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Abstract: It is a well-established fact that cosmic-ray maxima during solar minima show alternating peak-plateau be-
haviour during so-called qA<0 and qA>0 cycles. This is generally ascribed as due to curvature and gradient drifts of
cosmic ray in the heliospheric magnetic field, which are oppositely directed during these cycles. It is also known that at
neutron monitor rigidities the peak intensities are higher than the plateau intensities, but that this behaviour is the oppo-
site at low energies (typically measured by spacecraft). These spectral crossing effects have so far not been successfully
explained. In addition, the 2009 qA<0 peak intensity was significantly higher than that of the previous two qA<0 solar
minima, in 1987 and in 1965. This paper describes these effects quantitatively with numerical solutions of the cosmic-ray
transport equation.
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1 Introduction

Figure 1 shows the long-term changes in the cosmic-ray
intensity due to heliospheric modulation, as observed by
three widely different instruments. They are the Hermanus
neutron monitor at sea level and at cutoff rigidity Pc = 4.9
GV, the stratospheric balloon observations of [9] at an alti-
tude of ∼ 20 km ( ∼ 50 mm Hg) at Murmansk, with cut-
off rigidity 0.6 GV, and the IMP 8 integral counting rates
above the atmosphere and outside the magnetosphere at ki-
netic energies T > 80 MeV/nucleon. We estimated in [6]
that the median response of the Hermanus neutron monitor
was 16 to 20 GV, and that of the balloon observations 5 to
7 GV. We estimate that the median energy of response for
the IMP-8 counting rate is 1.2 GeV, or median rigidity ∼ 2
GV.
The figure shows that during the solar minima of 1965,
1987 and 2009 the intensities reach their maximum in a
peak-like fashion, while in the intervening minima of 1976
and 1997/8, the maximum intensities are plateau-like. It is
generally accepted that this peak-plateau like behaviour is
due to curvature and gradient drifts of cosmic rays in the
heliospheric magnetic field, which are oppositely directed
during these alternating 11-year solar cycles when the he-
liospheric magnetic field switches from one orientation to
the opposite. It can be quite successfully modelled with nu-
merical solutions of the cosmic-ray transport equation, e.g.
[10].
Figure 1 also shows that at Hermanus the peaks are ∼ 2%
higher than the plateaus, which is typical of all neutron

monitors. However, the 1987 IMP-8 peak is significant-
ly lower than the 1977 plateau, and this behaviour implies
a cross-over of the qA>0 and qA<0 intensities at an en-
ergy between the NM and IMP-8 response energies. This
trend is confirmed by the stratospheric balloon observation-
s with an average energy of response between these two
extremes, where the peaks and plateaus are approximate-
ly equally high. This cross-over has so far not been suc-
cessfully modelled. Typical model solutions for “standard”
modulation parameters predict high plateaus and low peak-
s. This paper investigates what the requirements are for
transport parameters to yield these cross-overs, and what
this reveals about heliospheric propagation conditions.
Preliminary remarks about this modelling were made by
[7].

2 Other Observations

Figure 2 shows the intensity spectra, jT , w.r.t. kinetic ener-
gy per nucleon, T , observed at 1 AU for cosmic-ray protons
during the qA>0 minima of 1977 and 1997 (full line and
closed symbols) and the qA<0 minima of 1987 and 2006-
2008 (broken line and open symbols). The eleven points,
below∼ 400 MeV, are IMP-8 data for the interval 20 April
1997 to 23 March 1998, while the detailed spectrum above
∼ 400 MeV is from the Bess balloon experiment on 27 July
1997 [8]. Similarly, the blue squares for qA<0 are IMP-8
data from 20 April to 10 October 1987, while the spectra
above 1 GeV are from the Pamela mission [1] during the
period of 2006 to 2008. This means that the qA<0 data set
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Figure 1: Time varitions (monthly ave.) in the cosmic-
ray intensity observed by three different instruments: Her-
manus neutron monitor (top), stratospheric balloon exper-
iment at Murmansk (middle) and IMP 8 integral counting
rate (bottom).
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Figure 2: Proton intensity spectra during the solar minima
in 1987 and 1997. The lines show the numerical solutions
of the transport equation using a two-dimensional model.
The details are described in the text.

does not truly represent intensities during solar minimum
conditions. However, the Murmansk plot in Figure 1 re-
veals that, on average, the 2006 to 2008 interval may be
better representative of 1987 conditions than the unusual-
ly quiet (high counting rate) conditions in 2009. Thus, we
consider these two spectra as the best available representa-
tion for qA>0 and qA<0 conditions.
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Figure 3: Neutron monitor counting rates in a sea-level lat-
itude survey in 1987. The data are from [6] and the lines
represent the calculated counts from our model.

To convert from such differential energy spectra observed
above the atmosphere to integral counting rates of neutron
monitors deep inside the atmosphere, one needs to take into
account the production of secondary cosmic-ray particles
due to nuclear reactions of primary cosmic rays with at-
mospheric nuclei. This process is captured in the so-called
atmospheric yield function. In addition, one must know the
response characteristics of the particular instrument. While
the atmospheric response function can be modelled to an
accuracy of perhaps several percent, the characteristics of
each neutron monitor are different. Such response calcu-
lations are described in [3], while in [9] gives fits through
several experimental results.
In view of such uncertainties, a more accurate way to deter-
mine the combined atmospheric and instrumental response
is to measure it. This was done with a latitude survey with
a single-counter NM64 neutron monitor at sea-level during
the 1987 solar minimum by [6]. The counting rate of this
neutron monitor is shown in Figure 3. These observations
were fitted by the so-called Dorman function [4]:

N = N0[1− exp(−αP−k
c )] (1)

with the coefficients α = 10.068, k = 0.9519 and N0 =
148.1. When this function is differentiated w.r.t. rigidity,
P , it gives the differential response function of the neu-
tron monitor at sea level, given by dN/dP = αk(N −
No)P

−k−1
c . This response function can be regarded as the

cosmic-ray rigidity spectrum at sea level. The difference
between this differential response function and the spec-
trum above the atmosphere is the combined atmospher-
ic/instrumental yield function S(P, x). Therefore, the re-
lationship between the counting rate of a neutron monitor
at atmospheric depth x and the intensity on top of the at-
mosphere is

N(Pc, x, t) =

Pc∫

∞

dN

dP
dP =

Pc∫

∞

S(P, x)jP (t)dP, (2)
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Figure 4: The ratio of qA<0 (1987) to qA>0 (1997) neu-
tron monitor counting rates (top) and differential spectra
and integral rates (bottom). The labels next to the data
points in top panel are for: AP - Apatity, TH - Thule,
SA - Sanae, OU - Oulu, MC - McMurdo, KI - Kiel, NE
- Newark, MO - Moscow, HE - Hermanus, PO - Potchef-
stroom and TS - Tsumeb.

where jP = βjT , with β = v/c, i.e. particle speed/speed
of light. From the 1987 spectrum in Figure 2, and the 1987
counting rate in Figure 3, we found the atmospheric yield
function at sea level. The function fitted to it is given by
the double power law form

S(P, x = 760 mm Hg) = 50.2(0.45+P )−19.4P 20.3. (3)

3 Modulation Fit to the Observations

The observations are modelled by numerical solutions of
the cosmic-ray transport equation

∂f

∂t
+ V · ∇f −∇ · (K · ∇f)− 1

3
(∇ ·V)

∂f

∂ ln p
= Q. (4)

Here f is the omnidirectional distribution function in terms
of momentum p, related to the (generally measured) inten-
sity in terms of kinetic energy by jT (T ) = p2f(p). The
radial solar wind velocity V (r, θ) is 400 km/s in the eclip-
tic regions, increasing between latitudes 10◦ and 30◦ to 800
km/s as indicated by Ulysses observations ([5]).
The HMF used in the model is a Parker spiral field, with
magnitude B = Be(re/r)

2(cosψe/ cosψ), where re = 1
AU, Be = 5 nT is the value of the field at Earth, and
tanψ = Ω(r − rsun) sin θ/V . The radial and latitudi-
nal diffusion coefficients, κrr and κθθ, or their equiva-
lent diffusion mean free paths, λ = 3κ/v, are given by
λrr = λ‖ cos2 ψ + λ⊥1 sin

2 ψ, and λθθ = λ⊥2. Gra-
dient and curvature drifts are described in the standard
manner by the asymmetric coefficient κT = βP/(3B)

of the diffusion tensor. This leads to the drift velocity
vd = (βP/3)∇ × B/B2. The relationship between mo-
mentum, rigidity, P , and kinetic energy per nucleon, T ,
is P = pc/q = A/Z

√
T (T + 2E0), where A and Z are

mass and charge numbers respectively, and E0 rest mass.
The wavy neutral sheet has a tilt angle of 10◦ and neutral
sheet drift is handled by the method 2 of [2]. The solution is
started with the initial condition that the local insterstellar
spectrum (LIS), placed at rb = 150 AU, and given by [11],
pervades the entire heliosphere, and it is stepped forward in
time until it reaches a quasi-steady state after 21600 time
steps of 0.52 hours each (≈ 2.4 years). Shock acceleration
at the solar wind termination shock (SWTS) is included in
our model. The SWTS is placed at rs = 90 AU, with a
compression ratio s = 2.5.
The important parameters for these fits are the magnitude
and rigidity dependence of the diffusion mean free paths.
For P > 0.1 GV the diffusion mean free paths are given by
λrr = λθθ = 0.48[P (GV)]1.5 AU for the qA<0 solar min-
imum period in 1987, and λrr = λθθ = 0.14[P (GV)]1.5

AU for qA>0 solar minimum period in 1997. Below 0.1
GV the diffusion mean free paths are independent of the
rigidity. Note that this rigidity dependence of the diffusion
coefficients is different from that of the drift coefficient kT .

4 Results and Discussion

The full lines in Figures 2 and 3 show the calculated 1997
qA>0 spectra and NM counting rates, while the dashed
lines show the corresponding 1987 qA<0 results. These
fits show that while the low-energy proton intensities are
higher in 1997 than in 1987, the 1987 NM counting rates
are above those in 1997 as observed.
The resolution in these two figures is insufficient to see the
datails of these crossings. Therefore the top panel of Fig-
ure 4 shows the 1987/1997 ratio of NM counting rates, and
the bottom panel the same ratio for proton intensities mea-
sured in space. The symbols in the top panel are observed
NM counting rates. These points have significant scatter,
but they are all> 1, in agreement with the calculated curve.
The full line in bottom panel shows, however, that the ra-
tio becomes < 1 at low energies, as observed. Once again,
there is significant scatter in the observations, but the gen-
eral trend is sucessfully modeled. The dashed curve in the
bottom panel also shows what the integral counting rate
of a detector would be. These two calculated lines show
that the crossing occurs at T ∼ 1 GeV (P ∼ 1.7 GV). For
the integral counting rates this crossing occurs at T ∼ 250
MeV (P ∼ 0.75 GV). This crossing point agrees with the
fact that the Murmansk peaks and plateaus, at cutoff rigid-
ity Pc ∼ 0.6 GV in Figure 1, are equally high.

5 Conclusions

The results show that the observed spectral crossings in
the qA>0 and qA<0 solar minima can be successfully ex-
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plained. The reason for these crossings is that the diffusion
coefficients are ∝ P 1.5, while the drift coeffcient is ∝ P .
Hence the relative importance of drift increases with de-
creasing rigidity. In follow-up solutions we will determine
whether this explanation is unique.
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