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Dizt= mmlkanl  Location Greomagnetic Raference
2015March 17-18 -220  Moscow 51°16N 100 Refl
2015 June 22-3 2200 Moscow 51°16N 100 ReD
015Auma 1617 -84 St Pstersturg. 56°5N 11736E  ReBS
20150aober 78 120 St Petershwg __ 56°BN 117536 Relt
2016 Fabruary 17-18  -50 St Patarzhrr 56 MN 117-37E  Rsf
2016 April 34 -50 St Petersturg | S5°MN11737E  RefS
W016Avmat 2425 80 StPetersturg  56°MN 117-37E  Refl
1{;1'5!5:@!'-5 124  Novosibirsk  45°36N 10°0E Re®
St Pet 555N 11733
40733

2021 Daconbur 45 44 Cheboksary  40°55N 15°4E Refll
2023 February 15-16  -72 Olkhon, Baikal 43°4QIN 1%°58E Rafl2
2023 February 26-27 131 Moscow 51°16N 10-0E Refl3
2023 March 2435 200  Irkwsk 4QN1%°5E Refl4
2023 April 01-2 -30 Norilsk 51°16N 100 Rafl3
WBApril23-¥ 2 Evropalriatskk  43°4IN 1958 Refl6
2023 Sep 12 9 Chelyabinsk  48°N MI°E Refl7
2023 Sep 1415 31 St Pstersturz 55°58N 11707E  Refld
2023 Sep 18-19 m Moscon 51°16N 10°0&E Refl0
2023 S=p 25 66 St Patsshrr 56°18N 38°E Ra=f20
2023 Oa 20-21 -58 SergievPosa¢  SI°WNI12IE  Refll
2023 Nov 5-6 122 StPetershurz  56°1SN3ZE  Rel)
2023 Nov 21-12 .59 StPstershwg  56°1EN33E  Refd3
2023 Nov 25 -90 Cheboksary  49°55N 1X°4EE RaD4
2023Dac ] -108 LT 43=4N 10=58E PRaf)3
2023 Dxc 17 St Petesbrg__ 56°1IN33E___ ReD6
024fn1 =27 5t Patershpre 56°18N 38°E 7
2024 Mar 34 112 Uliymowk  48°53N 143°35E Refl8
2024 Mar 24-23 128 Kemi 560N 140°0E  ReB1
2024 Apr 1820 -117 Novosibirsk 46N 135°E R=32
2024 Apr 2627 -51 Iricutakc 43°4IN1%°6E  ReBi3
2024 May 2-3 06 Twar 3N 1FTE Rsfi4
2024 May 10-12 412 SUPERSTORM Refi5
2024 Aug 4 116  Ekateriburz = 400°N14135°E  Refi@
2024 Aug 1l 203 Chslysbinsk  48°N MIE Ref3d
2024 Aug I7-18 36 St Petersbrg_ 56°1SN33E _ Re0
2024 Apg 30-31 -8B St Petm-tu’i 56°1EN 38E Fa=it]
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Mid-latitude aurora above Russ1a in the 24 25 solar cycles
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Solar activity represented in sunspot number (left axis) and geomagnetic activity
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Electron Radiation Belt (ERB) of energetic electrons (above tens of keV)
is governed by geomagnetic field.
ERB topology traces the geomagnetic field.
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ERB consists of the inner and outer zones.
- Electrons from the outer ERB precipitate into the atmosphere at high and middle
latitudes due to pitch-angular scattering into the loss cone.
- Electrons from the inner ERB penetrate into the atmosphere in the region of South
Atlantic Anomaly (SAA) during eastward azimuthal drift and due to anomalous ExB radial
transport



At LEO orbit, electrons from ERB are monitored for several decades by NOAA/Polar-
orbiting Operational Environmental Satellites (POES). They have Sun-synchronous
orbits at altitudes of ~800-850 km in different local time sectors.

NOAA & Partner Polar Satellites

Interval, years Local time at equator
POES Probe
NOAA-15 1998 — 2024 6—18
NOAA-16 2001 —-2014 6—18
NOAA-17 2002 - 2013 9-21
NOAA-18 2005 - 2024 2-14
NOAA-19 2009 — 2024 2-14
METOP-1 2014 —-2024 9=—21
METOP-2 2006 - 2022 9-21
cron semges METOP-3 2018 — 2024 9-21

Medium Energy Proton and Electron Detector (MEPED) instruments on board POES
satellites allow measuring electrons with energies >30, >100, and >300 keV in vertical
and horizontal directions. That makes it possible to observe:

- electrons precipitating vertically to the atmosphere from the outer ERB

- trapped and quasi-trapped electrons in the SAA region and in a forbidden zone



Dynamic of electron fluxes in ERB _
Geographic maps of >30 keV electron

Longitude (dca) fluxes measured by NOAA/POES
SO D RS @ satellites during different levels of the
: f:: i, "“Q @ "p‘ T e solar activity in the 23rd solar cycle
o B W2l (left column) and in the 24th solar
30 cycle (right column): upper panels -
solar maximum (the years of 2001
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30 § near the solar minimum (the years of
0 I 2007 and 2019, respectively).
:g; Geomagnetic equator is shown by the

black curve. The horizontal dashed
lines depict the latitude of 65°. The
bottom panel represents the
difference in the electron flux maps
between 2019 and 2007. The trace of
the northern magnetic dip-pole from
1995 to 2015 is indicated with a black
dotted line with triangular nodes at
every five years (from right to left) in
the bottom panel.
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Dynamic of the spatial scales of ERB
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Geographic maps of normalized
occurrence probability to detect
>30 keV electron fluxes with
intensity > 1E4 (cm?s sr)" within
one year during different levels of
solar activity in the 23rd solar
cycle (left column) and in the
24th solar cycle (right column):
upper panels—solar maximum
(the years of 2001 and 2013,
respectively); middle panels—
declining phase (the years of
2004 and 2016, respectively);
and near the solar minimum (the
years of 2007 and 2019,
respectively). Geomagnetic
equator is shown by the black
curve. The bottom panel
represents the difference
between 2019 and 2007.
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Determination of a quiet day
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Dynamic of the outer ERB at different longitudes <

- . \EYG 1E+R ) L] 300 keV
2001 Jun 29 L | =, 2002 Jun 28 2004 Jun 24 H 2005 Jun 21 m
£eb SR R = ok 1Bk 1E+6 Rl
| T i, .,
at ' ewage afls P . -t [ * SHESRE, '
1w 1E+4 g i - ¥4 - 1Ewd = + ! ™t 1Eod = "
. = i A . + |- | e - v, ]
£ _F- o] | I 1 £ « L e L ¥ o
el | 1643 | ! . 1E43 | IEEIES 1643
. | y h I 1 . i .
o il owvaliavaloaalimoslboalosvalaisloniolasuil wrat Lzt Levaslovselanaolownalionalionilusualuaeslioeil 141 Besoilosaalininl Lowwallovalvnsslonualvaral ) ARTRLRRTT] DATTY 11 FT1 FTTad NUTTU EwIN FRUTd PR TARNAT]
k1 6 ] 40 45 a0 55 60 65 T 75 L] 30 5 40 45 50 65 (o1 [ L] Th i) k1] 35 a2 45 50 55 (7 (5 o (] B0 30 k] 40 45 50 55 L71] 65 0 [ B
Latitude Latiude Laitita Labtude
1E+6 1+ B+ |46
2006 Jun 23 2008 Jun 13 2009 Jun 17 : 2010 Jun 12
Lo . 1046 o ' It 13173
1Eed & Ty . 4+ Ta ot L 1Esd g *a R I [ 25 1Eu [y 1E4d
w - [T w w
C=3 . iC+3 ' iC+3 - =]
[ "
12 N 1E+2 i e b 1371 = 1E42
#
E1 1E+1 L | 1 g+ L i I 1E+1
n ¥ 40 45 @ 55 &0 65 T ] a0 30 35 a0 L % ® &6 T 75 B0 k] 35 & 45 50 65 Bl 5 I L] ] n B M 45 50 56 L 70 7w 8
Lalitude Lastibude Laviitude Latitude
1E+# 1E+6 . 1E+5 1E46
2011 Jun 28 : i 2012un 18 | 2013 Jun 16 2014 Jun 1 |
LB P T i | o jn 1k e LF
ke T T P o ="
1 - 1E+4 | 1B+ 1644 e | et
x x 5 3 S
[ [ (e o L
e 143 5 . 1L+ " 1Ce3 ;
¥ r:ql-'l-"-‘_lr:' i + 2 gt -
5 ' e, . L i g AT L 1
E2 o A ’ : - 12 ‘ i 1E42 1E42 e T P A |
PR v FTTI IPTRY UTY VTUTRY PR PP I AP PP S T FPYTY Y T T TARTY P Y I O FPIRY ORTS IO SN SHPPRY PTRY FRTIN I PTY TN 0 P U 1 Y PR BT P EOT FPTRY FTTYY YY1 FYTR PRTY FRPTI P IS
n ¥ 40 45 & L] ] Bh 4] T 80 i 35 a0 a5 &0 &5 B T 15 B0 ] 3 & ] 0 & B) B i [ ] ] n ¥ 4 ] 1] 113 B0 6E ] 76 B
Lalitude Lartitude Ladiiude Labtude
1E+5 E+& 1E+G : {E+6
205 Jun 4 2016 Jun 3 : 2017 Jun 9 | 2018 Jun 12 4
1E+E i - | VE<5 1
¥ e _g,.,._l s
1E+d T |l s AP =" 17
» | L = i
s - - a B *
1E+2 5 1E+3 .
P Y Iy
1E+2 o i e - 1E42 LA el L.
1
i
Es iEsd Lovialon el | Lavaslonial Linsalvasl ] 1B 1 | (FERI FTTRd ARRT | | | |
E 5 -] 40 45 @ 55 L] 65 T 75 al 0 35 a0 35 0 45 50 55 60 5 T ] B o x 40 45 50 55 a5 0 m B
Lalitude Laituda Latitude

Latitudinal profiles of >30 keV electron fluxes with pitch angles of 90° observed by POES
satellites during quiet days in different years in the 2-hour vicinity of local noon at
longitudes around 100E (red circles), OE (blue crosses) and 80W (black diamonds).
Vertical dashed and solid lines indicate latitudes of the maximum and inner edge of the
outer radiation belt, respectively.



Dynamic of the outer ERB at different longitudes
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Geographic latitude of the maximum (left) and inner edge (right) of the outer ERB projection at height of
~850 km and around 100°E during magnetic quiet days. Dashed curves show a latitudinal shift predicted by
IGRF model of corresponding epochs.



Dynamlc of the outer ERB at 100 E
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Conclusions:

- The intensity of energetic electron fluxes in the SAA and forbidden regions,
as well as their area, significantly decreased in the 24th solar cycle compared
to the 23rd cycle. This was caused mainly by prominent changes in the
geomagnetic field at low latitudes such that the magnetic field strength
increased in the SAA region, which resulted in elevation of the inner ERB.

- The area of electron precipitation from the outer ERB shifted over eastern
longitudes (Siberia) toward the equator. This is in good agreement with the
latest data on the dynamics of the geomagnetic North Pole.

- The changes in projections of the ERB at low latitudes are related with
changes of the magnetic field of the Earth and thus the ERB technique can
be used for tracing the long-term variation of the geomagnetic field.






Variation of the secular acceleration power of the geomagnetic field
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Fig. 10 Time evolution of the mean square secular acceleration power 54 (see Eq. 5 evaluated at the core surface, up to spherical harmonic degree & °
8) from CHAOS-4 (green) and CHAOS-5 (red) ‘
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Fig. 11 Secular acceleration (SA) at the n’z:e; 5 1 to 8 only) in 2006.2 (fog), 20092 (middle) and 2012.9 (bottorn). Maps are in
Hammer-Aitoff projection, units are micr otr:sl a peryea T.f')'ear )

Finlay, et al. (2015), DTU candidate field models for IGRF-12 and the CHAOS-5 geomagnetic field model, Earth, Planets
and Space, 67:114, 1-17, DOI 10.1186/s40623-015-0274-3
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