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Introduction: Solar energetic particles (SEPs)
Solar Energetic Particles (SEPs)
l High energy particles (electron, proton and heavy ions) coming from the sun (few 

tens of keV - few GeV) associated with solar flares and coronal mass ejections. 

Effects of SEPs on planetary atmospheres
l Increased ionization of atmospheric molecules
l Increased dose rate [Kataoka and Sato, 2015]

l Auroral emissions [Sandford, 1961; Schneider et al., 2015]

l Changes in atmospheric chemistry [Solomon et al., 1981; Airapetian et al., 2016]
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Credit: ISSI Team led by K. Herbst & J.L. Grenfell

Main topic of this study

[Reams, 1999]



Introduction: SEP effects on ozone at Earth
Ozone depletion [e.g. Solomon et al., 1981]

l Ozone depletion by ~40 % in the middle atmosphere at polar 
region during October 2003 SEP event [Jackman et al., 2005].

l Ozone destruction is caused by increases of HOx (OH + HO2) 
and NOx (NO + NO2) during SEP events [e.g. Jackman et al., 
2005]. 
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[Jackman et al., 2005]

OH + O3 → HO2 + O2
HO2 + O → OH + O2
O + O3 → O2 + O2

NO + O3 → NO2 + O2
NO2 + O → NO + O2
O + O3 → O2 + O2

HOx catalytic destruction cycle

Net: Net: 

NOx catalytic destruction cycle

O2+ N2+, N, N(2D)

Cluster ion chemistry
O2+(H2O), H3O+(OH)
H3O+(OH) + e- → H + OH + H2O

Neutral chemistry
N(2D) + O2 → NO + O

Solar proton precipitation



Introduction: SEP effects on the atmosphere of Mars
Global diffuse aurora
l MAVEN/IUVS have discovered global 

diffuse aurora spanning across nightside 
of Mars during SEP events [Schneider et 
al., 2015].

l Emission peak at low altitude (~70 km 
[Schneider et al., 2015; 2018].

l Both SEP electrons and protons 
contributed to the diffuse auroral emission 
[Nakamura et al., 2022].

Effects on atmospheric 
chemistry?
l There is no understanding of the SEP 

effects on the atmospheric chemistry 
of Mars.

l Trace Gas Orbiter (TGO) is expected to 
detect changes in chemical compositions 
during SEP events in several years of 
increasing phase of solar cycle 25. 
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[Schneider et al., 2018]

 25 

km, which is 10 km higher than the observation. 664 
 665 

 666 
Figure 12 (a, b) Total limb intensity of CO2+ UVD (black) and 667 
contribution of impacting electrons (purple) and protons (green) during 668 
the December 2014 SEP event and September 2017 SEP event, 669 
respectively. Observed profiles are taken from Schneider et al. (2015) 670 
and Schneider et al. (2018) in the December 2014 SEP event and 671 
September 2017 SEP event, respectively. Note that the calculated limb 672 
profiles for the September 2017 SEP event were multiplied by a factor 673 
of 8 to match the observed emission intensity. 674 
 675 

5. Discussion 676 
Even if we found a good agreement between observations and simulations (Figure 12), 677 
there are several limits when comparing modeled with observed profiles. The results 678 
displayed in Figure 12 depend first on the cross sections and ionizing branching ratio of 679 
the H-CO2 collision. Since we assumed that most of the cross sections for H-CO2 used 680 
are identical to the cross sections for H-O2 collisions, our calculations might be impacted 681 
by this assumption. Another aspect that may have affected our calculations is that we 682 
assumed the branching ratio of CO2+ (B2Σu+) to the total CO2 ionization due to hydrogen 683 
atom impacts to be 0.1. 684 
 685 
As already mentioned in Section 4.2, the upper limit of the energy range considered in 686 
PTRIP could limit our capability to compare the results of our simulation to the IUVS 687 
observations. Extrapolating the cross sections (see Text S1 in the supplementary 688 
materials) and the electron and proton flux considered in this paper allow us to provide a 689 
first estimate of the potential contributions to the emission due to electrons above 100 690 
keV and protons above 5 MeV. For the December 2014 SEP event, since the electron and 691 

CO2
+ UVD

Proton

ElectronIUVS

[Nakamura et al., 2022]

Proton
+

electron



Purposes
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To investigate the effects of SEPs on atmospheric chemistry of Mars. 
To evaluate the detectability of chemical species. 

We have developed two numerical models:

① Particle TRansport In Planetary atmospheres (PTRIP) 
Monte Carlo model of electron, proton and hydrogen atom transport 
in the planetary atmospheres [Nakamura et al., 2022].

② General photochemical model
Designed for adaptability to many planetary bodies (Mars, Jupiter, 
Earth, Titan, etc.) and flexibility to add/remove/modify chemical 
reactions by using Python GUI and photochemical calculation routine 
written in Fortran. 



Model: Particle TRansport In Planetary atmosphere (PTRIP)

PTRIP: Monte Carlo model

26 May 2022 EGU General Assembly 2022 6

Collision physics

l SEP event on 28 Oct. 2003 “Halloween event”

l Calculated ionization rate:

l N2
+ : N+ : N : N(2D) = 1 : 0.22 : 0.73 : 0.95 

[Krasnopolsky, 2009]

SEP proton input fluxes

Energy range proton: 100 eV – 200 MeV

electron : ionization, excitation, dissociation, 
elastic

proton : ionization, electron-capture, 
elastic

H atom : ionization, charge-stripping, 
elastic

l In PTRIP, equations of motion are solved 
for each incident particle. 

l Random numbers are used for collisional 
processes. 

Other inputs Isotropic pitch angle 

[Nakamura et al., 2022]
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Model: General photochemical model
Python GUI + Fortran routine
Designed for adaptability to many planetary bodies (Mars, Jupiter, Earth, Titan, etc.) 
and flexibility to add/remove/modify chemical reactions by using Python GUI and 
photochemical calculation routine written in Fortran. 
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Model: General photochemical model
General photochemical model (1D model)
l Solving series of continuity equations by using implicit method.
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for neutrals (molecular & eddy diffusion),

for ions (ambipolar diffusion),

Calculation settings
l Surface pressure: 6 mbar CO2
l N2 mixing ratio: 1.9% at surface 

[Mahaffy et al., 2013]
l Temperature: Krasnopolsky [2010]
l Water vapor: Krasnopolsky [2010]
l H, H2 escape: Jeans escape
l O escape flux: 1.2×108 [cm-2s-1]

Chemical reactions (34 neutrals, 48 ions)
l 485 chemical reactions are considered.

neutral chemistry, ion-neutral chemistry, 
cluster ion chemistry

[Chaffin et al., 2017]

Initial atmosphere (CO2, N2, H2O)

Stable solution (without SEP)

Ion and neutral compositions 
during SEP event

Ion and neutral compositions 
after SEP event

SEP (1day)

Without SEP 
(10days)



Results: Ion composition

9

Before SEP event During SEP event
1 day 
after

← Cosmic ray

Solar EUV → Solar EUV →

l During an extreme SEP event, ion compositions are largely altered during SEP 
event below 100 km altitude, producing water cluster ions ~ 1011 [m-3] below 
70 km, in agreement with a previous study [Sheel et al., 2012].

► How do neutrals change during SEP events on Mars?

Dayside ionosphere

← SEP
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Results: Changes in neutral compositions
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HOx (OH + HO2) : 5 MeV – 30 MeV proton
l Increased by a factor of ~5 at 20-60 km
l Almost recovered 1 day after the end of SEP event.
Ozone O3                  : 5 MeV – 30 MeV proton
l Decreased by a factor of ~ 5 at 20-60 km
l Almost recovered 1 day after the end of SEP event.
NOx (NO + NO2) : 100 keV – 30 MeV proton
l Increased by a factor of ~100 at 20-100 km
l Recovery time scale is relatively long > 10 days.
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Results: Changes in neutral compositions

26 May 2022 EGU General Assembly 2022 11

Including 227 reactions except for N-relatedIncluding all 485 reactions

Contribution to O3 destruction
l HOx: Effective in short-term.
l NOx: Less effective in short-term. 
l Short-term ozone depletion during 

SEP events is driven by HOx-
cycle via cluster ion chemistry.

HOx (OH + HO2): 5 MeV – 30 MeV proton
l Increased by a factor of ~5 at 20-60 km
l Almost recovered 1 day after the end of SEP event.
Ozone O3: 5 MeV – 30 MeV proton
l Decreased by a factor of ~ 5 at 20-60 km
l Almost recovered 1 day after the end of SEP event.
NOx (NO + NO2): 100 keV – 30 MeV proton
l Increased by a factor of ~100 at 20-100 km
l Recovery time scale is relatively long > 10 days.



Results: Temporal variation during and after SEP events
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Temporal variation of O3, HOx and NOx
SEP Recovery Recovery

HOx and O3 : ~ 5 hours
l Duration of SEP event does not affect 

enhancement of HOx and depletion of O3.
l SEP effects quickly disappear, but slightly 

remain.
l Loss time scale : 10-100 sec.

NOx : ~ Several days
l Duration of SEP event is important in 

enhancement of NOx.
l SEP effects remain 10 days after.
l Loss time scale : 104-105 sec

Response time scale



Discussion: Detectability of chemical changes
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Species Variability during SEP events
predicted by this study

NOMAD detection limit
(Solar Occultation: SO) 
[Vandaele et al., 2015]

Detectability

O3 ~ 10 ppb @ 20 – 50 km 0.05 ppb (UVIS, SO) ◎
HO2 ~ 1 ppb @ 20– 50 km 1 ppb (SO) △

NO2 ~ 0.1 ppb @ 20 – 50 km 0.1 ppb (SO) △

N2O ~ 0.001 ppb @ 20 – 50 km 0.2 ppb (SO) -

H2CO ~ 1e-14 ppb @ 50 km 0.03 ppb (SO) -

TGO/NOMAD [Vandaele et al., 2015]
ü High-resolution spectrometer on board Trace Gas 

Orbiter designed to detect atmospheric trace species.
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45 - 135°. Panel c shows the GEM vertical distribution of ozone at the beginning of southern spring in the 
Ls range 135 – 225°. Panel d shows the GEM-Mars vertical distribution of ozone at the beginning of 
southern summer in the Ls range 225 - 315°. Panels e-h are the same UVIS data from Figure 5 shown for 
comparison. 

 

           
 

Figure 14. GEM-Mars model simulations of the seasonal distribution of the retrieved vertical O3 
abundance (molecules/cm3) averaged over the altitudes, latitudes, longitudes, Ls and local times observed 

[Khayat et al., 2021]



Chemical processes during SEP events on Mars
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Impact ionization
R1   CO2 + p* → CO2

+ + e– + p*

Formation of cluster ions
R2   CO2

+ + CO2 + M → CO2
+(CO2) + M

R3   CO2
+(CO2) + O2 → O2

+ + 2CO2

R4   O2
+ + CO2 + M → O2

+(CO2) + M
R5   O2

+(CO2) + H2O → O2
+(H2O) + CO2

R6   O2
+(H2O) + H2O → H3O+(OH) + O2

Production of OH and H
R7   H3O+(OH) + H2O → H+(H2O)2 + OH
R8   CO + OH + M → CO2 + H + M
R9   H+(H2O)n + e– → H + nH2O

Catalytic destruction of ozone (effective)
R10  H + O3 → OH + O2

R11  OH + O → H + O2

p Dominant chemical process for   
O3 and HOx during SEP events
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p Dominant chemical process for 
NOx during SEP events

Impact ionization
R1   N2 + p* → N2

+ + e– + p*
R2   N2 + p* → N+ + N(2D) + p*
R3   N2 + p* → N + N(2D) + p*

Neutral chemistry
R4   N(2D) + CO2 → NO + CO
R5   NO + N → N2 + O ( > 70 km)
R6   NO + O + M → NO2 + M (50 - 70 km)
R7   NO + HO2 → NO2 + OH (0 - 50 km)
R8   N + NO2 → N2O + O 

Catalytic destruction of ozone (less effective)
R9   NO + O3 → NO2 + O2

R10 NO2 + O → NO + O2



Summary

nChanges in atmospheric compositions during SEP events on Mars are 
investigated by using PTRIP and a general photochemical model.

lOzone depletion by a factor of 5 could be expected during SEP events 
due to the precipitation of 5-30 MeV protons. 

lDuration of SEP event does not affect variation of HOx and ozone, but it 
affects enhancement of NOx.

lVariation of ozone can be detected by TGO/NOMAD, HO2 and NO2 are 
just around detection limit, whereas N2O and H2CO are not expected to be 
detected.

26 May 2022 EGU General Assembly 2022 15


