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Introduction: Solar energetic particles (SEPSs)
Solar Energetic Particles (SEPs)

® 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 [Reams, 1999]

® Increased ionization of atmospheric molecules

® Increased dose rate [Kataoka and Sato, 2015]
® Auroral emissions [Sandford, 1961; Schneider et al., 2015] Main topic of this study

[0 Changes in atmospheric chemistry [Solomon et al., 1981; Airapetian et al., 2016] ]
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Introduction: SEP effects on ozone at Earth

Ozone depletion [e.g. Solomon et al., 1981]

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

® Ozone destruction is caused by increases of HOx (OH + HO,)
and NOx (NO + NO,) during SEP events [e.g. Jackman et al.,

2005].

Solar proton precipitation
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Introduction: SEP effects on the atmosphere of

Global diffuse aurora

® MAVEN/IUVS have discovered global
diffuse aurora spanning across nightside
of Mars during SEP events [Schneider et

al., 2015].
. o ® Emission peak at low altitude (~70 km
Sept 12, 2017 Sept 13, 2017 > [SChneider et al., 2015, 2018]

07:24 UTC . 05:34 UTC

S h * | 201 ® Both SEP electrons and protons
chnelder et al., contributed to the diffuse auroral emission
Dec. 2014 SEP event [Nakamura et al., 2022].
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Limb intensity [kR]
[Nakamura et al., 2022]
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Purposes

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

P

We have developed two numerical models:

(D 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.
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Model: Particle TRansport In Planetary atmosphere (PTRIP)

PTRIP: Monte Carlo model

[Nakamura et al., 2022]

® |n PTRIP, equations of motion are solved
for each incident particle.

® Random numbers are used for collisional
processes.

Collision probability:
P, =1—exp [—z n (Dol (E)A
S

Collision physics

electron ionization, excitation, dissociation,
elastic

proton ionization, electron-capture,
elastic

H atom ionization, charge-stripping,
elastic

Energy range | proton: 100 eV — 200 MeV

Other inputs |sotropic pitch angle

SEP proton input fluxes

® SEP event on 28 Oct. 2003 “Halloween event”
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N*:N:N(D)=1:0.22:0.73:0.95
[Krasnopolsky, 2009]
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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.

[ JOK ) GUI for Photochemical model
Mars | Curent project: ./Mars/2L_after_SEP Version: 1.01
Search reaction Set input species Set z Grid Help Exit
Update list Boundary Condition Calculation settings Plot setting
Chemical Reactions | Rates | Label | Reference

M0 + 0, + CO, > 0s + CO, 1.5 x 10739 x (300/Tn)24 Chaffin et al. [2017]
O + 03 > 02 + O 8.0 x 1072 x exp(-2060/Tn) Chaffin et al. [2017
@o+CcOo+M > CO; + M 2.2 x 1073 x exp(-1780/Tn) Chaffin et al. [2017
o('D) + O > 0 + 02 3.2 x 107" x exp(70/Tn) Chaffin et al. [2017
A o(D) + 03 - 02 + 02 1.2 x 1071 Chaffin et al. [2017]
@ o(D) + O > 0+0+0; 1.2 x 107 Chaffin et al. [2017]
@ o(D) + H. > H + OH 1.2 x 107" Chaffin et al. [2017
Oo('D) + CO, > 0 + CO, 7.5 x 10" x exp(115/Tn) Chaffin et al. [2017
O('D) + H0 > OH + OH 1.63 x 1071° x exp(60/Tn) Chaffin et al. [2017
Hz + O > OH + H 6.34 x 1072 x exp(-4000/Tn) Chaffin et al. [2017
A OH + H, > H0 + H 9.01 x 10" x exp(-1526/Tn) Chaffin et al. [2017
H + H + CO; > Hz + CO; 1.6 x 10732 x (298/Tn)%%#’ Chaffin et al. [2017
H + OH + CO, > H0 + CO, 1.292 x 1073 x (300/Tn)2 Chaffin et al. [2017
H + HO. -> OH + OH 7.2 x 107" Chaffin et al. [2017]
@ H + HO, > H.O + O('D) 1.6 x 1012 Chaffin et al. [2017
H + HO. - Hz + O2 3.45 x 1072 Chaffin et al. [2017]
H + H20; > HO2 + H2 2.8 x 1072 x exp(-1890/Tn) Chaffin et al. [2017
H + H20; > H20 + OH 1.7 x 10°M x exp(-1800/Tn) Chaffin et al. [2017
H+ 02+ M > HO; + M kO = 8.8 x 1032 x (300/Tn)"*

kinf = 7.5 x 107" x (300/Tn)-°-2 Chaffin et al. [2017
All Select AllClear Undo Redo Reaction Analysis Output f90 module Output f90 module

& Run model
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Model: General photochemical model

General photochemical model (1D model)

® Solving series of continuity equations by using implicit method.
B ani OCDL

—_t—p —
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n; dz

H;

1 dnl- 1
Ci=mmbi\n
l l

Calculation settings
® Surface pressure:
® N, mixing ratio:

Temperature:
Water vapor:
H, H, escape:
® O escape flux:

1 dTli 1
CDi = _TliDi —+ +

1+ a;) ﬂ —n (lﬂ + l + ld_T) for neutrals (molecular & eddy diffusion),
T dz nidz H Tdz

(1 + ai) dr qi Te/Ti dpe . . . .
T dz e p. dz> for ions (ambipolar diffusion),
[ Initial atmosphere (CO,, N, H,0) ]
6 mbar CO, ——
1.9% at surface [ Stable solution (without SEP) ]

[Mahaffy et al., 2013]

Krasnopolsky [2010] SEP (1day) ‘

Krasnopolsky [2010] [

Jeans escape

1.2 X108 [cm2s]
[Chaffin et al., 2017]

lon and neutral compositions
during SEP event

Chemical reactions (34 neutrals, 48 ions)

® 485 chemical reactions are considered.
neutral chemistry, ion-neutral chemistry,
cluster ion chemistry

Without SEP
(10days)

[Ion and neutral compositions ]

after SEP event
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Results: lon composition

[ Dayside ionosphere]

1 day
Before SEP event after During SEP event
200 200
— 02t — 02"
1757 CO=* 175 COz*
NO* NO*
150 — 02%(CO2) 150 - —— 027(CO2)
—— 02%(H20) —— 02%(H20)
— 125 —— Hs0*(OH) T 125 Solar EUV — \ — o-om
9_84, SOIar EUV —> H*(HzO)n P_,E‘ H+(HzO)n
2100 —— NO*(CO2) 9100 —— NO*(CO2)
2 —— NO*(H20), 2 —— NO*(H20),
s 751 —— CO, = o
COs3~(H20), \ COs3~(H20),
50- — NOy~ 50 — —— NOy~
—— NO,~(H20)m - —= —— —— NO,~(H20)m
25 — e 251 _ —Z — e
; «— Cosmic ray — SEP
105 107 109 1011 1013 Qo5 107 109 1012 1013
density [m~3] density [m~3]

® During an extreme SEP event, ion compositions are largely altered during SEP
event below 100 km altitude, producing water cluster ions ~ 10" [m~3] below
70 km, in agreement with a previous study [Sheel et al., 2012].

» How do neutrals change during SEP events on Mars?
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Results: Changes in neutral compositions

0 120 =SS 5o kv
= O3
—— HOx (OH + HO2) ::;:{,> %88 1;23
1001 NOXx (NO + NO2) oor—- = |
before SEP 'g'
80 - during SEP A 80
= « recovery lday =
= * recovery 10days | Q
< 601 T 60
2 3 100 MeVv
'% -l':|) 200 Mev
40 ﬁ 40 Proton
© ener
20+ 20 gy i
0 - - - - - - 0 ‘ — Ll
1o  10%* 102 10 10 10 106 107 0 1 5 3 4
density [m~3] 10 10 10 10 L° 10
CO, production rate [cm ~ s ]
HOx (OH + HO,) : 5 MeV — 30 MeV proton
® Increased by a factor of ~5 at 20-60 km
® Almost recovered 1 day after the end of SEP event.
Ozone O; : 5 MeV - 30 MeV proton
® Decreased by a factor of ~ 5 at 20-60 km
® Almost recovered 1 day after the end of SEP event.
® Increased by a factor of ~100 at 20-100 km
® Recovery time scale is relatively long > 10 days.
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Results: Changes in neutral compositions

Including all 485 reactions Including 227 reactions except for N-related
120 120
— O3 — O3
= HOx (OH + HOz2) = HOx (OH + HO2)
1007 NOXx (NO + NO:) 100 —— before SEP
== before SEP = during SEP
= during SEP 80 - = recovery lday
E - recovery lday E = recovery 10days
= = recovery 10days =
3 9 601
© © 20
20
R Tow 10w 10m 10 10 10 10V R0 IgU 1ow 1ot 1% 10 101 10V
density [m~3] density [m~—3]
HOx (OH + HO,): 5 MeV - 30 MeV proton
® Increased by a factor of ~5 at 20-60 km /. . )
® Almost recovered 1 day after the end of SEP event. | Contribution to O3 destruction
Ozone O;: 5 MeV — 30 MeV proton ¢ HOx: EﬁeCt"]ﬁfe '?_Shc_’rt'tﬁ"q't
® Decreased by a factor of ~ 5 at 20-60 km - 653 elIeCliVe In Snort-ierm.

® Almost recovered 1 day after the end of SEP event. | ® Short-term ozone depletion during
SEP events is driven by HOx-

® Increased by a factor of ~100 at 20-100 km \_ cycle via cluster ion chemistry. )
® Recovery time scale is relatively long > 10 days.
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Results: Temporal variation during and after SEP events

Temporal variation of O;, HOx and

variation [%]

variation [%]

+—— SEP —>e&— Recovery — >~ Recovery

A\ 4

800
600 A

400 1

200 1

m— HOX @40km
NOx+10 @70km

800

—— HOx @40 km

6001 NOx+10 @70 km

400 -

200 1

variation [%]

0

_25 4

—50 _
—75- _
= 03 @40km

_25 4
—50 1

_75 4

variation [%]

= 03 @40 km
-100 - - - - -100 - - - -
0 10 20 O 10 20 0 2 4 6 8 10
time [hour] time [hour] time [days]
Response time scale
[ )
HOx and O;: ~ 5 hours . ~ Several days
® Duration of SEP event does not affect ® Duration of SEP event is important in
enhancement of HOx and depletion of O,. enhancement of NOXx.
® SEP effects quickly disappear, but slightly ® SEP effects remain 10 days after.
remain. ® Loss time scale : 104-10° sec
® [ oss time scale : 10-100 sec.
. J
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Discussion: Detectability of chemical changes

120
== Os (before) TGO/NOMAD [Vandaele et al., 2015]
1001 — 0= (56P) v High-resolution spectrometer on board Trace Gas
= = HO:2 (before) . . . .
—— HO: (SEP) Orbiter designed to detect atmospheric trace species.
— 801 NO: (before) Nonhern hemlsphere(UVIS)
= NO: (SEP) _70 T Rl 1=
= —— N:O (before) Seo - . —
$ 60, —— N:O (SEP) e =
= H2CO (before) S 30 :— . -
® 0l -7 x1lel2 E,;,fg = ". B
— H2CO (SEP) ﬁo_c?.l.l.l.l.l.l R |.|.|.|.|.|.|.r.|.|.|ﬂ
x lel2 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
20+ ) Season (L)
0, density (molecules/cm?®)
. | | | | | | 10_10 0 s — [Khayat et al., 2021]
106  10™* 1072 100 102 10 106
Vojume mixing ratio [ppbv] NOMAD detecti limit
e - etection limi
Species Vanab'“.ty during S.'EP events (Solar Occultation: SO) Detectability
predicted by this study [Vandaele et al., 2015]
(0 28 ~10 ppb @ 20 — 50 km 0.05 ppb (UVIS, SO) @
HO, ~ 1 ppb @ 20— 50 km 1 ppb (SO) JAN
~ 0.1 ppb @ 20 — 50 km 0.1 ppb (SO) A
N-O ~0.001 ppb @ 20 — 50 km 0.2 ppb (SO) -
H,.CO ~ 1e-14 ppb @ 50 km 0.03 ppb (SO) -
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Chemical processes during SEP events on Mars

O Dominant chemical process for
O3 and HOx during SEP events

O Dominant chemical process for
during SEP events

Impact ionization

R1 CO,4p’-

CO,"|+ e+ p*

Formation of cluster ions

R2
R3
R4
R5
R6

CO,1

+ CO2 + M — C02+(C02) + M

CO,*(COy) + O, —» O, + 2C0O,
O, + CO, + M — O,*(CO,) + M
0,*(CO,) + H,O — O,*(H,0) + CO,
0O,*(H,0) + H,O —|H;07(OH) + O,

Production of OH and H
R7 |H30+(OH)|+ H,O — H*(H,0), + OH
R8 CO+0OH+M— CO, HH|+ M

R9 H*(H,0),+ e —>+ nH,O

Catalytic destruction of ozone (effective)

R10

H

+

O3

—>OH+02

R11 OH + O —|H

+ O,

Impact ionization

R1 Ny, +p*— Ny,"+e +p*
R2 N, + p* — N* +|N(?D)|+ p*
R3 Ny,+p*—> N+ N(2D)|+ p*

Neutral chemistry

R4 N(2D)|+ CO, — + CO

RS + N — N, + 0O (>70km)

R6 +0+M— + M (50 - 70 km)
R7 + HO, — + OH (0 - 50 km)
R8 N + — +0

Catalvtic destruction of ozone (less effective)

R9 (NOM[0)- nNO, + 0,

R10 NO, + O —{NO + O,
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Summary

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

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

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

® \ariation of ozone can be detected by TGO/NOMAD, HO, and NO, are
just around detection limit, whereas N,O and H,CO are not expected to be
detected.
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