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The magnetosphere is an effective proton accelerator

Proton spectrum in the solar wind: E = 1 keV

Proton spectrum in the plasma sheet: E ∼ 3 keV + hard energetic tail

4 Authors Suppressed Due to Excessive Length

form the CIS data into the bulk flow frame. For RAPID, on the other hand, the bulk
velocity is negligible compared to the gyro motion, and no such correction has been
made.

3 Examples

Fig. 1 shows two examples of the kappa fit in the thin plasma sheet during a quiet
and a disturbed time. The data are plotted in the flow frame and fitted using energy
channels with energies from ∼ 1 keV to 4 MeV. One can see significant temperature
and spectral index increases during the substorm time. The value of the κ ∼ 4.4 for
the quiet time is comparable with the typical values 4-8 derived for the quiet times
by Christon et al. (1989). During the disturbed time κ ∼ 10 is in the range of the
observed values during disturbed geomagnetic conditions from ∼ 3 to ∼ 11. We also
compared the derived kTH with the temperature obtained from moment calculations.
During disturbed time conditions (right panel) the peak of the spectra is shifted, and
we obtain a temperature kTH ∼ 10.5 keV. For comparison, the CIS moments give 13
keV. During quiet conditions (left panel), we obtain a temperature at ∼ 3 keV (CIS
moments: 4.7 keV).

ê ê

Fig. 1 Example of energy spectra and kappa-fit for the periods: on 20 September 2002, 23:24-
23:25 UT, SC1, during the quiet time in the thin plasma sheet (left) and on 17 September 2003,
10:52-10:53, SC1, during substorm in the thin current sheet. For both examples we fitted the CIS
data from 1 keV. The diamonds are the joint CIS/CODIF and RAPID/IIMS data and the thick solid
lines are the kappa-fit. kT is in keV.
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Motivation: why do we care about energetic protons?

Example: observations by XMM Newton (X ray telescope) are
affected by ∼100 keV protons
Astronomers need to understand the sources of this contamination
and to predict it
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Contamination by soft protons is
commonly observed

12 years of observations
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Kronberg et al., ApJ, 2020
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Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



Which parameters affect the contamination?

Some parameters may have complex non-linear
relationships with the contamination

EGU 2021 Elena Kronberg Soft proton contamination: ML approach 5 / 13

solar wind (SW) density:
Np
SW temperature: Temp
SW speed: Vx, Vy and
Vz
SW dynamic pressure:
Pdyn
Interplanetary Magnetic
Field (IMF): Bx, By and
Bz

Solar irradiation
F10.7 index

Location:
XGSE, YGSE,
ZGSE
Foot Type of
the magnetic
field: open,
closed, IMF

Geomagnetic
activity: AE and
SYM-H indices

20 15 10 5
RE

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (a)

-rdist
ZGSE

10 5 0 5 10
XGSE, RE

0.7

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (c)

10 5 0 5 10
YGSE, RE

0.6

0.4

0.2 (b)

800 600 400 200
Solar Wind speed, km/s

0.8

0.6

0.4

0.2

0.0

lo
g 1

0(
Co

un
ts

/s
) (e)

0 200 400 600
AE index, nT

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (k)

0 1 2
Foot Type

0.6

0.5

0.4

0.3
(d)

150 100 50 0 50
SYM-H index, nT

0.6

0.4

0.2

(l)

0 2 4 6
Solar wind dynamic pressure, nPa

0.55

0.50

0.45

0.40

0.35 (h)

50 100 150 200 250
F10.7, sfu

0.55

0.50

0.45

0.40
(j)

10 5 0 5 10
IMF, nT

0.6

0.5

0.4

0.3

0.2

lo
g 1

0(
Co

un
ts

/s
) (i) Bx

By
Bz

0 5 10 15 20
Solar wind density, cm 3

0.6

0.5

0.4

lo
g 1

0(
Co

un
ts

/s
) (g)

0 100000 200000 300000 400000
Solar wind temperature, K

0.6

0.5

0.4

0.3

0.2 (f)



We forecast the contamination using location, solar and
geomagnetic parameters by regression.
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Extra Random Forest: each tree is trained using a
randomly chosen set of predictors and top-down splitting
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Results: the most important predictors are
location and VxSW
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SYM-H and AE indices alone
are not good predictors.



Results: the model is significantly better than the baseline
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Kronberg et al., ApJ, 2020

Spearman CC: Extra Random Forest '0.48 vs. baseline '0.35



Conclusions: future missions should avoid closed
magnetic field lines, especially at the dusk
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Conclusions: future missions should minimize
observations associated with high solar wind speed
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Desai et al., 2007



Outlook: we develop a model based on energetic proton
observations by Cluster to predict the contamination
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RAPID energetic
particle detector

Contact: kronberg@geophysik.uni-muenchen.de
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