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概要
l 2017年9月の太陽フレアが、大気の加熱・光化学プロセスを通して火星熱圏の密
度・組成に与えた影響を、MAVEN/NGIMS観測を用いて評価。

l高度固定でみると、He以外の化学種の密度が増大し、O/CO2比が減少しており、
フレアによる熱膨張を示している。

l大気密度固定でみると、CO2とAr密度が減少し、O/CO2比が3倍まで増大した。
l CO2の光解離・Oの生成はこの変動をもたらす光化学プロセスの１つと考えられ
る。

l本研究の成果は、太陽フレアによる火星熱圏組成の変化を明らかにし、フレアが
火星気候の進化に与える影響の理解とモデリングに貢献する。
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イントロ
火星の熱圏
l熱圏のenergy収支は、UV, soft X-ray (SXR)の吸収と、中間圏への熱伝導に
よって決まる。中間圏に伝わった熱は宇宙空間に放射される(Chamberlain & 
Hunten, 1989)。

l熱圏の化学組成は、分子拡散と光化学反応によって決まる。

分子拡散
l均質圏界面より低い高度では、大気化学種はよく混合されているが、均質面高度
より高い高度では、化学種はそれぞれのスケールハイトにしたがって分布する。

光化学反応
l高高度(だいたい200km以上)になると、CO2の光解離またはO2+と電子の解離再
結合により生成したOがdominantになる。

üO/CO2比は、熱圏の鉛直構造や組成を特徴付けるparameterといえる。
üまた、熱圏は大気散逸のreservoirであるため、その組成は火星から散逸する大気
のフラックスと散逸化学種組成に影響を与える。
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イントロ
熱圏に対する太陽フレアの影響
l太陽フレア：太陽から放射されるSXR, EUV, FUV強度が数分かけて急激に増大
し、数十分から数時間かけてdeclineする。

l大気の加熱、電離・解離率の上昇により、熱圏の膨張、電離圏密度の上昇、O生
成の増加が起こる(Elrod et al., 2018; Gurnett et al., 2005; Mendillo et al., 
2006; Thiemann et al., 2018)
先行研究(2017年9月の太陽フレアの火星熱圏への影響)
l Elrod et al. (2018)：CO2, Ar, N2, CO, Oの密度がフレア時に2.5-5倍に増加
し、増加率は高高度ほど大きく、平均分子量が大きい種ほど顕著。O/CO2比は高
度固定で見ると減少。
➡ フレアによって中性化学種の温度が100K上昇し大気が膨張。
l Thiemann et al. (2018)：ion密度が増加。圧力固定でみると、フレア中にO2+, 
CO2+密度が10-7Pa未満では減少、O+は増加。O/CO2比は圧力固定で見ると増
加。
➡ 組成変化は光化学プロセスによる。
目的
l熱圏の密度・組成が、熱圏の膨張と光化学の２つのプロセスによってどのように
変化したかを明らかにすること。
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データセット
Neutral Gas and Ion Mass Spectrometer (NGIMS)
l高度範囲：Periapsis altitude (150 km) ~ upper boundary (240-300 km)
l時間分解能は2 sec, 1 orbit(4.5 h)につき20分間計測
l Inboundのみ使用（outboundはO密度が信頼できないため）
l対象化学種：He, O, N2, CO, Ar, CO2
l対象期間：2017年9月10-11日 orbit 5715-5720 (6 orbits)
l Orbit 5718では、フレアpeakの90分後の密度を観測（＝flare orbit）

：EUV強度はpeakの25%まで減少していたtiming
lフレアの影響はorbit 5718のみにみられた
l Orbit 5718を除く5 orbits(フレアの影響・CMEやSEPのコンタミやダストス
トームの影響もなし)の平均を取って、”baseline atmospheric conditions”を
生成し、orbit 5718と比較することで、フレアの影響を評価

l Inbound passのSZA, LTはそれぞれ65-70 deg, 16.7-17.6 hであり、太陽フ
ラックスはフレア時以外一定であった
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結果：total number density
l Total number density (6 speciesの密度の合計)はフレア時に顕著に増大
l高度235 kmでは3倍に
l増加率は高度ごとに一定ではない。190 km以下ではほぼ一定だが、190 km以
上では高高度ほど増加率が大きい。
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4. Total Number Density

The left panel of Figure 1 shows the dependence of total number density, composed of the number densities
of the six neutral species (He, O, N2, CO, Ar, and CO2), on altitude.

The total densities at each altitude are calculated by interpolating the inbound number densities for MAVEN
Orbits 5715–5720 onto a grid of common altitudes separated by 1 km increments, which is close to the
NGIMS vertical resolution in the thermosphere (Liu et al., 2018). The range of fixed altitudes was selected
to span that of the species and orbit with the most limited data (∼155–235 km). The species densities from
the flare‐affected orbit (5718) are combined at each fixed altitude to provide the flare‐affected total density
profile. The mean of the densities from the surrounding orbits (5715, 5716, 5717, 5719, and 5720) are
summed over the individual species for each fixed altitude to form the baseline total density profile.

Uncertainty for the baseline total density profile is calculated from the standard deviation of the densities
from the set of baseline orbits for each altitude, which is then combined over the individual species using
standard methods for the propagation of uncertainty. This baseline density uncertainty represents fluctua-
tions in thermosphere densities stemming from geophysical sources such as thermal tides, gravity waves,
and other aspects of weather, in addition to instrumental random errors. Due to the lack of experimental
scatter measurements upon which to base uncertainty for individual orbits, we provide no uncertainty for
the flare‐affected orbit.

The left panel of Figure 1 demonstrates that the impact of the flare on thermospheric densities is clearly sig-
nificant. For example, during the flare‐affected orbit, the total number density at 235 km increases by as
much as a factor of 3, and the altitude at which total number density typically equals 107 cm−3 is increased
by 30–40 km. Total number densities are larger than normal at all altitudes during the flare orbit, including
down at periapsis near 155 km.

Increases in total number density are not uniform at all altitudes. The right panel of Figure 1 presents a ratio
of the flare and baseline total density profiles, illustrating how the increase in total density is greater at
higher altitudes. This ratio shows that the relative increase in total number density is approximately uniform
below 190 km and grows larger at a roughly linear rate with increasing altitudes above 190 km.

5. Number Densities of Individual Species
5.1. Effects at Fixed Altitude

Next, we examine how the number densities of individual species changed during the flare. The left panel of
Figure 2 shows the number density of each neutral species for the flare‐affected and baseline orbits across

Figure 1. (left) Dependence of total number density on altitude for the flare‐affected orbit, 5718 (cyan dots), and for the
baseline mean from the surrounding MAVEN orbits, 5715–5720 (black line). Uncertainty is given by the standard
deviation of the baseline orbits in gray. (right) Ratio of total number density in the flare‐affected orbit at a given altitude
to the total number density for the baseline mean at the same altitude.
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結果：化学種ごとの密度変動 (高度固定：大気膨張)
l CO2, CO, O, N2の密度は、フレア時に増大し、増加率は高高度ほど大きい
lフレア時のScale heightの変化は、He以外の化学種については1.4倍であった
l Heのみ、フレア時に変動がみられなかった
l Non-flare時のHeのscale heightは100km。もしフレア時に他の化学種と同様
にscale heightが1.4倍になったとすると、高度298kmにおけるHe密度は
3.44x104 cm-3 -> 5.22x104 cm-3に増加すると見積もられる。しかしこれはHe
密度分散の範囲内である。（He変動がみられない原因についての考察）
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our range of fixed altitudes. We investigate whether all individual species are affected by the flare in the same
way as the total number density profile or whether certain species are affected differently. In one possible
scenario, if the entire atmosphere was uplifted like a rigid body by the effects of the flare, then we would
expect that number densities of all species would increase by the same factor as the total number density.
In another possible scenario, if some species were unaffected by the effects of the flare, then we would
expect that number densities of those species would not change at all.

The baseline density profiles are in general agreement with prior studies of the composition of the Martian
upper atmosphere (Mahaffy, Benna, Elrod, et al., 2015; Mahaffy, Benna, King, et al., 2015). CO2 is the domi-
nant species at lower altitudes and is surpassed by atomic O above approximately 200 km. The number den-
sities of N2 are also appreciable but smaller, and Ar and He are trace species.

Throughout the present work, we divide reported CO number densities by a factor of 4. If such a correction
factor is not applied, then CO number densities appear to be unusually large. Unadjusted, CO would be the
most abundant species in the altitude range of ∼190–215 km for the baseline density profile, which is not
consistent with earlier observations or theoretical models (Bougher et al., 1990; Bougher, Pawlowski, et al.,
2015; Mahaffy, Benna, Elrod, et al., 2015; Nier &McElroy, 1977). Moreover, CO number densities would not
be consistent with the earlier studies of Elrod et al. (2018) with these same orbits. We note that CO densities
reported by NGIMS increased by approximately a factor of ∼7 between the Version 07 Revision 03 products
used by Elrod et al. (2018) and the Version 08 Revision 01 products used in this work. The NGIMS team is
currently assessing the calibration of CO density values. They advise that CO densities in Version 08
Revision 01 products be divided by a factor between 2 and 5. In the present work, we adopted a factor of
4. This value ensures that CO is never the most abundant species, as suggested by previous work, and is
squarely in the center of the recommended range. The sensitivity of our findings to the adopted value of this
correction factor is further discussed in section 7.2.

As is observed for our baseline total density profile in the left panel of Figure 1, the number density of each
species decreases approximately exponentially with increasing altitude in the left panel of Figure 2. Densities
of the lower mass species change more gradually with altitude and as such have greater scale heights. Some
mass dependence to this baseline density structure is expected, as the full range of altitudes from our
observations are above the homopause (Slipski et al., 2018), where well‐mixed species separate by mass as
molecular diffusion replaces eddy diffusion as the primary diffusive process regulating the atmosphere
(Strobel, 2002).

If these density distributions are controlled solely by diffusive processes, then we would expect the product of
molecular mass and scale height to be proportional to temperature and therefore the same for all species.
However, even though the qualitative expectation of lower mass species having greater scale heights is

Figure 2. (left) Dependence of the densities of six neutral species (Ar, He, N2, CO, CO2, and O) on altitude for the flare‐affected orbit (dashed lines) and for the
average of the set of baseline orbits (solid lines). (right) Ratio for each individual species of the number density in the flare‐affected orbit to the baseline number
density for the same species at the same fixed altitudes.
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(この議論を簡単な数式で)

高度150km以下の密度はフレア時にも変化なしと仮定
高度150kmでの密度を𝑛!とし、高度150+ℎ kmでの密度𝑛"を求める。
Non-flare時は𝑛", flare時は𝑛"′とする
温度がnon-flare時は𝑇, flare時は𝑏𝑇とする（Tは高度によらず一定とする）
Speciesのmassを𝑚とする
• 𝑛" = 𝑛!×exp(−𝑚𝑔ℎ/𝑘𝑇) (non-flare)
• 𝑛"′ = 𝑛!×exp(−𝑚𝑔ℎ/𝑏𝑘𝑇) (flare)
• #!$

#!
= exp %&'

()
*+"
*

= 𝛼%' 𝛼 = exp &
()

*+"
*

当然、比はb>1で1より大きい

この比は同じ高度ではexponential mに比例
CO2の密度は230kmで約5倍。これを用いてHeの300kmにおける増加率は、
• 𝛼,,×.! = 5 𝛼 = 5"/(,,×.!)

• 𝛼,×"2! = 5,×"2!/(,,×.!) = 5!."4 =約1.3倍と見積もられる
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結果：化学種ごとの密度変動 (大気密度固定：組成変化)
l高度固定でみると、大気の熱膨張と化学組成変化の和となって現れる。
l大気密度を固定にすると、大気膨張の効果を切り離して組成変化をみることがで
きる。

l Total number density >108 cm-3では、フレア時の化学組成変化がない。
lこれより低密度では、CO2とArが減少、Oが増加している。N2とCOは変化なし
l Arは不活性のため、Arの減少は予期されていなかった

2021/11/10 ⽕星勉強会 9

To produce a grid of fixed total densities, total densities were first calculated by summing the six NGIMS spe-
cies at each altitude from the fixed altitude grid previously generated as described in section 5.1. Then, for
each species and orbit, total densities were interpolated onto a log scale increasing by exponent increments
of 0.05 (106.50, 106.55, …). Creating a fixed total density grid allows a baseline average of species densities, a
flare‐to‐baseline density ratio, and error bars to be generated across common total density values. In each
figure for which we have replaced altitudes with total number densities, we have inverted the vertical axis
of fixed total densities in order to mirror the baseline atmosphere structure, with densities decreasing toward
higher altitudes.

The left panel of Figure 3 shows the same number density profiles of individual species as the left panel of
Figure 2 but now expressed relative to total number density rather than altitude. Changes in the species
number densities during the flare‐affected orbit appear significantly smaller in the left panel of Figure 3 than
in the left panel of Figure 2. This indicates that thermal expansion of the bulk atmosphere plays a significant
role in creating the apparent density changes of the left panel of Figure 2 compared to the role of changing
chemistry.

At total number densities greater than ∼108 cm−3 (low altitudes), the number densities of each species
remain unaltered, whereas in the left panel of Figure 2, the number densities of Ar, CO, N2, and CO2 were
still slightly enhanced at low altitudes. This suggests that while thermal expansion is present from flare heat-
ing at lower thermospheric altitudes, the chemical processes in this region remain unaffected. At total num-
ber densities less than 108 cm−3 (high altitudes), it appears that of the species examined, only CO2, O, and Ar
densities change relative to their baseline density values. This also contrasts with the left panel of Figure 2,
where relative changes in N2 and CO densities were more significant than those of O.

The right panel of Figure 3, which presents a ratio of the flare‐to‐baseline species densities in terms of fixed
total densities, indicates that the number density of O is enhanced to roughly a factor of 1.2 at high altitudes,
and CO2 and Ar densities are diminished by up to 60% and 40%, respectively.

The relative decrease in Ar at high altitudes is unexpected because the species, as a noble gas, should be rela-
tively inert. In contrast, chemical reactions involving O or CO2 are common, and thus the changes in their
relative densities during the flare‐affected orbit are expected when expressed in terms of fixed total densities.

The right panel of Figure 3 suggests that the relative change in the O density during the flare‐affected orbit
may not continuously increase with altitude. Instead, it may reach a maximum value for total number den-
sities in the range 2 × 107 to 2 × 108 cm−3. However, the statistical significance of this finding is weak.

It is important to note that by construction, it is not possible for all number densities to increase (or decrease)
from the baseline to the flare profile at a given total number density level in the left panel of Figure 3. If the

Figure 3. (left) Dependence of the densities of each individual species on total number density for the flare‐affected orbit (dashed lines) and for the average of the
set of baseline orbits (solid lines). (right) Ratio for each individual species of number density in the flare‐affected orbit at a given total number density to the
baseline mean number density of that species at the same total number density.
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結果：化学組成変化
l高度固定でみると、フレアの影響は1std以内でminor
l大気密度固定でみると、total number density >108 cm-3 の高密度領
域ではフレアの影響なし。これより低密度領域ではO混合比が増大し、
CO2, Ar混合比が減少している。N2, CO, Heは変化なし。

l太陽フレアによる化学的影響が密度に与える影響は小さいが、大気組成
に与える影響は大きいことを示唆。
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number density of one major species increases, then the number density of at least one other major species
must decrease to compensate. As such, the observed increase in the O number density is coupled to the
observed decreases in the CO2 and Ar number densities.

6. Composition
6.1. Effects at Fixed Altitude

The previous sections examined how the densities of individual species were affected by the 10 September
2017 solar flare. Here we examine how the atmospheric composition was affected by the solar flare. To do
so, we investigate changes in the relative abundances (%) of each individual species at fixed altitude. The
relative abundance of each species is calculated by dividing the species density by the total density calculated
at the same altitude.

The left panel of Figure 4 shows the relative abundances of each species for the flare‐affected orbit and for
the baseline set of orbits. Viewed here in terms of altitude, the compositional effects of the flare appear
minor.While the relative abundances of O, N2, and CO appear to decrease slightly for the flare‐affected orbit,
they remain within one standard deviation of their baseline relative abundances at all altitudes. Changes in
the relative abundances of Ar and He are difficult to discern in the left panel of Figure 4 due to their small
proportions in the total neutral atmospheric composition, but each changes by less than ∼1%.

The relative abundance of CO2 is notably larger for the flare‐affected orbit than its baseline value and
exceeds the average by more than one standard deviation at altitudes above 200 km. This is the expected
behavior of CO2 under the influence of thermal expansion, given its high relative abundance at low altitudes
in the thermosphere.

6.2. Effects at Fixed Total Number Density

As in section 5.2, we also examine the compositional effects of the solar flare in terms of fixed total number
density. The right panel of Figure 4 shows the relative abundances of each species for the flare‐affected orbit
and baseline orbits average, as in the left panel of Figure 4, but in terms of fixed total number density rather
than fixed altitude.

At total number densities greater than 108 cm−3 (low altitudes), the atmospheric composition is not altered
significantly by the flare. At total number densities less than 108 cm−3 (high altitudes), the relative

Figure 4. (left) Dependence of the relative abundances (species/total number density) of each individual species on altitude for the flare‐affected orbit
(dashed lines) and for the average of the set of baseline orbits (solid lines). (right) Dependence of the relative abundances of each individual species on total
number density for the flare‐affected orbit (dashed lines) and for the average of the set of baseline orbits (solid lines).
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結果：O/CO2 (高度固定：大気膨張)
l高度固定でみると、O/CO2比はフレア時に減少。
lフレアによる加熱で大気が膨張し、あるO/CO2比をとる高度が上昇するため。
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abundance of O is enhanced by the flare and the relative abundances of CO2 and Ar are diminished, while
the relative abundances of N2, CO, and He exhibit no statistically significant change.

Rather than using axis values from the fixed total density scale, total number densities in this figure are the
sum over the individual, orbit‐averaged species densities at each fixed total density. The difference between
total number densities calculated from these two methods is relatively minor, but only the latter produces
relative abundances which add up to 100%.

The increase in the proportion of O and decrease in the proportion of CO2 in the upper thermosphere are
seen in the right panel (fixed total densities) but not in the left panel (fixed altitudes) of Figure 4. This che-
mical enhancement of O densities and chemical decrease in CO2 are also seen in Figure 3 (fixed total den-
sities) and are similarly overshadowed by the larger density changes from thermal expansion in Figure 2
(fixed altitudes). However, whereas comparison between Figures 2 and 3 shows that flare‐produced changes
are much smaller when viewed against fixed total densities than against fixed altitudes, changes in the alti-
tude and total density‐viewed relative abundances of species (Figure 4, left and right panels) are of compar-
able size to one other. This demonstrates that while the chemical effects produced by a solar flare have a
relatively minor effect on the densities of individual species in the thermosphere, their influence on the
atmospheric composition is more sizable.

7. O/CO2 Ratio

The O/CO2 density ratio provides a useful indication of upper atmospheric change due to O and CO2 being
the most abundant species in the upper and lower altitudes of the thermosphere, respectively, as well as sig-
nificant components of the region's foremost chemical reactions (Bougher, Pawlowski, et al., 2015;
Krasnopolsky, 2002). The O/CO2 ratio has been used to track the behavior of global atmospheric circulation
in models and is an analog to the O/N2 ratio used at Earth to track the atmospheric response to geomagnetic
storms (Siskind & Bougher, 2016). From the previous sections, O and CO2 are shown to be the two neutral
species most affected by the solar flare. As such, the behavior of the O/CO2 ratio serves as a useful measure of
the effects from the solar flare.

7.1. Effects at Fixed Altitude

The left panel of Figure 5 shows the O/CO2 ratio for the flare‐affected orbit and the baseline average.

This panel demonstrates that the flare‐affected O/CO2 ratio is smaller than the baseline O/CO2 value at all
altitudes but is only more than one standard deviation away from the baseline average at altitudes above

Figure 5. (left) Dependence of the O/CO2 ratio on altitude for the flare‐affected orbit (dashed line) and for the average of the set of baseline orbits
(solid line). (right) Ratio of the O/CO2 ratio on the flare‐affected orbit at a given altitude to the average O/CO2 ratio in the set of baseline orbits at the same
altitude (solid line).
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結果：O/CO2 (大気密度固定：化学的影響)
l大気密度 < 108 cm-3では、フレア時にO/CO2比が増加
l大気膨張の影響を取り除いたO/CO2比に対するフレアの影響は、密度が高い低高
度では小さく、密度が低い高高度ほど顕著になる。

l CO2の光解離がこれを説明する光化学プロセスの１つ。

2021/11/10 ⽕星勉強会 12

∼205 km. The altitude at which the O/CO2 ratio is unity is elevated from a baseline value of 200 ± 5 to
205± 5 km. To provide uncertainties for the altitudes at a given density ratio, despite densities not being
fixed across altitudes, the density uncertainty values above and below the density ratio are averaged into
an altitude uncertainty value.

Thermal expansion during the flare‐affected orbit would be expected to increase the altitude at which the
O/CO2 ratio equals unity, as is observed. However, the altitude at which the O/CO2 ratio is unity has been
observed to vary substantially over a short, multihour timescale in the absence of solar or dust storm condi-
tions. Influence from the lower atmosphere interaction between gravity waves and the global winds, and
small‐scale atmospheric mixing are potential sources of this variation (Bougher, Jakosky, et al., 2015).

It is relevant to note that observations drawn directly from the left panel of Figure 5, if taken out of context
from prior figures, could result from a number of atmospheric behaviors which produce the same result,
such as an increase in the abundance of O, a decrease in the abundance of CO2, or a combination of the
two. From Figure 2, it is apparent that the decrease in flare‐orbit O/CO2 ratio values in the left panel of
Figure 5 is a result of the enhancement of CO2 densities exceeding the enhancement of O densities.

The right panel of Figure 5 compares the O/CO2 ratio on the flare‐affected orbit directly to the baseline
O/CO2 ratio. The slope of this flare‐to‐baseline O/CO2 ratio plot is close to vertical at all altitudes but is
centered at a smaller value (∼0.5) for altitudes above approximately 200 km and a larger value (∼0.7–0.8)
for lower altitudes. This indicates that consistently across all altitudes above 200 km, the O/CO2 ratio was
reduced to roughly half its baseline value during the flare‐affected orbit. It also indicates that consistently
across all altitudes below 200 km the O/CO2 ratio was less significantly affected by the flare and remained
roughly 0.7–0.8 times the baseline O/CO2 ratio. This non‐unity ratio value at the lowest measured altitudes
shows agreement with MAVEN/IUVS findings of atmospheric heating below 170 km during the
flare‐affected orbit (Jain et al., 2018).

7.2. Effects at Fixed Total Number Density

The left panel of Figure 6 shows the O/CO2 ratio for the flare‐affected orbit and for the baseline average, as in
the left panel of Figure 5, but in terms of fixed total number density rather than fixed altitude.

The flare‐affected O/CO2 ratio is greater than the baseline average by more than one standard deviation at
total number densities less than ∼108 cm−3 (high altitudes) and is within one standard deviation of the
baseline average for larger total number densities (low altitudes). In contrast with the fixed altitude repre-
sentation in the left panel of Figure 5, where the O/CO2 ratio is reduced by the flare, the fixed total

Figure 6. (left) Dependence of the O/CO2 ratio on total number density for the flare‐affected orbit (dashed line) and for the average of the set of baseline orbits
(solid line). (right) Ratio of the O/CO2 ratio on the flare‐affected orbit at a given total number density to the average O/CO2 ratio in the set of baseline orbits
at the same total number density (solid line).
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考察：フレアの影響 vs solar cycleの影響
l Krasnopolsky (2002)と、Bougher et al. (2015)のモデルで見積もられた
solar cycleによる密度変動と比較

lどちらのモデルも、フレア時の密度変動よりも、太陽極小期から太陽極大期にか
けた変動のほうが大きい。

2021/11/10 ⽕星勉強会 13To provide greater context for the effects of solar flares in theMartian thermosphere, we compare the density
changes observed for major thermosphere species O and CO2 during the 10 September 2017 flare to the
changes caused by these two significant influences. The comparisons described in the following
subsections are also listed in Table 1.

8.1. Flare Effects Compared With Solar Cycle EUV Variation

We use O and CO2 number densities extracted from graphical representations of outputs from the models of
Krasnopolsky (2002) and Bougher, Pawlowski, et al. (2015) to compare maximum density changes due to the
solar cycle withMAVEN flare event data. F10.7/d

2, used as a rough proxy for solar EUV irradiance received at
Mars, is set to 25 (solar minimum) and 88 (solar maximum) by Krasnopolsky (2002). We estimate from F10.7
and solar longitude values that Bougher, Pawlowski, et al. (2015) conditions have slightly larger F10.7/d

2

values of ∼33 (solar minimum) and ∼95 (solar maximum). Densities are found for a dayside mean at
SZA= 60° by Krasnopolsky (2002) and for LST = 15 at SZA= 45° by Bougher, Pawlowski, et al. (2015). In
greater contrast, Krasnopolsky (2002) presents a 1‐Dmodel that utilizes eddy diffusion to produce the global
effects of winds on the atmosphere's density distributions, while Bougher, Pawlowski, et al. (2015) present a
3‐D global model within which both horizontal and vertical winds, with more limited eddy diffusion, shape
the density distributions in the atmosphere. These structural differences between the two models may result
in a broader range of thermosphere behavior over the solar cycle, providing a more robust comparison to the
flare‐affected atmosphere.

For both models, we find that number densities of both O and CO2 changed more greatly from solar mini-
mum to maximum of the solar cycle than from baseline to flare‐affected conditions during the 10 September
2017 flare, at all altitudes examined. Over the altitude range of 170–220 km, the Krasnopolsky (2002) model
indicated factors of∼2.4–3.8 increase in O densities fromminimum tomaximum of the solar cycle, while the
Bougher, Pawlowski, et al. (2015) model, M‐GITM, indicated factors of ∼1.6–2.7 increase. During the 10
September 2017 flare O densities in contrast increased by factors of ∼1.15–2.45, amounting to roughly
50–90% of the density enhancements from the solar cycle EUV variations, with the most prominent fraction
at higher thermospheric altitudes. Over the same altitude range, CO2 densities increased by more significant
factors of ∼2.8–16.6 and ∼2.3–13.2, according to each model, respectively. CO2 densities from the flare in
contrast increased by more modest factors of 1.50–4.45, or roughly ∼25–65% of the density enhancements
due to the solar cycle. The flare‐produced changes in CO2 densities comprise greater proportions of the solar
cycle‐produced CO2 changes at lower altitudes.

8.2. Flare Effects Compared With Dust Storm Effects

Another significant source of upper atmospheric change at Mars besides EUV variation is dust storms
(Withers & Pratt, 2013). These effects differ for global and regional dust storms. To compare dust storm

Table 1
Perturbed/Baseline Number Density Ratios

Event

170 km 220 km

SourceO CO2 O CO2

Flare 1.15 1.52 2.44 4.43 This study

Solar cycle 2.4 2.8 3.8 16.6 Krasnopolsky (2002)
1.6 2.3 2.7 13.2 Bougher, Pawlowski,

et al. (2015)

Dust storms (regional) ∼1.2 1.3 >2.0 >3.4 Liu et al. (2018) (nightside)
1.1 1.3 1.1 1.6 Liu et al. (2018) (dayside)
1.3 1.8 1.8 2.8 Y. Lee et al. (2020)

Dust storms (global) 0.6 5.0 0.7 5.2 Y. Lee et al. (2020)
0.7 1.5 n/a n/a Elrod et al. (2020)a

aDensities calculated for SZA∼ 67°.
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考察：フレアの影響 vs ダストストームの影響
Regional dust storm (Liu et al., 2918; Lee et al., 2020)
l 190km以下ではフレア時の変動のほうが小さく、190km以上ではフレア時の変
動の方が大きい
Global dust storm (Lee et al., 2020; Elrod et al., 2020)
l O原子はregional と異なり、減少傾向。
l同様に、190km以上ではフレア時の変動の方が大きい

2021/11/10 ⽕星勉強会 14To provide greater context for the effects of solar flares in theMartian thermosphere, we compare the density
changes observed for major thermosphere species O and CO2 during the 10 September 2017 flare to the
changes caused by these two significant influences. The comparisons described in the following
subsections are also listed in Table 1.

8.1. Flare Effects Compared With Solar Cycle EUV Variation

We use O and CO2 number densities extracted from graphical representations of outputs from the models of
Krasnopolsky (2002) and Bougher, Pawlowski, et al. (2015) to compare maximum density changes due to the
solar cycle withMAVEN flare event data. F10.7/d

2, used as a rough proxy for solar EUV irradiance received at
Mars, is set to 25 (solar minimum) and 88 (solar maximum) by Krasnopolsky (2002). We estimate from F10.7
and solar longitude values that Bougher, Pawlowski, et al. (2015) conditions have slightly larger F10.7/d

2

values of ∼33 (solar minimum) and ∼95 (solar maximum). Densities are found for a dayside mean at
SZA= 60° by Krasnopolsky (2002) and for LST = 15 at SZA= 45° by Bougher, Pawlowski, et al. (2015). In
greater contrast, Krasnopolsky (2002) presents a 1‐Dmodel that utilizes eddy diffusion to produce the global
effects of winds on the atmosphere's density distributions, while Bougher, Pawlowski, et al. (2015) present a
3‐D global model within which both horizontal and vertical winds, with more limited eddy diffusion, shape
the density distributions in the atmosphere. These structural differences between the two models may result
in a broader range of thermosphere behavior over the solar cycle, providing a more robust comparison to the
flare‐affected atmosphere.

For both models, we find that number densities of both O and CO2 changed more greatly from solar mini-
mum to maximum of the solar cycle than from baseline to flare‐affected conditions during the 10 September
2017 flare, at all altitudes examined. Over the altitude range of 170–220 km, the Krasnopolsky (2002) model
indicated factors of∼2.4–3.8 increase in O densities fromminimum tomaximum of the solar cycle, while the
Bougher, Pawlowski, et al. (2015) model, M‐GITM, indicated factors of ∼1.6–2.7 increase. During the 10
September 2017 flare O densities in contrast increased by factors of ∼1.15–2.45, amounting to roughly
50–90% of the density enhancements from the solar cycle EUV variations, with the most prominent fraction
at higher thermospheric altitudes. Over the same altitude range, CO2 densities increased by more significant
factors of ∼2.8–16.6 and ∼2.3–13.2, according to each model, respectively. CO2 densities from the flare in
contrast increased by more modest factors of 1.50–4.45, or roughly ∼25–65% of the density enhancements
due to the solar cycle. The flare‐produced changes in CO2 densities comprise greater proportions of the solar
cycle‐produced CO2 changes at lower altitudes.

8.2. Flare Effects Compared With Dust Storm Effects

Another significant source of upper atmospheric change at Mars besides EUV variation is dust storms
(Withers & Pratt, 2013). These effects differ for global and regional dust storms. To compare dust storm

Table 1
Perturbed/Baseline Number Density Ratios

Event

170 km 220 km

SourceO CO2 O CO2

Flare 1.15 1.52 2.44 4.43 This study

Solar cycle 2.4 2.8 3.8 16.6 Krasnopolsky (2002)
1.6 2.3 2.7 13.2 Bougher, Pawlowski,

et al. (2015)

Dust storms (regional) ∼1.2 1.3 >2.0 >3.4 Liu et al. (2018) (nightside)
1.1 1.3 1.1 1.6 Liu et al. (2018) (dayside)
1.3 1.8 1.8 2.8 Y. Lee et al. (2020)

Dust storms (global) 0.6 5.0 0.7 5.2 Y. Lee et al. (2020)
0.7 1.5 n/a n/a Elrod et al. (2020)a

aDensities calculated for SZA∼ 67°.

10.1029/2020JA028518Journal of Geophysical Research: Space Physics

CRAMER ET AL. 14 of 21



考察
昼夜対流の影響
l酸素原子の夜側への移流は、O/CO2比を変化させ、熱圏の密度と組成両方に影響
を与える。

l水平風は、受けた太陽放射量の増大・その結果の酸素原子増加によって影響を受
ける(Bougher et al., 2015)

lフレア時の太陽放射増加・大気加熱・光化学反応により駆動される対流が、今回
観測された密度や組成の変化が影響を与えた可能性がある。

l予期せぬArの変化やO/CO2比の大気密度が小さい領域での振る舞いは、こうした
ダイナミクスを考慮に入れることで解決する可能性がある。
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まとめ
l 2017年9月の太陽フレアが火星熱圏の密度と組成に与えた影響を調べた。
l O/CO2比が観測上端の最も大気密度が低い領域では、フレアの影響を受けた領域
で26.6となり、フレアの前後のorbitを平均した9±2よりも3倍程度、有意に増加
した。このことから、太陽フレアによる化学組成変化の影響が大きいことが示唆
された。

l太陽フレアが火星上層大気に与える影響をより包括的に理解するためには、
1. 電離圏の組成変化との比較：CO2・Oは電離圏組成を決める上で重要な中性種
2. 他のフレアの影響を調べる：MAVENの4.5時間orbitでは、複数の連続する
orbitでフレアの影響が現れることはないと考えられる。複数のフレアを解析す
ることで、冷却などの時定数を明らかにできる

3. 数値モデルでの評価：加熱・光化学・輸送の相対的な寄与を評価することができ
る。

l初期火星では、キャリントン規模のCMEが1日に1回程度の頻度で発生していた
可能性がある。継続的な太陽フレアは、初期火星大気の散逸に大きな影響を与え
ていたと考えられる。
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