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Abstract: The recent solar minimum activity period and the consequent minimum modulation conditions
for cosmic rays were unusual compared to previous solar minimum periods. The highest spectra of galactic
protons (and other cosmic rays) were recorded by the PAMELA instrument at Earth in late 2009, in contrast to
expectations. The spectrum, between 100 MeV and 50 GeV, for December 2009 is compared to proton spectra
observed during previous solar minimum periods, back to 1965. Corresponding numerical modeling is presented
which predicts that the next solar minimum spectra could even be higher if similar modulation conditions then
would occur as in 2008-2009. The reason is that incorporating gradient and curvature drifts in modulation models
causes proton spectra for A > 0 solar magnetic cycles (e.g., around 1976, 1997) to always be higher than during
A < 0 cycles (e.g. around 1965, 1987, 2009) at energies below a few GeV, if the same modulation conditions
would prevail.
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Introduction

The past solar minimum activity period and the consequent
minimum modulation conditions for galactic cosmic rays
(CRs) were unusual. It was expected that the new activity
cycle would begin early in 2008, assuming a 10.5 year periodicity. Instead, solar minimum modulation conditions had
continued until the end of 2009, characterized by a much
weaker heliospheric magnetic field (HMF) compared to
previous cycles. The tilt angle of the wavy heliospheric current sheet (HCS), on the other hand, had not decreased as
rapidly as the magnitude of the HMF at Earth during this
period, but eventually also reached a minimum value at the
end of 2009. It was reported by several groups that CRs
with high rigidity reached record setting intensities during
this time [1,2,3,4,5]. It has become evident that the last period of declining and eventually minimum solar activity, especially from mid-2006 to the end of 2009, and the subsequent increase in the CR intensity (differential flux) were
different than the four previous cycles.
The highest modulated spectra between 100 MeV and
50 GeV of galactic protons (and other CRs) were recorded by the PAMELA instrument at Earth in late 2009 [6],
in contrast to expectations based on comprehensive modulation modelling as will also be shown here. We compare
this spectrum to those observed between 30 MeV and 20
GeV during previous solar minimum periods, back to the
solar minimum of 1965, and discuss why the high spectra
of 2009 were unexpected.
We also compare computed spectra to the PAMELA
proton spectra observed from mid-2006 to December 2009
[6]. This model predicts that the next solar minimum CR
spectra at Earth could even be higher if similar modulation
conditions would then occur as in 2008-2009. The reason
for this is discussed.

2

Proton spectra for 2006 to 2009 compared
to modelling results

Potgieter et al. [7] utilized a comprehensive numerical
modulation model to establish what mechanisms were exactly responsible for the modulation of protons from 2006
to solar minimum modulation in 2009, and why the observed proton spectrum for December 2009 was the highest modulated spectrum every recorded at Earth since the
beginning of the space age. They used the extraordinary
precise measurements of protons for this period by the
PAMELA space experiment [6] to perform their study.
What they found is discussed further below.
A full three-dimensional (3D) modulation model, based
on the numerical solution of the well-known heliospheric
transport equation [8], was used to compute the differential
intensity of 10 MeV to 50 GeV protons at Earth. They [7]
used the customary HCS tilt angle and the observed HMF
values at Earth as proxies for solar activity. The detailed
comparison of this model to the PAMELA data is shown
in figure 1 based on these proxies for solar activity. During
this time the averaged tilt angle of the HCS changed from
α = 15.7◦ to α = 10.0◦ , with an accompanying change in
the averaged HMF magnitude at Earth from B ≈ 5.05 nT
to ≈ 3.94 nT [7]. The latter had a significant effect on the
global modulation of CRs. In their model the proton LIS
is specified at 120 AU where the modulation boundary is
assumingly located.
The decrease in B was extraordinary large so that apart
from drifts caused by a decreasing HCS waviness (decreasing tilt angles) towards solar minimum, global curvature
and gradient drifts also became relatively larger, while the
rigidity dependence of the diffusion process had become
less to produce progressively softer spectra from 2006 to
2009. The softening of the modulated spectra at low energies could not be explained by simply allowing less overall diffusion towards solar minimum but required a signifi-
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Fig. 1: PAMELA proton spectra from 2006 (blue symbols) to 2009 (red symbols), overlaid by the corresponding computed
spectra (solid lines). During this time the tilt angle of the heliospheric current sheet (HCS) changed from α = 15.7◦ to
α = 10.0◦ , with an accompanying change in the averaged HMF magnitude at Earth from B ≈ 5.05 nT to ≈ 3.94 nT . The
LIS is specified at 120 AU where the modulation boundary is assumed to be located. Figure adapted from [6,7,19].
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Fig. 2: A comparison of CR proton spectra observed during solar minimum modulation periods of 1965, 1976-77, 1987,
1996-97 and 2009. Note that the spectra for all previous A > 0 cycles (in blue) are consistently higher than for the A < 0
cycles (in red) at energies below a few GeV, except for the 2009 spectrum that went up well above all the A < 0 spectra
and surprisingly also above the A > 0 spectra. It is clearly the highest spectrum ever recorded since the beginning of the
space age. Data are from [6,7,12,13,14,15,16,17].
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Comparison of five solar minimum
spectra

Next, the spectrum as shown in figure 1 for December 2009
is compared to proton spectra observed during the previous
four solar minimum epochs, that is, around 1965 (A < 0),
around 1976 (A > 0) around 1986-7 (A < 0) and around
1997-8 (A > 0).
The present cycle (from one polarity change to the next)
is called an A < 0 polarity cycle when according to drift
models, protons primarily drift to Earth via the equatorial
regions of the heliosphere and by encountering the wavy
HCS in the process, produce sharp intensity-time CR profiles. During A > 0 cycles, protons drift to Earth primarily
through the polar regions of the heliosphere and by subsequently missing the wavy HCS mostly, exhibit flattish profiles [see also 7,9].
The comparison is shown in figure 2. It is evident that
the spectra for all previous A > 0 cycles are consistently
higher than for the A < 0 cycles at energies below a few
GeV, in accord with drift models. The 2009 spectrum (A
< 0 cycle), however, went up well above all the previous
A < 0 spectra and unexpectedly also above all the A > 0
spectra. See also [20]. Evidently, the modulated spectrum
for December 2009 is the highest proton spectrum ever
recorded at Earth.

Proton spectrum predicted for the next
solar minimum

We additionally applied a Stochastic Differential Equation
(SDE) based modulation model by Strauss et al. [10,11] to
compute and predict the proton spectrum for the next solar minimum period. This model is equivalent to the one
used by [7] (except that the exact detail of the rigdity dependence of the diffusion coefficients as used in [7] for figure 1 was not implemented; the SDE model is numerically different but very stable with several advantages as illustrated by [10,11]).
The computed proton spectra are shown in figure 3, using the assumption that solar modulation conditions (meaning all proxies for solar activity as used in the modelling
of solar modulation; see [7]) for the next solar minimum
activity epoch will be identical to what had been observed
between 2006 and 2009. First, it is evident that the A < 0
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cant weakening in the rigidity dependence of the major diffusion coefficients at rigidities below a few GV [7]. A similar observation was reported by Bazilevskaya et al. [5].
The modulation minimum period of 2009 can thus be
described as relatively more diffusion dominated than previous solar minima. However, drifts still had played a significant role but the observable modulation effects were
not as well correlated with the waviness of the heliospheric current sheet as before. Protons still experienced global gradient and curvature drifts as the heliospheric magnetic field had decreased significantly until the end of 2009,
in contrast to the moderate decreases observed during previous minimum periods. This caused a very fascinating interplay between all four major mechanisms during the period 2008-2009.
The 2009 solar minimum modulation period was unusual and clearly different than previous A < 0 polarity minima. For a review on drift effects, see [9].
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Fig. 3: Computed modulated proton spectra at Earth for the
two drift cycles (A < 0 blue, lower dashed line; A > 0
red, solid line) with respect to the local interstellar spectrum (LIS; upper dashed line) specified at the modulation
boundary, in comparison with the PAMELA observations
during the last month of 2009 [6]. The last solar minimum
was set in an A < 0 cycle. This prediction for the next A
> 0 solar minimum is based on the assumption that the
same modulation conditions as in 2009 would prevail then.
If this would happen the spectrum for the next solar minimum modulation period could become the highest every
recorded proton spectrum.

spectrum from the SDE model is compatible with the observed 2009 spectrum, establishing the applicability of the
SDE approach.
Evidently, the modulated spectrum predicted for the
next A > 0 cycle is higher than the 2009 spectrum. If
the same modulation conditions as in 2009 would prevail
during the next solar minimum, this may then become
the highest every recorded proton spectrum and will set
as such a new record. If modulation conditions would enhance drifts during the next solar minimum, this predicted
spectrum may even be higher.
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Conclusions

Since the beginning of the space age, the highest modulated CR proton spectrum was observed by PAMELA in December 2009.
This was unexpected because during previous A < 0
polarity cycles, proton spectra were always lower than for
A > 0 cycles at kinetic energies less than a few-GeV, in
full accord with drift models [e.g. 9,18].
The 2009 solar minimum modulation period was unusu-
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al and clearly different from previous A < 0 polarity minima.
A comprehensive solar modulation model, including all
four major processes and a full 3D tensor, is used to predict
the proton spectrum for the next solar minimum and it
was found that it could be higher than in 2009 and may
therefore set a new record. The reason is that during A
> cycles it is easier for low energy particles to enter the
inner heliopshere mainly through the polar regions of the
heliosphere than in an A < 0 cycles when they enter mainly
through the equatorial regions.
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