with SZA in the uncoupled profiles. This is consistent with findings from topside ionospheric disturbances
observed by Mars Express (Kopf et al., 2008). The trends shown in Figure 6A suggest that the structure in
near‐terminator profiles is most likely due to neutral atmospheric structure rather than plasma‐specific
instabilities (Terada et al., 2002).

The latitudinal distribution of coupled profiles follows that of the total observations. Figure 6B shows more
of the total observations in the northern hemisphere to be coupled and shows a higher occurrence of
uncoupled profiles in the southern hemisphere. The dip in uncoupled profiles near 50° south latitude is
due to the lack of dayside inbound observations available for analysis. The distribution of uncoupled profiles
indicates more plasma‐specific perturbations are occurring near regions of strong crustal fields than in other
regions (e.g., Brain et al., 2003). This is likely due to field‐aligned dynamics that either enhance or deplete
regional plasma (e.g., Diéval et al., 2015, 2018; Dubinin et al., 2016; Matta et al., 2015; Modolo et al., 2005;
Shinagawa & Cravens, 1989). Longitudinal distributions, shown in Figure 6C, are generally flat for
uncoupled profiles, with a slight enhancement between 80° and 280° east longitude. This is consistent with
crustal field morphology in the southern hemisphere.

Figure 6. Relative distribution of profiles with observational conditions. Black histograms show the distribution of all
dayside inbound neutral gas and ion mass spectrometer profiles used in this analysis. Red and green histograms show
similar distributions of profiles determined to be coupled and uncoupled, respectively. The distributions are shown with
respect to the (a) SZA, (B) latitude, (C) longitude, and (D) LT of the observations, determined from averaging these
values from spacecraft periapsis to the upper altitude limit used in each profile. LT = local time; SZA = solar zenith angle.
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Results (ヒストグラムで表示)

LT 
電離大気の擾乱構造は明け方に起こりやすい。
一時的なプラズマ相互作用か、又はMornig 
overshoot (明け方に電子温度が急上昇する現
象。地球で観測: Stolle+11) (Andersson+16; 
Fowler+15; Matta+14) に関連した電離大気の
不安定の可能性。
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ion densities disappears at higher altitudes, and this dissipation could be due to the presence of a perturbing
mechanism that is local to the altitude region of 170–180 km or could be due to a more spatially expansive
process that becomes damped at higher altitudes.

Histograms of the distribution of all the filtered profiles with SZA, LT, latitude, and longitude are shown in
Figure 6. These observational parameters are determined from averaging between spacecraft periapsis con-
ditions and upper altitude limit conditions for each profile of the inbound dayside data set. Due to MAVEN's
near‐polar orbit, the in situ measurement conditions are expected to vary more with SZA and latitude than
longitude and LT but still minimally enough to use averages as representative. The variation in SZA in for
these profiles ranged between 0° and 14°, with a median of ~1°, and latitude variations ranged between 0°
and 13°, with a median of less than 2°. Longitude and LT variations were narrow with medians of ~1°
and 0.3 hr, respectively.

The distribution of coupled profiles with SZA closely follows the distribution of total profiles analyzed. More
observations were collected at SZA 40° to 80° than remaining dayside conditions. There is a lack of trends
with SZA in the uncoupled profiles. This is consistent with findings from topside ionospheric disturbances
observed by Mars Express (Kopf et al., 2008). The trends shown in Figure 6A suggest that the structure in
near‐terminator profiles is most likely due to neutral atmospheric structure rather than plasma‐specific
instabilities (Terada et al., 2002).

The latitudinal distribution of coupled profiles follows that of the total observations. Figure 6B shows more
of the total observations in the northern hemisphere to be coupled and shows a higher occurrence of
uncoupled profiles in the southern hemisphere. The dip in uncoupled profiles near 50° south latitude is
due to the lack of dayside inbound observations available for analysis. The distribution of uncoupled profiles
indicates more plasma‐specific perturbations are occurring near regions of strong crustal fields than in other
regions (e.g., Brain et al., 2003). This is likely due to field‐aligned dynamics that either enhance or deplete
regional plasma (e.g., Diéval et al., 2015, 2018; Dubinin et al., 2016; Matta et al., 2015; Modolo et al., 2005;
Shinagawa & Cravens, 1989). Longitudinal distributions, shown in Figure 6C, are generally flat for
uncoupled profiles, with a slight enhancement between 80° and 280° east longitude. This is consistent with
crustal field morphology in the southern hemisphere.

Figure 6. Relative distribution of profiles with observational conditions. Black histograms show the distribution of all
dayside inbound neutral gas and ion mass spectrometer profiles used in this analysis. Red and green histograms show
similar distributions of profiles determined to be coupled and uncoupled, respectively. The distributions are shown with
respect to the (a) SZA, (B) latitude, (C) longitude, and (D) LT of the observations, determined from averaging these
values from spacecraft periapsis to the upper altitude limit used in each profile. LT = local time; SZA = solar zenith angle.
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• 中性大気の重力波による擾乱もdawn-duskの非対称性があり、明け方に多い。(Terada+17) 
‣ 高度180 km以上では ion-neutral の衝突のタイムスケールに重力波の伝搬時間が匹敵する。 
ただし、重力波の鉛直スケールは数十~数百km(高度200 km付近で砕波)なのに対して、観測
された電離大気の擾乱は数km程度。= 重力波の影響があると言いきるのは難しい。



Interpretations

• 中性大気はバルク大気全てに渡って傾向が一致していた。数密度の指数関数プロファ
イルからのばらつきは1%~94%で、これは重力波や中性風による変動量と一致してい
た。(England+17; Grebousky+17; Benna+18など) 

• 電離大気上層(160-200 km)の擾乱がHarada+18で全球的に計測され、さらに重力
波と強い相関があることがわかった。擾乱の分布は太陽風の条件とは無条件であっ
た。熱圏の温度が低いところで発生しやすい → 今回の観測とも整合的。 

• Uncoupledプロファイル = プラズマ特有の分布 + 中性大気とのcoupling  
MARSISの観測(Monhanamanasa+18)でも、磁場に支配された電子密度の構造に、
磁場だけでなく中性大気の潮汐や波動からの影響が含まれていること、さらに昼夜ど
ちらでも見られることがわかっている。→ 今回の観測とも一致。
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Conclusions
• 火星上層大気の昼間側で、NGIMSによって同時観測されたイオンと中性大気のプロ
ファイルは強い相関を見せた。 
重力波、潮汐波、風などが原因の中性大気プロファイルの擾乱は、電離大気の数密度
プロファイルにも同様に現れる。中性大気の擾乱が電離大気の擾乱を駆動することを
示しており、これは光化学平衡の理論でも予測される。 

• 解析された全データの30%には、電離大気のプロファイルに中性大気には見られない
擾乱構造が見つかった。特に、残留磁場領域や明け方において見つかりやすかった。 
磁場のトポロジーや太陽風との相互作用が可能性の高い要因だと考えられる。 

• 電離大気に特徴的な構造と、中性大気とcouplingした構造、または上層大気のダイナ
ミクスによる影響を分離するには、今後、プラズマの作用(磁場・熱・太陽風など)を
調べる必要がある。
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