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Precipitating energetic particles

Solar Protons

\Fﬂ adiation Belt Electrogts

Energetic particles

Electrons:
Auroral (<30 keV)
From plasma-sheat

Medium Energy (30-300 keV
and more)
From the Radiation Belts

Solar Protons (up to 10 GeV )
From SME

Galactic cosmic rays (up to 3 x
1020 eV)
From outside to everywhere
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Energetic particles

Wave-particle
interactions push
electrons into the loss
cone — precipitation in

to the atmosphere

Auroral electrons fronk—‘
plasma sheet

Auroral electrons (<10keV)

Ward et al., 2021



pmod \ wrc

Z | rocypapcTBeHHBbIA
yHuBepcuTeT

=
2
=
=
=
o
Q.
=4
@
<
.
o
I
T
o

"Henuueiinsie Bomasl —2024", 10.11.2024

Energetic particles

' Solar EUV and X rays

© Awroral electrons

,E. 100

=, " Radiation belt
@ electrons

2

= " Solar protons
< 50

-~

' Galactic Cosmic Rays

D =

100 101 10?0 10° 104 10° 10°
lonization rate [cm=s™]

Mironova et al., 2015
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Processes

Atmosphere, Climate
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NO, production/destruction

N, + e -> N,* + 2e (lonization)

N, +e->N+ N + e (Dissociation)

N, +e->N*+ N + 2e (Dissociative ionization)
N, + e ->N*+ N + e (Dissociation)
N*+0O,->NO+0O

N, + e ->N*+ N* + 2e (Dissociative ionization)
O,+e->..0+e->0"+2¢
N*+0O,->NO+0O

N*+0O,->N+0,*

NO* + X-->NO + X (Recombination)
NO*+e-->N+ O (Recombination)



HO, production by energetic particles

lonization by particles below 90 km leads to the enhancement of HO, via

pmod 'wrc

%gé O;—}—Og%OI (R—lS(a)j
1 OF + H,0 — OF (H,0) + O, (R — 13(b))
— Larger cluster ions can then be formed by reaction pathways like:
O; (HZO) -+ Hgo —* H30+ (OH) —+ Og (R — 14(&))
Those can then be followed by the formation of larger protonised water cluster ions, like
H;07(0OH} + H,0 — 0T (H,0), + OH (R — 15(a})}
S H* (H,0), + Hy0 — HT (H,0),., (R — 15(b))
9' During all these reaction chains, recombination reactions with electrons can take place:
S H;0"(OH) +e~ — H,0+H + OH (R — 16(a))
: H(H,0), +e~ — H +1nH,0 (R — 16(b))
=
T

From Sinnhuber et al., 2012



HO, production by energetic particles

lonization by particles below 90 km leads to the enhancement of HO, via

Of +0; — Of (R — 13(a)})
O +H;0 — 05 (H;0) + O, (R — 13(b})
Larger cluster ions can then be formed by reaction pathways like:
07 (H;0) + H,0 — H507 (0H} + O, (R — 14(a}}
05 (H;0) + H,0 — HT(H,0) + OH + Oy (R — 14(b))
Those can then be followed by the formation of larger protonised water cluster ions, like
H;07(OH) + H,0 — H* (H;0}, + OH (R — 15(a}}
H (H;0), + H0 — H (H,0),., (R - 15(b))
During all these reaction chains, recombination reactions with electrons can take place:
H3;01(OH} +e~ — H,O+H+ OH (R — 16(a})
H(H,0} +e” — H+nlH0 (R — 16(b))

From Sinnhuber et al., 2012
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Particles and active radicals

N, e

e i

0, N

H*(H,0),
NO,(HNO,),

HSO,(HNO,). .

HO
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Ozone
destruction

Wind

Downward propagation

NO ) Diffusion

Downward

flux,
transport

NO,

Isolation
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Production and downward transport of HO,

OH ppbv change (60-82.5°N) — MLS
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Funke et al., 2017
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Production and downward transport of NO,,

MIPAS NOx, vortex, all geomag lats, [ppb]

30

70 | ' 100
750
- ' g 390
60NN 100
= 50
£ 50 | | 40
S 25

= 40 1

< 1

1

1

7

2

1

0

20
Oct1 Oct15 Nov1Nov15 Dec1Dec15 Jan1Jani15 Feb1Feb15 Mar1Mar15 Apri

Nieder et al., 2011

Funke et al., 2017
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Chain reactions of stratospheric ozone depletion

Nitrogen:

NO + 0, — NO, + O,
NOZ+O_)NO+OZ

Chlorine:

Cl+ 0, — ClO + 0,
CloO+0 —Cl+0,

Hydrogen:

OH + O; —» HO, + O,
HO,+ O —-OH + O,

H+ 0, — OH + 0,

Bromine:

Br + O, — BrO + O,
BrO + O — Br + O,

ClO+ClIO+M — Cl202 + M
Cl202+hv — Cl +CIOO
(CIOO+M —Cl+02+M
(2x(Cl+03 —ClO+02)

203 + hv-- 302
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altitude [hPa]

Decadal scale, stratospheric polar ozone

03 [%] @ eqv. lat. > 60 S - max minus min

g Up to -10%0 in /August at 10 hPag
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High Ap — Low Ap composite, Damiani et al. (2016)



S SPE effects on the atmosphere
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Temporal evolution of relative O3 changes with respect to 26 October
2003 in MIPAS observations averaged over 70°-90° N. Figure is
reproduced from Funke et al. (2011).
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Ozone depletion due to EEP
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EPP and surface climate
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Surface air temperature changes in Difference between surface air
the northern winter hemisphere from temperatures for the high Ap
model calculation including energetic (geomagnetic activity index) minus
electron precipitation (Rozanov et al. low Ap years from 1957 to 2006
2005). (Seppala et al. 2009).
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Solar forcing and atmospheric response

v Ay

10

100

Surface warming

Summer

Heating

Oj increase

D

Kodera and Kuroda, 2002 EQ

NO, and HO,
O, decrease

Regional surface warming
during cold seasons
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North Atlantic Oscillation

Stronger vortex Weaker vortex

FPressure rises L- ;g R

Winter
(a) Positive phase
& 2007 Thomson Higher Education

Ly | -

Winter

(b) Negative phase
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SAT anomalies during positive AO/NAO

L @ 0.6

-1.2

Thomson & Wallace (1998)
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EEP and electricity consumption in Scandinavia
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Kakue npouecchbl YIPpOXAIOT O30HY:

MNepecTponKa reOMArHMTHOrO NOAS

‘10 15 Pc (GV)

Latitude

-180 -120 -60 0 60 120 180

Latitude

-180 -120  -60 0 60 120 180
Geographical longitude

Geomagnetic field for the modern epoch (IGRF, 2015) and preliminary result for the Laschamp event
(Panovska et al., 2021).
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Kakue npouecchbl YIPpOXAIOT O30HY:

MNepecTponKa reOMArHMTHOrO NOAS

. Extinction of Neanderthals
-id expansion of Laurentide Ice Sheet
Intensification of cave

SH megafaunal extinction

Mid-latitude SH glacial maximum

44,000 43,000 42,000 41,000 40,000

Calendar years, BP

Geomagnetic dipole moment DM (Korte et al., 2019) and environmental changes around the Laschamp
event (Cooper et al., 2021).
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SPE impact
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Kakue npoueccsl YrpoXaloT 030HY: [IPOTOHHbIE COObITUS

NMospexaeHne AHK ot CIC Bo Bpems nepecTpPOUKM MATHUTHOTO MOAS

50%~ WM SPE in Present

i Africa
40% - B SPE in Reversal

30%
20% -
10%-

0% e

Pterygium, cataract
and macular
degeneration.

Vasculature

\Vasodilation
and leukemia.

Obesity

Altered gul microbial
composition.

Follicular damage,
alopecia

Erythema, tanning,
skin wrinkling,
photoaging and
carcinogensis

Altered skin flora
compositian.

Stomach

Hungry, foraging

behavior.
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Kakue npoueccsl yrpoXaloT 030HY: [IpOTOHHbIE COObITUS

By Charles R. Knight - http://donglutsdinosaurs.com/knight-neanderthals/, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=18725346
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IR and Jz response to Lashamp event

AIR, June Az, June
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Particles and climate change

energetic particle ionization enhanced ionization
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Figure 10. Proposed causal linkage of solar energetic particles effects into the troposphere. (Left) Current flow in the global
atmospheric electric circuit. This is driven principally by charge separation in equatorial regions, flowing through the conductive
upper atmosphere and returning through the vertical conduction current density, some of which passes through extensive
layer clouds in the lower troposphere. (Right) During enhanced ionization from solar energetic particles, the upper atmosphere
becomes more electrically conductive at high latitudes and the current passing through layer clouds increases. Thickened low
level douds modify the local thermal structure of the troposphere, with dynamical changes influencing wind directions. (Online
version in colour.)

Harrison and Lockwood, 2020
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Earth system model SOCOLv4
SOCOLv4

Tropospheric Solar
aerosols irradiance

ECHAM®G

0-80 km, L47
1.9-1.9, 7163

JSBACH
OASIS

MPIOM

HAMOCC (4D Land use

1.5°-1.5%, GR40

GHG/ODS

Energetic

MEZON partides

87 species
304 reactions

NO,/CO
Sulfur/Organic
emissions

AER

40 size bins
(0.39 nm — 3.2 um)

Sukhodolov et al., 2021
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3aKr4dYeHune

S mymaro, 4TO BCE IOHSAJIM KaK BIIMSIOT SHEPTUYHBIE YACTUIBI HA O30HOBBIU CJIOM,
KJIUMAT U YeJIOBEKA.

HGOHpGI{CJ’IGHHOCTH OCTAalOTCI B O0O0JlacTH 3HAHUS CIICKTPOB H  IIOTOKOB
BBICBIIIAIOIIHUXCA YaCTHUL MW IIOJIHOI'O OOBSICHEHUS JNHAMHNYCCKUX MCXAaHU3MOB

pPacIpOCTPAHEHHUS IEPBUYHBIX BO3MYILICHUH.

DHEpPruYHble 4YacTHIbl HYXXKHBI B Moaciasax kiaumara (CMIP-7), ans ananusa
XO3SIMCTBEHHOW ACATEIILHOCTH, JUTSl aHAJIN3a YIPpo3 U3 KOCMOCA WM siIpa 3EMITH.

HanpaBienus paOoOThl: yTOYHEHHE (POPCHUHIA, pacueThl BIMSHHUS T'€OMAarHUTHBIX
IIPOLIECCOB Ha aTMOC(hEPY, BKIIOUCHHUE PEeaKIIUM 00JaKOB Ha YCUIICHUE HOHU3ALIUH.
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