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• どちらも2017年9月のICMEイベント時のMAVENによる観測を数値計算で再現して火星磁気圏の
応答を調べた研究

• Ma et al., 2018. The impact and solar wind proxy of the 2017 September ICME event at 
Mars.
– 多成分MHDモデルを用いた研究
– ICMEイベントを3つの時間帯でケース分けし，それぞれについて数値計算から定常状態を求め
たところ，MAVENによる観測を再現できた

– シース領域での観測と数値計算の比較から太陽風パラメータの時間発展を推定し，定常ではなく
時間発展する数値計算を行うことで，観測の再現性を改善することに成功した

– ICMEイベント時にプラズマ境界が変動することや，イオン散逸率が1桁以上増加することを明ら
かにした

• Romanelli et al. 2018. Responses of the Martian magnetosphere to an interplanetary 
coronal mass ejection: MAVEN observations and LatHyS results.
– ハイブリッドモデルを用いた研究
– Ma et al. (2018)と同様のパラメータを用いて定常状態を求め，観測を再現した
– ICMEイベント時にバウショックが内側に移動すること，flank領域においてMPBが圧縮すること
を明らかにした

– H+, O+の散逸率はそれぞれ10倍，2.4倍に増加した
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• 太陽風と火星の磁気圏・大気との相互作用を知るうえで，ICME (Interplanetary Coronal Mass 
Ejection) イベントに対する応答は重要な研究対象となってきた
– Crider et al. (2005): Halloween 2003
– Morgan et al. (2014): 2011年6月イベント

• 衛星による観測には限界がある（観測機器の制約，一点観測）
→観測を再現できるようなモデル計算を用いてシステム全体の応答を検証する
– multi-species MHD simulation: Jakosky et al. (2015), Curry et al. (2015), Ma et al. (2017)
– multi-fluid MHD simulation: Dong et al. (2015)
– Grad-Shafranov reconstruction: Hara et al. (2016)
→ hybrid simulation: Romanelli et al. (2018)

• モデル計算には，様々なインプットが必要 (e.g. 太陽風密度・速度，残留磁場)だが，太陽風パラ
メータの時間発展を完全に観測することは難しい
– いくつかの期間に分け，それぞれの期間で一定の値（平均的な値）を用いる

e.g. Jakosky et al. (2015), Curry et al. (2015), Dong et al. (2015)
– 太陽風を直接観測している時間帯はその値を，それ以外の時間帯では前後で線形補間した値を
用いる
e.g. Ma et al. (2017)

→ 太陽風パラメータの時間発展を観測とモデル計算から推定 Ma et al. (2018) 3
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• 多成分MHDモデル（ミシガン大のBATS-R-USコード）
– イオン種: H+, O+, O2

+, CO2
+

– Ls = 60°
– 残留磁場，イオン-中性衝突，主要な化学反応を考慮
– steady-stateモードとtime-dependentモードの両方を用いる

• MAVENによる観測
– SWIA, MAG, STATIC
– 2017-09-13 00:01–10:00を3つの期間 (quiet, early phase, later phase) に分ける
– 密度と速度は近火点付近でのpenetrating proton fluxから推定
– IMF強度とclock angleはシース領域でのMAGによる測定から推定
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density and speed were estimated based on Solar Wind Ion Analyzer (SWIA; Halekas, Taylor, et al., 2015)
observations of penetrating proton flux near periapsis (Halekas, Lillis, et al., 2015; Halekas et al., 2017). The
IMF strength and clock angle are estimated according to magnetometer (MAG; Connerney, Espley, Lawton,
et al., 2015; Connerney, Espley, DiBraccio, et al., 2015) observations in the sheath region. Case 1 represents
the quiet solar wind condition prior to the ICME arrival; cases 2 and 3 correspond to the disturbed solar
wind conditions associated with the ICME at its early and late phases, respectively.

The MAVEN observations from the SWIA, MAG, and the SupraThermal And Thermal Ion Composition
(McFadden et al., 2015) during the first 10-hr time period on 13 September 2017 are compared with the
steady state model results in Figure 1a (Figure 1b shows comparison with a time-dependent MHD run and will
be discussed later in section 5), as well as in Figure S1 in the supporting information. The results from three
steady state cases are combined together, with each case representing a certain time period as specified in
Table 1. Before the ICME shock arrival (indicated by the vertical purple dashed linemarked as T1, corresponding
to 2:52 UT), results from the quiet case (case 1) agree best with MAVEN observations. After T1, solar wind pres-
sure and IMF strength were largely enhanced and such conditions are better captured by case 2. The IMF direc-
tion reversed from the “toward” sector to the “away” sector around T2 (second vertical line, ~5:10 UT). After T2,
case 3 reproduces results that are closest to the observations. Over the time period, the crustal field contribu-
tion is insignificant along theMAVEN orbit, with a peak value of 50 nT near the second periapsis, less than half of
the total field strength. Corresponding ion escape rates for the three cases are calculated and listed in Table 1.
The Mars atmospheric ion loss rates are significantly enhanced after the ICME arrival: The total ion loss rate
increased to 4.7 and 12.2 times more than the quiet case for cases 2 and 3, respectively.

The overall features of the plasma density, velocity, magnetic field strength, and the three field components
are all reasonably captured by the three steady state simulations. But there are also some notable discrepan-
cies. For example, the plasma velocity is overpredicted by Case 2 between 4:00 and 5:00 UT, and the proton
density is overestimated by case 3 between 5:40 UT and 7:00 UT. As the solar wind condition is highly variable
during the ICME event, the time-stationary model runs could not capture the observed variability and fluctua-
tions in plasma and field measurements.

4. Derivation of the Solar Wind Conditions

To quantify the system response to the highly variable solar wind conditions associated with the ICME, a time-
dependent run with realistic solar wind input conditions is needed. To overcome the difficulty of lacking
direct solar wind measurements, we developed a method to derive the upstream solar wind conditions
based on MAVEN observations in the magnetosheath region.

Even though the relation between solar wind plasma conditions and sheath plasma conditions is not exactly
linear, sheath plasma conditions normally have a direct correlation with the solar wind conditions. For a cer-
tain Mach number condition, when solar wind density increases, we expect the proton density inside the
sheath to rise; similarly, when the upstream solar wind velocity is enhanced, the plasma velocity in the sheath
region becomes greater. So we can estimate instant solar wind conditions (density, velocity, and magnetic
field strength) using the observed plasma conditions adjusted by a compression (or slow down) factor as
expressed in the following equations:

Table 1
Solar Wind Conditions Used for the Three Steady State Cases and Corresponding Ion Loss Rates With Applicable Time Periods

Case no. Case 1 (quiet) Case 2 (early phase) Case 3 (later phase)

Time perioda 00:01–02:52 UT 02:52–05:10 UT 05:10–10:00 UT
NSW [cm!3] 1.9 4.0 12.0
USW [km/s] 426 824 824
BIMF [nT] (0.0,!3.0,0.0) (0.0, !10.0, 0.0) (0.0, 10.0, 5.0)
O+ loss rate [s!1] 6.8 × 1023 2.6 × 1024 1.0 × 1025

O2
+ loss rate [s!1] 1.0 × 1024 5.3 × 1024 1.0 × 1025

CO2
+ loss rate [s!1] 9.0 × 1022 6.5 × 1023 1.4 × 1024

Total loss rate [s!1] 1.8 × 1024 8.5 × 1024 2.2 × 1025

aTime period corresponding to 13 September 2017.
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• 全体的な特徴は捉えている
– T1における太陽風動圧やIMF
の強化

– T2におけるIMFの反転（By
成分）

• イオン流出率は4.7倍 (Case 2)，
12.2倍 (Case 3) に増加

• 一部で観測を再現しきれていない
（赤矢印）
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Figure 1



• シース領域のパラメータは太陽風領域の値と相関しているとして推定する
• 定常状態のモデル計算における太陽風・シース領域の値とMAVENの観測値を使う

𝑛"#$ %&
𝑛'(
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𝑛*"+,- %&
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• 仮定
– 実際の太陽風とモデル計算で用いた太陽風が大きく乖離していない
– fast magnetosonic Mach numberが大きく変化しない
– 誘導磁気圏ではない→ ⁄𝑈1,*"+,- %3 𝑈1,'( > 0.7かつ高度1600 km以上に制限
– IMFはBX = 0，clock angleがBow Shock前後で変わらない（誤差は最大20度）
– UY = UZ = 0
– 衛星の位置と上流境界での時間のズレを考慮（ただしシースでの原則は無視）

Δ𝑡 =
𝑋. − 𝑋'<
𝑈1,'(

𝑋., 𝑋'<:上流境界および衛星の位置
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MAVENによるシースでの観測値
求めたい推定値 太陽風

シース領域
定常状態のモデル計算



黒線: MAVENによる観測
青丸: 観測から推定した太陽風パラメータ
赤線: MHDモデルへのインプット

• Bow shock前後での密度・磁場の増加と速度の低下を補
正する形になっている

• 𝑛'( = 1.7– 16 cmCD, 𝑈1,'( = 300– 880 km sCI, 𝐵KLM =
1.1– 18.5 nT

• SWIAのFOVが太陽方向の時間は省いた
（シース領域のプラズマを見逃している可能性があるた
め）

• SEPによって最大で密度を ~1 cm-3 過大に, 速度を
~100 km s-1 過小に評価している可能性有
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• 観測の再現性が改善した
• UY, UZに観測とのズレ

– 太陽風がUX成分しか持たな
いと仮定したため

• BXはよく再現している
→ IMFのdrapingが支配的
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• BS (Bow Shock): 
速度がfast magnetosonic speedを下回る境界
→ fast Mach number (Mf)と逆相関

• IMB (Induced Magnetosphere Boundary): 
磁気圧が支配的となる境界
→ IMF強度と相関

• ICB (Ion Composition Boundary): 
惑星起源のイオンが支配的となる境界
→ 太陽風の密度・動圧に弱い逆相関

• イオン散逸率: 1.7 × 10RSsCI → 3.5 × 10RU sCI

– O2
+が主な流出イオン

– Case 3での値(2.2 × 10RU sCI)より60％ほど高い
• 2015年3月のイベントよりも動圧のピークは高く，
それに連動するように散逸率の増加率もおおきい
動圧: 20 nPa vs. 15 nPa
散逸率: 21倍 vs. 10倍
(Ma et al., 2017)
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• 2017年9月のICMEイベントを3つの定常ケース (pre-, early-, late-ICME phases)に分け，それ
ぞれにおいて多成分MHDモデルによる計算を行った結果，MAVENによる観測を概ね再現できた

• シース領域での観測とモデル計算の比較から太陽風パラメータの時間発展を推定し，それを基にモ
デル計算を行ったところ，より良い観測の再現が可能になった
– 直接観測されていない時間帯での太陽風パラメータを推定することが可能である
– 時間発展する太陽風を与えることで，火星磁気圏の応答をより正確に捉えることができる

• 改善点
– 今回は無視したBX, UY, UZ成分の推定（例: 誘導磁気圏での磁場のピークと太陽風動圧の関係）
– シース領域でのプラズマの減速による到達時間のズレ

• ICMEイベントによるプラズマ境界 (BS, IMB, ICB)の変動やイオン散逸率の増加を確認できた
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Responses of the Martian magnetosphere to 
an interplanetary coronal mass ejection: 

MAVEN observations and LatHyS results. 

Romanelli, N., et al. (2018). 
Geophysical Research Letters, 45, 7891–7900. 

https://doi.org/10.1029/2018GL077714



• ハイブリッドモデル LatHyS: イオンを粒子，電子を流体として扱う
– SW: H+, He+, electron     planetary: H+, O+, O2

+, CO2
+, electron

– 残留磁場，イオン化反応，化学反応，衝突などを含む
– 熱圏，電離圏: 3D LMD-GCM (Laboratoire de Meteorologie Dynamique General Circulation Model)
– 外圏: 3D EGM (Exospheric General Model)
– Ls = 90°, mean solar activity

• MAVENによる観測
– SWIA, MAG, STATIC
– Ma et al. (2018)と同様に
ケース分け
（開始と終了時刻は異なる）

– 太陽風パラメータも同じ値
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Table 1
Solar Wind Properties, IMF, Magnetosonic Mach Number, and SW Dynamic Pressure Considered for Each of Three Simulations During the Corresponding Time Interval

Simulation 1 Simulation 2 Simulation 3

Time interval 2017-9-12 22:00 UT to 2017-9-13 02:52 UT to 2017-9-13 05:10 UT to

2017-9-13 02:52 UT 2017-9-13 05:10 UT 2017-9-13 08:20 UT

nSW (cm−3) 1.9 4 12

USW (km/s) (−426,0,0) (−824,0,0) (−824,0,0)

BIMF (nT) (0,−3,0) (0,−10,0) (0,10,5)

MMS 5.15 6.40 8.40

Pdyn (nPa) 0.58 4.54 13.61

Bow shock parameters: !, L (RM), xF (RM) 0.983, 2.195, 0.53 0.915, 1.801, 0.58 0.907, 1.810, 0.55

R2 0.995 0.998 0.997

Bow shock standoff distance (RM) 1.64 1.52 1.50

Bow shock terminator distance (RM) 2.66 2.26 2.24

O+ escape (1024 ions/s) 1.3 1.9 3.1

O+ escape along the 1.1 1.9 4.4

convective electric field (1023 ions/s)

H+ escape (1025 ions/s) 2.1 8.2 21.9

Note. Bow shock properties derived from fits to Laboratoire Atmosphères, Milieux et Observations Spatiales Hybrid Simulation results and estimated planetary O+

and H+ escape rates are also presented. IMF = interplanetary magnetic field; SW = solar wind.

STATIC is an energy, mass, and angular ion spectrometer, covering an energy range between 0.1 eV/q and
30 keV/q with a field of view of 360∘ × 90∘ and a mass range from 1 to 70 amu (McFadden et al., 2015). In this
study we have used derived densities for H+, O+, O+

2 , and CO+
2 (from the c6 data product) with 4-s resolution.

LatHyS is a global three-dimensional multispecies parallelized hybrid model that allows to describe plasma
processes taking place in several space plasma environments (Leclercq et al., 2016; Modolo et al., 2005, 2012,
2016; Richer et al., 2012). Applied to the Martian environment, it treats six ion species kinetically: SW H+

sw
and He++

sw , and planetary H+, O+, O+
2 , and CO+

2 . The electrons are described by means of two massless fluids
with different temperatures (SW and ionospheric) that ensure the quasi-neutrality condition. The planetary
ions are the result of three ionization processes acting on the Martian atmosphere/exosphere (photoioniza-
tion, charge exchange, and electron impact), several chemical reactions taking place at low altitudes and
the self-consistent dynamics (of the ions) by considering model cross sections and ionization frequencies.
The description of the crustal magnetic fields at Mars (Acuña et al., 1999) is based on the model derived in
Cain et al. (2003). A detailed description of the LatHyS model can be found in Modolo et al. (2016, and refer-
ences therein). The description of the neutral and ionospheric Martian environment that affect, among other
things, the mass-loading conditions of the SW is derived making use of the 3-D LMD-GCM (Chaufray et al.,
2014, 2015; González-Galindo et al., 2009) and the 3-D EGM (Leblanc, Chaufray, et al., 2017; Leblanc, Leclercq,
et al., 2017).

In this work we perform three stationary numerical simulation runs with 80-km spatial resolution and a time
step equal to 0.0333Ω−1

ci whereΩci is the proton gyrofrequency of the undisturbed SW. The simulation domain
extends from −2.4 to 2.4 RM in XMSO axis and from −4.5 to 4.5 RM in YMSO and ZMSO axes (RM stands for Martian
radii, 1 RM = 3,393 km). The Mars Solar Orbital (MSO) coordinate system is centered at Mars and is defined
as follows: the X axis points toward the Sun, the Z axis is perpendicular to Mars’s orbital plane and is posi-
tive toward the ecliptic north. The Y axis completes the right-handed system. Given that MAVEN is inside the
Martian BS during the analyzed time interval, external conditions for the simulation runs are estimated
based on MAVEN magnetosheath (MSH) measurements. Considered values for SW density (nSW), mean
velocity (USW), the interplanetary magnetic field (IMF), and the magnetosonic Mach number for each sim-
ulation are shown in Table 1. These values, also considered for the three steady state cases analyzed by
Ma et al. (2018), are estimated mainly based on penetrating proton measurements (Halekas et al., 2015, 2017).
For a more detailed description on this aspect, the reader is referred to sections 3 and 4 of Ma et al. (2018).
When it comes to the crustal magnetic fields, it is also worth pointing out that, for each of the three station-
ary simulations, we have fixed the subsolar geographic (GEO) latitude and longitude at the values taken at

ROMANELLI ET AL. RESPONSE OF MARS TO A CME 7893



赤: モデル計算の結果
それ以外: MAVENによる観測結果

概ね観測を再現できているが……
• Simulation 1: シース領域の細かな変動は捉えら
れていない

• Simulation 2: パラメータ変動直後など状態が遷
移しているときにズレ (02:57‒03:08 UT, 
03:35‒04:00 UTなど)
→ 時間発展するパラメータによる計算が必要
(Ma et al., 2018)

• シース領域で速度が高めに出ているのはSEPの影
響？（Ma et al.で述べられていたのと同じ要因）
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BS: ⁄B 𝐵KLM > 2 となる地点
MPB: ⁄B 𝐵KLM > 6かつ ⁄𝑈 𝑈'( < 0.5となる地点
（圧力バランスによる判定はflankやtailでは使えない）
• flank領域においてMPBが圧縮されている

– 観測から求めた位置（黒丸）とも整合的
• BSに円錐曲線フィッティング
→ BSの位置はSim 1からSim 2にかけて大きく
変化し，Sim 2からSim 3では変化しない
cf. 一定以上の太陽風動圧では，BSの応答（内
側への移動）が鈍くなる
(Edberg et al., 2009）

• H+, O+の散逸率はそれぞれ10倍，2.4倍に増加
• IMFが電離圏のより深くまで侵入することで，
+E半球におけるO+ plumeの寄与が増えた
(8.5% → 14.2%)

• 先行研究との値のズレは電離圏モデルの違いに
起因？ 15
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• 2017年9月のICMEイベントをMa, et al. (2018)と同様に3つの定常ケース (pre-, early-, late-
ICME phases)に分けてハイブリッドモデルによる計算を行った結果，MAVENによる観測を概ね
再現することができた

• ICME時に太陽風動圧やfast magnetosonic Mach numberが増加することで，Bow shockが内
側に移動することを示した
また，Bow Shockほどの変動ではないものの，flank領域においてMPBが圧縮されることを明らか
にした

• H+, O+の散逸率はそれぞれ10倍，2.4倍に増加した．また，IMFが電離圏深くまで侵入することで
O+ plumeの寄与が増加した
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• Edberg, et al. (2009) Figure. 6

• 太陽風動圧の増加とともにBSは内側へ移動す
るが，動圧が強くなるほど変動は小さくなり，
ある値へ漸近する形になっている

17
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3544 N. J. T. Edberg et al.: Plasma boundary variability

a c

b d

Fig. 6. The extrapolated terminator distance of all (a) BS and (b) MPB crossings observed by MEX from February 2004 until November
2006 plotted as a function of solar wind dynamic pressure measured outside of the BS by MEX/IMA and the extrapolated terminator distance
of all (c) BS and (d)MPB crossings as a function of the MGS pressure proxy linearly interpolated to the time of the crossings. The curve in
each panel is a least square exponential fit to the data. The error bars show standard error on the mean.

since they, during steady solar wind conditions, are farther
out over one hemisphere than the other, or, that the shape
of the boundaries does not follow the average best fit conic
section shape in this case. The “asymmetry” does not seem
to depend on the direction of the convective electric field,
which could be a factor that causes asymmetry. This leads us
to believe the latter of the two explanations.

5 Statistical studies with simultaneous measurements

5.1 Influence of the solar wind dynamic pressure

In Fig. 6 we show the result of a statistical study of how the
radial distance of the BS and the MPB vary with solar wind
dynamic pressure. We have used all the crossings observed
by MEX during the overlapping mission time with MGS and
extrapolated them to the terminator plane in order to remove
the SZA dependence. The boundaries tend to be at higher
altitudes at higher SZAs and in order to compare crossings

with each other we need to remove this dependence and we
therefore extrapolate the positions of all the crossings to the
terminator plane. The extrapolation is done using the same
method as described in Vignes et al. (2002) and Crider et al.
(2002). First, the crossings are rotated by 4� about the MSO
z-axis to account for the perpendicular movement of Mars
relative to the solar wind flow direction. A conic section is
then fitted to each crossing of the BS and MPB in the MSO
(x,

p
y2+z2) plane by using the best fit values of the eccen-

tricity ✏ and X0 from Edberg et al. (2008), varying only the
semi-latus rectum L. For each conic section the terminator
distance is then calculated. This method is not perfect, since
the eccentricity of the boundaries can possibly also change
when the governing factors change, but it remains the best
we can do for now in order to remove the SZA dependence.
Fitting curves by varying only ✏ or only X0 does not give
reasonable curves. Crossings that occur either much closer
in than average or far downtail tend to produce fitted curves
that pass through the planet. Varying L and keeping the other
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