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Abstract

The geomagnetic field has an unusual weak spot over South America and the South Atlantic Ocean, called South Atlantic

Anomaly (SAA). The magnetospheric particles trapped in this field penetrate deep into the atmosphere over the SAA resulting

in lower inner boundary of the radiation belt. Over the past 400 years, the magnetic field in the SAA region has decreased

consistently. This study shows that the weakened geomagnetic field has a bearing on the position of the inner boundary of

the radiation belt. The present simulation revealed that the inner boundary of the radiation belt over the SAA region is

moving earthward at the rate of 4.1$\pm$0.1 km/year and that earthward penetration of energetic particles has increased by

$\approx$480 km during period 1900-2020. If the geomagnetic field in the SAA region continues to decrease, the resulting

deepening of the radiation belt will pose increased risks to our satellites, life, and climate.
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Abstract12

The geomagnetic field has an unusual weak spot over South America and the South At-13

lantic Ocean, called South Atlantic Anomaly (SAA). The magnetospheric particles trapped14

in this field penetrate deep into the atmosphere over the SAA resulting in lower inner15

boundary of the radiation belt. Over the past 400 years, the magnetic field in the SAA16

region has decreased consistently. This study shows that the weakened geomagnetic field17

has a bearing on the position of the inner boundary of the radiation belt. The present18

simulation revealed that the inner boundary of the radiation belt over the SAA region19

is moving earthward at the rate of 4.1±0.1 km/year and that earthward penetration of20

energetic particles has increased by ≈480 km during period 1900-2020. If the geomag-21

netic field in the SAA region continues to decrease, the resulting deepening of the ra-22

diation belt will pose increased risks to our satellites, life, and climate.23

Plain Language Summary24

The geomagnetic field protects us from highly energetic particles originated from25

Sun. However, a region like SAA, where the geomagnetic field is weak compared to other26

parts of the globe, is the favorite gateway for them to reach closer to the Earth. Over27

this region, the radiation belt possesses a deeper boundary in the Earths upper atmo-28

sphere. The observations have shown that the geomagnetic field in the SAA region has29

decreased significantly in the last few decades. The effect of such a declining magnetic30

field on the lower boundary of the radiation belt over SAA is crucial and not examined31

so far. We have performed simulations to quantify the effect of this weakened magnetic32

field on the penetration altitudes of the energetic radiation belt particles. Our study demon-33

strates that the weakening of the geomagnetic field in the SAA region pushing the ra-34

diation belt particles towards the Earth at the rate of 4.1kms/year. The most impor-35

tant finding is that the radiation belt particles have been pushed ≈480km closer to the36

Earth in SAA region during 1900-2020. This finding suggests that the deeper penetra-37

tion of the radiation belt particles will pose greater risks to our satellites, life, and cli-38

mate in future.39

1 Introduction40

The Earth possesses a magnetic field that forms a magnetic field cavity, termed mag-41

netosphere, around the planet. The magnetic field deflects highly energetic charged so-42

lar wind particles approaching the Earth, thereby acting as a protective shield for life43

on Earth. Some of the charged particles are trapped in the Earth’s magnetic field, and44

they populate different regions of the magnetosphere such as the magnetosheath and plas-45

masphere, apart from the ring current and radiation belts (Ebihara & Miyoshi, 2011).46

The radiation belts are regions where energetic charged particles are held by the geo-47

magnetic field (Millan & Baker, 2012). The Earth’s magnetosphere includes the inner48

and outer radiation belts, and the energetic charged particles therein have adverse ef-49

fect on spacecraft and satellites. The inner belt is located in the region between one and50

three Earth radii (Earths radius = 6371 km) and contains protons and electrons with51

energies of the order of hundreds of MeV and keV, respectively (Ripoll et al., 2020).52

The trapped particles perform three quasi-periodic motions: gyration, bounce, and53

drift. A set of three adiabatic invariants defines their stable drift shells in which they54

encircle the Earth (Mukherjee & Rajaram, 1981; Northrop & Teller, 1960). These bouncing-55

drifting magnetospheric charged particles approach closer to the Earth in the South At-56

lantic Anomaly (SAA) region, where the magnetic field is weaker compared with other57

parts of the globe. The SAA is widely referred to as a dent in the Earth’s magnetic field58

and similar to the polar regions, where magnetic field lines are open, it is a favorite gate-59

way for the energetic particles of the magnetosphere (Heirtzler, 2002). The inner radi-60

ation belt is closest to the Earth over the SAA region, posing potentially high risks to61
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our satellites, life, and climate because of the extreme radiation levels in the region (Ro-62

drigues, Taschetto, Gupta, & Foltz, 2019; Zhu & Liu, 2020). Over the past 400 years,63

the magnetic field in the SAA region has decreased consistently(Gillet, Jault, Finlay, &64

Olsen, 2013). The effect of the weakening of the magnetic field in the SAA region on65

the lower boundary of the inner radiation belt has not been investigated so far. A ques-66

tion that arises is, if the geomagnetic field continues to decrease at the present rate, then67

how much closer will energetic charged particles come in the SAA region? The present68

study addressed this question.69

We performed a three-dimensional test-particle simulation of energetic charged par-70

ticles trapped in Earth’s magnetosphere by the geomagnetic field, which was realistically71

modeled by utilizing coefficients of the latest (13th generation) International Geomag-72

netic Reference Field (IGRF) model (Alken et al., 09 Sep, 2020). The penetration level73

of the inner radiation belts charged particles in the SAA region during the period 1900-74

2020 is quantified by considering the secular variation in the geomagnetic field. The IGRF75

is a well-established, widely used model (Thébault et al., 2015) that can be used to un-76

derstand the secular variation of the Earth’s intrinsic magnetic field, which is generated77

by the geodynamo (Liu & Olson, 2009; Suttie, Holme, Hill, & Shaw, 2011). Quanti-78

tative estimates of the penetration altitude of the radiation belts energetic charged par-79

ticles in the SAA region can help to understand the possible risks to low orbiting satel-80

lites, life, and climate in the near future.81

2 Methodology82

2.1 Model Structure83

We traced the motion of a relativistic charged particle with charge q and mass m84

in the presence of the Earth’s magnetic field by considering the following governing equa-85

tions Öztürk (2012); Soni, Kakad, and Kakad (2020a, 2020b):86

dR

dt
=
γmv2

2qB2

(
1 +

v2‖

v2

)
b̂×∇B + v‖b̂, (1)87

88

dv‖

dt
= − µ

γ2m
b̂.∇B. (2)89

Here, R is the position of the guiding center, γ is the relativistic factor given by γ =90

(1 − v2/c2)−1/2, µ is the magnetic moment given by µ = γ2mv2⊥/2B, v‖, and v⊥ are91

the parallel and perpendicular components of the velocity vector, and b̂ is the unit vec-92

tor in the direction of the local magnetic field. Equations (1) and (2) pertain to the guiding-93

center- approximation, wherein the motion of a charged particle is averaged over a gy-94

ration to trace its guiding center. These equations were solved numerically by using a95

sixth-order Runge-Kutta method. The input parameters in the simulation were charge96

q, mass m, kinetic energy Ek, pitch angle α, and initial position [x0 = rsinθcos(φ), y0 =97

rsinθsinφ, z0 = rcosθ]. Here, r, θ, and φ are the geocentric distance, co-latitude, and98

longitude, respectively. The geographic latitude λ is given by λ = 90◦ − θ. The geo-99

graphic longitude φ was measured positive eastward from Greenwich, and it ranged from100

0◦ to 360◦. The initial velocity v0 of a particle was estimated from its energy as follows:101

v = c

√
1− (

m0c2

m0c2 + Ek
)2. (3)102

Particles with energy Ek can enter the Earth’s magnetosphere from any longitude. The103

angle between a particle’s velocity vector ~v and the local magnetic field ~B is termed pitch104

angle. We placed a particle in space at the initial position [r, θ, φ] with the velocity com-105

ponents v‖ = v0cos(αeq) and v⊥ =
√
v2x + v2y. Here, vx = v0cosαeqcosψ, vy = v0sinαeqsinψ,106

αeq is the equatorial pitch angle of the particle, and ψ = φ+180◦ is the gyro-phase of107
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the particle. The gyro-phase is the angle made by the perpendicular velocity component108

with the positive x-direction and it decides the particle’s position in the horizontal xy-109

plane. The test-particle simulations were performed in the Cartesian coordinate system,110

with the positive x, y, and z directions being the upward, eastward, and northward di-111

rections. The output of the simulation was converted into the spherical coordinate sys-112

tem [r, θ, φ].113

2.2 Magnetic Field Configuration114

It was important to use a realistic model of the Earth’s magnetic field in the sim-115

ulation. Mathematically, the Earth’s magnetic field B can be described as the negative116

gradient of a scalar potential function V :117

B = −∇V. (4)118

V can be represented by a series of spherical harmonics:119

V (r, θ, φ) = Re

N∑
n=1

(
Re
r

)n+1 n∑
m=0

[gmn cos(mφ) + hmn sin(mφ)]Pmn (θ). (5)120

The set of Gaussian coefficients gmn and hmn were obtained from the latest 13th gener-121

ation International Geomagnetic Reference Field model https://www.ngdc.noaa.gov/122

IAGA/vmod/igrf.html. A working group constituted by the International Association123

of Geomagnetism and Aeronomy examines high-quality and globally distributed obser-124

vations of the geomagnetic field and updates the coefficients every five years. Pmn (θ) rep-125

resents the Schmidt quasi-normalized associated Legendre functions of degree n and or-126

der m. We implemented these mathematical steps in the computation by following Nav-127

abi et al.Navabi and Barati (2017). The scalar potential defined in Eq. (5) was used to-128

gether with Eq. (4) to obtain the magnetic field components [Br, Bθ, Bφ], which can be129

converted into Cartesian coordinates [Bx, By, Bz]. These magnetic field components were130

then used in Eqs. (1), and (2) to simulate particle motion.131

3 Results132

The Earth’s magnetic field can be analytically represented by a series of spherical133

harmonics that include Gaussian coefficients and associated Legendre polynomials (Nav-134

abi & Barati, 2017). These spherical harmonic coefficients can be derived from long-135

term data obtained from ground magnetic observatories and magnetometers onboard low136

Earth-orbiting satellites. The IGRF is a mathematical model widely used to determine137

the Earths magnetic field at a location, mainly the large-scale internal contribution (Alken138

et al., 09 Sep, 2020). We used the most recent IGRF models (IGRF-13) coefficients to139

compute the Earth’s magnetic field as a function of latitude, longitude, and altitude dur-140

ing 1900-2020. Figures 1(a) and 1(b) show maps of the total intensity of the surface ge-141

omagnetic field for the years 1900 and 2020, respectively. The most prominent anoma-142

lous feature is the low magnetic field over the South Atlantic region, shown in blue. Fig-143

ure 1 indicates that the magnetic field in the SAA region decreased from 1900 to 2020144

and that the area of the region increased significantly. The consistent decrease in the Earth’s145

magnetic field in the SAA region has been actively studied by researchers (S. A. Cam-146

puzano, Gómez-Paccard, Pavón-Carrasco, & Osete, 2019; Finlay, Olsen, Kotsiaros, Gillet,147

& Tøffner-Clausen, 2016).148

Energetic charged particles entering the Earth’s magnetosphere penetrate to a lower149

altitude in the SAA region because of the weaker magnetic field in the region. We car-150

ried out a three-dimensional test-particle simulation to analyze the effect of spatiotem-151

poral variations in the geomagnetic field on the minimum penetration altitude Hmin of152

the inner radiation belt particles. In the simulation model, we solved the Newton-Lorentz153

equation by considering a geomagnetic field that was modeled using IGRF-13. We ob-154

tained Gaussian coefficients for the period 1900 to 2020 at 10-year intervals and tracked155

–4–



manuscript submitted to Geophysical Research Letters

Figure 1. Variation of the Earth’s surface magnetic field for the years (a) 1900 and (b) 2020

estimated from the IGRF-13 model. The white dots represent surface locations with the lowest

magnetic field strength in the SAA region.

the trajectory of 10 MeV protons initially located at L =2 and L =3. The L-value gives156

the distance of a magnetic field line from the center of the Earth at the magnetic equa-157

tor in units of Earth radii Re, with Re =6371kms. Thus, L =2 and 3 respectively cor-158

responds to an initial altitude (H0) of 1Re and 2Re above the surface of the Earth in the159

equatorial plane at initial time t=0. The proton was introduced at the geocentric equa-160

tor outside the anomaly region with an equatorial pitch angle αeq of 89◦ and the sim-161

ulation was carried out for one azimuth drift around the Earth. The pitch angle is the162

angle between the magnetic field vector and the particle’s velocity vector. Protons en-163

tering the Earth’s equatorial region have large pitch angles, with a peak close to 90◦, in164

their distribution (M. W. Chen et al., 1999). Therefore, we chose a large value for the165

pitch angle.166

The simulated trajectory of the 10 MeV proton initially located at L =2 in the167

geocentric equatorial plane and at the longitude φ0 = 120◦ is shown in Figure 2 for the168

year 2020. The trajectory was obtained under the guiding-center approximation, imply-169

ing that the gyro-motion of the proton around the magnetic field line was averaged over170

a gyration to trace the guiding center of the particle. Figure 2(a) clearly shows the pro-171

ton bouncing along magnetic field lines and drifting around the Earth. The color bar rep-172

resents the magnetic field strength at the surface of the Earth, and the anomaly region173

corresponds to blue color. The tilt of the magnetic axis with respect to the geographic174

axis of the Earth along with the low magnetic field in the SAA region result in the asym-175

metry in the proton motion across the equatorial plane. As the bouncing-drifting pro-176

ton approaches the SAA region, it penetrates the Earths atmosphere to reach lower al-177

titudes. This earthward movement of the proton occurs because the proton encounters178

gradients in the magnetic field during its azimuthal drift across the SAA region. This179

gradient-B driftF. F. Chen et al. (1984) results in the guiding center of the proton ex-180

periencing a force in the ~B×∇B direction. The two-dimensional trajectory of the pro-181

ton as seen from over the south geomagnetic pole is shown in Figure 2(b), where the Earth182

is represented by a sphere centered at the origin. The color bar represents the radial dis-183

tance r of the proton from the center of the Earth, in units of Earth radii. The trajec-184

tory shown in Figure 2 reveals that a bounce-drifting proton introducd at L =2 approaches185

closer to the Earth in the longitudinal zone 130◦W to 20◦E, which corresponds to the186

SAA region. This longitudinal zone is marked by an arrow in Figure 2(b).187
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Figure 2. The trajectory of a 10 MeV proton with a pitch angle of 89◦ at L = 2 in the

Earth’s magnetic field for 150 s. (a) The color bar represents the magnetic field intensity, and

the proton trajectory is shown by the black ring. (b) A top view of the protons motion as seen

from the south geomagnetic pole. The color bar represents the protons radial distance, r from

the Earths center.

We converted the position of the proton from Cartesian [x, y, z] to spherical [r, θ,188

φ] coordinates at each time step. Here θ and φ represent the geographic latitude and lon-189

gitude of the proton at a given time, respectively. The protons altitude from the Earths190

surface was estimated as H = r−Re during its complete drift around the Earth. The191

variation of the protons altitude as a function of the longitude is shown in Figure 3 for192

the years 2020 (red) and 1900 (blue). Figures 3(a) and 3(b) show the variation for the193

protons initially placed at L =2 and L =3, respectively. The variation of the altitude194

clearly shows an inverted-bell shape, with the lowest altitude being in the SAA region195

owing to the lower magnetic field strength of the region. Although the equatorial pitch196

angle was very large (αeq = 89◦), the asymmetry of the magnetic field significantly af-197

fected the protons bounce motion. Thus, the spread in the altitude of the proton at a198

fixed longitude for both years (depicted by red and blue dots) is attributed to the bounce199

motion of the proton. We averaged the altitude H over the longitudinal range of 5◦ and200

plotted it with a gray line in Figure 3. The average altitude represents the particle’s drift201

motion around the Earth. Evidently, the longitude corresponding to the minimum al-202

titude Hmin of the proton shows a westward shift in 2020 compared with that for the203

year 1900 for both L-shells. The westward shift apparent in Hmin is caused by the west-204

ward movement of the SAA region over the past few decades. This westward movement205

of the SAA region has been discussed by earlier studiesPavon-Carrasco and De Santis206

(2016); Ye et al. (2017). Furthermore, protons initially placed at either L-shell (i.e., L =2207

or 3) reached much lower altitudes in 2020 compared with the minimum altitude reached208

in 1900, reflecting the deeper penetration of the inner radiation belts energetic particles209

into the Earths atmosphere in the SAA region in 2020.210

H represents the quantified average penetration altitude of the trapped 10 MeV211

proton in the equatorial plane. We performed different simulation runs to examine the212

variation of H by considering the magnetic field variation from 1900 to 2020 at 10-year213

intervals and estimated the value of Hmin. Simultaneously, we noted the minimum mag-214

netic field intensity Bmin for those years for a given L-shell. Figure 4(a) and (c) shows215

the variation of Bmin with time at L =2 (red) and L =3 (blue), respectively. Notably216

the magnetic field intensity decreases as we move away from the Earth. Figure 4(b) and217

(d) shows the time variation of Hmin for L = 2 (red) and L = 3 (blue) is shown, re-218
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Figure 3. Variation of the 10 MeV protons altitude H = r − Re from the Earths surface

as a function of the geographic longitude for the years 2020 (red) and 1900 (blue) for different

initial locations of the proton: (a) L =2 and (b) L =3. These L-shell values correspond to initial

altitudes of H0=1Re and 2Re above the Earths surface in the equatorial plane, respectively. The

gray lines represent the average altitude H of the bouncing proton with errorbar for a given fixed

geographic longitudes.

spectively. Clearly, both Bmin, and Hmin are decreasing linearly with time from 1900 to219

2020. Figure 4(b)(d) shows that this steady and consistent decrease in the magnetic field220

over the past few decades had direct implications for the energetic particles drifting around221

the Earth. We applied a least-squares fit to the variations in Figure 4, and their regres-222

sion equations are given in the respective subplots. These equations indicate that the223

minimum altitude reached by the energetic proton in the SAA region has been decreas-224

ing at the rate of 4.1±0.1 km/year.225

We computed the depth (δ) of proton in SAA region by considering its deviation226

from the initial position i.e., δ = H0 − Hmin. We obtained the empirical relation be-227

tween δ and Bmin to understand the effect of decreasing magnetic field on the lowest pos-228

sible depth of the radiation belt particles. Figure 5(a) and (b) shows the δ as a function229

of Bmin for L =2 (red) and L =3 (blue) for the years 1900 to 2020. The vertical black230

arrows indicate the years 1900 and 2020. These linear variation is fitted with the least231

square method for respective L-shells and the fitted lines are shown by dashed lines. The232

corresponding least square fit equations are given in respective subplots in Figure 5. Clearly,233

the variation of δ with Bmin has different slopes for the different L-shells. This is be-234

cause the magnetic field intensity varies with the altitude. It is clearly evident that pro-235

ton has reached higher depths in 2020 as compare to 1900 for both L = 2 and 3. It is236

found that the δ has increased almost by ∆ =447-543 km in year 2020 as compare to237

1900 for L =2-3. This implies that in the year 2020 the inner radiation belt protons with238

given energy and initiated at a given L-shell are penetrating 447-543 km more deeper239

compared with their penetration level in 1900.240

Here, we have presented simulation results for a 10 MeV proton initially placed at241

two different L-shells in the inner radiation belts. We have repeated the simulation runs242

for protons with energies 100keV, 500keV, 1 MeV, 50 MeV, and 100 MeV to understand243

the effect of the proton energy on the deepening of the inner radiation belt boundary from244

1900 to 2020. The estimated change in the minimum penetration altitude of the proton245

initially placed at L =2 during 1900-2020 is presented in Table 1. Protons with differ-246

ent energies were observed to approach closer to the Earth by ≈389-540 km during this247

–7–
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Figure 4. (a)-(c) Time variation of the minimum magnetic field intensity over the globe with

time at L =2 (red), and L =3 (blue), and (b)-(d) the time variation of the minimum average

penetration altitude of 10 MeV proton at L =2 (red), and L =3 (blue) for 1900-2020 in the SAA

region.

period, and it was found that their penetration level was mainly controlled by magnetic248

field gradients ∇B in the SAA region rather than the proton energy.249

Energy L = 2 L = 3
δ1900 [km] δ2020 [km] ∆ = δ2020 − δ1900 [km] δ1900 [km] δ2020[km] ∆ = δ2020 − δ1900

100 keV 525.1 976.3 451.2 338.0 878.2 540.2
500 keV 525.2 997.3 472.1 343.2 878.0 534.8
1 MeV 526.5 978.8 452.3 338.8 881.5 542.7
10 MeV 524.0 971.5 447.5 342.1 884.9 542.8
50 MeV 435.8 828.0 392.2 420.8 903.8 483.0
100 MeV 604.5 993.1 388.6 351.5 843.2 491.7

Table 1. The depth, δ = H0 − Hmin of protons of different energy in the SAA region during

1900 and 2020. The δ in the maximum deviation of proton from its initial position.

4 Discussion and Conclusions250

High radiation doses in the SAA region is a matter of great concern as they reflect251

the penetration of energetic particles and cosmic rays to lower altitudes. Therefore, the252

steady and continuous decrease in the geomagnetic field in the SAA region has direct253

implications for life in the region, satellites and climate. Studies have suggested that the254

cosmic ray flux can cause long-term changes in the Earth’s climate (S. Campuzano, De San-255

tis, Pavón-Carrasco, Osete, & Qamili, 2018; Lanci, Galeotti, Grimani, & Huber, 2020).256

Furthermore, it has been predicted that the steady decrease in the Earth’s magnetic field257

–8–
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Figure 5. The variation of depth δ of 10 MeV proton initially placed at L =2 (red) and

L =3 (blue) as a function of minimum geomagnetic field Bmin at respective L-shells. Here,

δ = H0 − Hmin. The least square (LS) fitted lines are shown by dashed lines and respective least

square fit equations are mentioned in the plot.

will continue in the near future and that the magnetic moment of the Earth will decrease258

further (Finlay, Aubert, & Gillet, 2016). Ground and satellite observations show that259

the rate of decrease in the magnetic field in the SAA region has increased in the last fifty260

years and that there is a possibility of the anomaly splitting into two regions. It has also261

been recently suggested that the Earth’s magnetic field can change 10 times faster than262

previously thought (Davies & Constable, 2020). These observations underscore the po-263

tential seriousness of the increasing penetration levels of energetic particles in the SAA264

region.265

Since particle dynamics in the SAA region is influenced by the solar flux level and266

geomagnetic activity (Qin et al., 2014), long-term satellite observations of particle fluxes267

in the region with good altitudinal coverage are required to investigate the low-altitude268

penetration of high-energy particles. The limited availability of satellite observations ren-269

ders the isolation of the effect of the Earth’s weakening magnetic field on the low-altitude270

penetration challenging. In such a scenario, test-particle simulations can help to under-271

stand the effect of the decreasing magnetic field in the SAA region on the inner bound-272

ary of the radiation belt and to estimate the penetration altitude of charged particles273

in the region.274

From the results of the present study, it is evident that the decrease in the geomag-275

netic field in the SAA region is causing energetic radiation belt particles to steadily ap-276

proach closer to the Earth. In the last 120 years (1900-2020), the lower boundary of the277

radiation belt has moved approximately 480 kms toward the Earth. In such a scenario,278

the empirical relations presented in Figure 5 are extremely useful to understand the pen-279

etration and forecast the penetration altitude of the radiation belt particles with the knowl-280

edge of the minimum magnetic field in the SAA region. Furthermore, the simulation re-281

sults can be useful in modelling the radiation level in the SAA region at future instants.282
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Campuzano, S. A., Gómez-Paccard, M., Pavón-Carrasco, F. J., & Osete, M. L.296

(2019). Emergence and evolution of the south atlantic anomaly revealed by297

the new paleomagnetic reconstruction shawq2k. Earth and Planetary Science298

Letters, 512 , 17–26. doi: 10.1016/j.epsl.2019.01.050299

Chen, F. F., et al. (1984). Introduction to plasma physics and controlled fusion300

(Vol. 1). Springer.301

Chen, M. W., Roeder, J. L., Fennell, J. F., Lyons, L. R., Lambour, R. L., & Schulz,302

M. (1999). Proton ring current pitch angle distributions: Comparison of303

simulations with crres observations. Journal of Geophysical Research: Space304

Physics, 104 (A8), 17379–17389. doi: 10.1029/1999JA900142Citations305

Davies, C. J., & Constable, C. G. (2020). Rapid geomagnetic changes inferred from306

earth observations and numerical simulations. Nature communications, 11 (1),307

1–10. doi: 10.1038/s41467-020-16888-0308

Ebihara, Y., & Miyoshi, Y. (2011). Dynamic inner magnetosphere: A tutorial and309

recent advances. In The dynamic magnetosphere (pp. 145–187). Springer. doi:310

10.1007/978-94-007-0501-2311

Finlay, C. C., Aubert, J., & Gillet, N. (2016). Gyre-driven decay of the earths mag-312

netic dipole. Nature communications, 7 (1), 1–8. doi: 10.1038/ncomms10422313

Finlay, C. C., Olsen, N., Kotsiaros, S., Gillet, N., & Tøffner-Clausen, L. (2016).314

Recent geomagnetic secular variation from swarm and ground observatories as315

estimated in the chaos-6 geomagnetic field model. Earth, Planets and Space,316

68 (1), 112. doi: 10.1186/s40623-016-0486-1317

Gillet, N., Jault, D., Finlay, C., & Olsen, N. (2013). Stochastic modeling of the318

earth’s magnetic field: Inversion for covariances over the observatory era. Geo-319

chemistry, Geophysics, Geosystems, 14 (4), 766–786. doi: 10.1002/ggge.20041320

Heirtzler, J. R. (2002). The future of the south atlantic anomaly and implications321

for radiation damage in space. Journal of Atmospheric and Solar-Terrestrial322

Physics, 64 (16), 1701–1708. doi: 10.1016/S1364-6826(02)00120-7323

Lanci, L., Galeotti, S., Grimani, C., & Huber, M. (2020). Evidence against a long-324

term control on earth climate by galactic cosmic ray flux. Global and Planetary325

Change, 185 , 103095. doi: 10.1016/j.gloplacha.2019.103095326

Liu, L., & Olson, P. (2009). Geomagnetic dipole moment collapse by con-327

vective mixing in the core. Geophysical research letters, 36 (10). doi:328

10.1029/2009GL038130329

Millan, R., & Baker, D. (2012). Acceleration of particles to high energies in earths330

radiation belts. Space Science Reviews, 173 (1-4), 103–131. doi: 10.1007/s11214331

-012-9941332

Mukherjee, G., & Rajaram, R. (1981). Motion of charged particles in the mag-333

netosphere. Astrophysics and Space Science, 74 (2), 287–301. doi: 10.1007/334

BF00656440335

Navabi, M., & Barati, M. (2017). Mathematical modeling and simulation of the336

earth’s magnetic field: A comparative study of the models on the spacecraft337

attitude control application. Applied Mathematical Modelling , 46 , 365–381.338

doi: 10.1016/j.apm.2017.01.040339

Northrop, T. G., & Teller, E. (1960). Stability of the adiabatic motion of charged340

particles in the earth’s field. Physical Review , 117 (1), 215. doi: 10.1103/341

–10–



manuscript submitted to Geophysical Research Letters

PhysRev.117.215342
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