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Abstract: Although cosmic ray (CR) modulation has been widely investigated in the past it is still difficult
to connect the CR variations to their solar causes and identify the role of the different drivers of modulation.
Recently, it has been suggested that the 11 yr cycle and QBOs can be associated with solar activity variations,
whereas the other scales of variability at 22 yr and about 6 yr with the drift effects governing the CR entrance in
the heliosphere. We explored this hypothesis by analyzing the tilt angle of the heliospheric current sheet (HCS),
which characterizes the drift effects on CRs, through the Empirical Mode Decomposition technique. We found
a prominent variability at 6 yr, which accounts for the main features (e.g., flat-topped maximum) of the CR
modulation during periods of low solar activity. A threshold on the HCS inclination relevant for CR modulation
is also derived for the Climax neutron monitor rigidity.
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1 Introduction
It is widely known that galactic CRs are modulated by so-
lar activity (see the pioneering works performed by [1, 2]),
which is variable on a wide range of temporal scales. The
main modulation is at 11 yr time scale and it is related to
the well known Schwabe cycle. As a consequence, the CR
intensity shows a pronounced 11 yr variation, with the in-
tensity maximum corresponding almost with the solar min-
imum and viceversa. In addition, many manifestations of
solar magnetism as well as some interplanetary phenome-
na show quasi-biennial variations ([3] and references there-
in), that are also present in CR measurements (e.g.,[4] and
references therein). It has been also shown that solar activ-
ity can be essentially described by superposing QBOs to
the ∼ 11 yr mode (e.g., [4, 5]).

CR intensity curve follows a 22 yr cycle with alter-
nate maxima being flat-topped and peaked (e.g., [ 6]). This
peculiar behavior is described by models of CR modula-
tion (e.g., [7, 8, 9]), based on the observed reversal of the
Sun’s magnetic field polarity, curvature and gradient drift-
s in the interplanetary magnetic field. In particular, in the
drift formalism, during epochs when A > 0 (i.e., when the
Sun’s dipole magnetic field is positive in the northern hemi-
sphere) the approach in the inner heliosphere of positively
charged CRs is from over the poles, while during epochs
when A < 0 the preferred direction is from along the helio-
spheric current sheet (HCS).

The average excursion, during a solar rotation, of the
HCS from the heliographic equator is referred to as tilt
angle [10], which characterize the drift effects on CRs
[11, 12]. The wavy HCS has become a successful physical
entity in global GCR modulation. The modulation effect-
s of the HCS and drifts, the subsequent 22 year cycle and
corresponding charge-sign dependence in the inner helio-
sphere have been studied in detail with models. In periods
of minimum solar activity, i.e. when the CR modulation by
solar activity is reduced, the effects related to the polarity
state of the heliosphere and to the HCS tilt are supposed to
be more important.

An importantant scale of CR variability , unrelated to
solar activity perturbations, has been found at about 6 yr
[13] and ascribed to the variation during the solar cycle of
the latitude extent of the HCS. In this paper we address
the issue of the HCS variability in order to identify the
role of the different drivers of modulation. In particular,
we analyze cosmic ray measurements, sunspot areas, as a
direct proxy of the solar activity, and HCS tilt angle data,
as a tracer of the evolution of large-scale fields on the Sun,
to isolate the drift effects associated with the tilted HCS. In
section 2 we present results obtained by applying the EMD
to the CR and HCS tilt angle data set. Section 3 describes
two reconstructions of the CR signal, by using different
selected EMD modes and discuss the possible association
with the different sources of the CR variability, namely
solar activity and drift effects. In section 4 conclusions are
drawn.

2 Data used and method of investigation
We analyzed monthly averaged time series derived from
records of the Climax neutron monitor1 (CLI, ∼ 3.0 GV
cutoff rigidity), covering the period from 1953 to 2004.
The HCS tilt angle has been obtained from records at the
Wilcox Solar Observatory [WSO]2, defined as one-half
the sum of the maximum latitudinal excursions (north and
south) of the solar neutral line during each Carrington
rotation [10], and it is available from September 1976 to
present period. We used the tilt angle as computed by using
the ”classic” potential field models, that uses line-of-sight
boundary condition at the photosphere. Finally, monthly
averages of sunspot areas3 (SA) have also been considered
as fundamental parameters related to the CR modulation.

To identify the periodicities present in each data set, and
their relative amplitude, we use the Empirical Mode De-

1. http://ulysses.sr.unh.edu/NeutronMonitor
2. http://wso.stanford.edu/Tilts.html
3. http://solarscience.msfc.nasa.gov/greenwch.shtml
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Fig. 1: EMD modes ( j values from 1 to 8) and the residue r8 for tilt angle data.

composition (EMD) [14], a technique developed to process
nonlinear and nonstationary data. The EMD decomposes
each time series into a finite number of intrinsic mode func-
tions (IMFs), which depends on the data set, and a residue
by using an adaptive basis derived directily from the data:

Ψ(t) =
m

∑
j=1

ψ j(t)+ rm(t). (1)

where Ψ(t) is the raw time series and φ(t) and rm(t) are
the IMFs and the residue, describing the mean thrend when
present, respectively. The ψ j(t) represent zero mean oscil-
lations experiencing amplitude and frequency modulation-
s, namely ψ j(t) = Aj(t)cos(ω(t) · t). Each IMF is charac-
terized by a typical period τ j , defined as the average time

difference between the local local extrema od ψ j. More de-
tails about the iterative process used to calculate the IMF-
s can be found in [5, 3]. This kind of decomposition is lo-
cal, complete and orthogonal [14, 15]. Due to the ortogo-
nality, we can reconstruct the signal, at a chosen time scale,
through partial sums in Eq. (1) (see also [16, 5]). Figures 1
shows the EMD decomposition of tilt angle data, for which
8 IMFs were obtained.

The statistical significance of the IMFs has been
checked by using the test developed by [17]. It is based
on the comparison between the IMFs obtained from the
signal with the corresponding ones derived from a white
noise process. Results from the test on the CLI and tilt
angle dataset are shown in Figure 2 where the dashed,
dot-dashed and dotted lines indicate the spread lines, for
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Fig. 2: IMF average amplitude (E j) v.s. typical period (τ j)
for the IMFs from CLI (a) and tilt angle (b). Dashed, dot-
dashed and dotted lines indicate the 90th, 95th and 99th

percentile, respectively.

the white noise, at 90th, 95th and 99th percentile, respec-
tively, and circles correspond to the average amplitude of
IMFs (Ej). IMFs having their amplitude located above the
spread line bound contain physical information at that se-
lected confidence level. It can be seen that all the IMFs are
significant at the 99th percentile. Moreover, the diagram in
Figure 2 allows to estimate the importance of contribution
of each IMF to the global signal. Results for CLI data are:
the highest amplitude mode, j = 8, having τ8 = 10.6±0.3
yr, can be associated with the 11 yr Schwabe cycle, where-
as j = 9, having τ9 = 29± 7 yr, possibly to the Hale cy-
cle, because its period is comparable with ∼ 22 yr with-
in the error. The IMF j = 7 (τ7 = 6.5± 0.5 yr) is found
to be the third important mode. Other modes with peri-
ods at the typical QBOs time scales [18] are also detect-
ed ( j = 4, j = 5, j = 6 with periods τ4 = 1.3± 0.1 yr,
τ5 = 2.2 ± 0.1 yr, τ6 = 3.5 ± 0.3, respectively). Mode
j = 10, with τ10 ∼ 41 yr, shows only one oscillation which
cannot be considered as reliable, given the limited time ex-
tent of the data set. For tilt angle data, the highest mode is
j = 7, with τ7 = 11.0±0.8 yr, representing HCS variation-
s in phase with solar activity (SA highest mode is j = 7,
with τ7 = 10.7± 0.4 yr). The second important mode is
the IMF j = 6 (τ6 = 5.1± 0.2 yr). Its period of ∼ 6 yr is a
reasonable average time for the latitudinal excursion of the
HCS ,although the HCS decrease time during the descend-
ing phase of the susnspot cycle is usually higher than the
rise time, especially for odd numbered cycles (e.g., [19]).
Figure 3 shows how the contribution of these three modes
well describe the general HCS trend. Notice that a mode
with period 5−6 yr was not detected when performing the
EMD on SA data.

On the other hand, modes representing QBOs are also
found for both tilte angle and SA data: j = 5 (τ5 = 1.8±

0.1 yr) and j = 5,6 (τ5 = 1.9± 0.1 yr, τ6 = 3.4± 0.2 yr),
respectively. The significance test has been applied to all
the considered data sets in order to select only significant
modes for the signal reconstructions, performed in the next
section.

3 Solar modulation v.s. drift effects
All data sets show a significant mode describing the time
behavior of the main 11 yr periodicity ( j = 7 for tilt angle
and SA; j = 8 for CLI) and at least one IMF associated to
the QBOs. The time variability at the QBO scale of CLI
and SA records used in this paper, has been deeply investi-
gated, in paper [4]. Briefly, the QBOs can be obtained by
summing up the IMFs in the range between 1.5− 4 yr and
represent a prominent scale of CR variability. Top panel of
Figure 4 depicts the raw CLI data along with the superpo-
sition of the ∼11 yr and QBO contributions, that accoun-
t for general features of the CR modulation, such the ma-
jority of step-like decreases and the Gnevyshev Gap phe-
nomenon [4]. Indeed, the CR variability at time scales of
11 yr and QBOs has been associated with solar activity
variations (e.g. [13]).

Moreover, the CLI data set has two prominent modes
characterized by a tipical timescale of about 5− 6 yr and
τ ∼ 22 yr, which could be related the two main drift effect-
s acting on cosmic rays, i.e., respectively, the polarity in-
version of the solar magnetic field and the changes in the
HCS inclination. Bottom panel of Figure 4 shows two CR
signal reconstructions: one is obtained from the ∼ 11 yr
and ∼ 22 yr modes (magenta line), wheareas the other al-
so includes the ∼ 6 yr mode (blue line). It is apparent that
the former superposition (including only the 22 yr mode)
shows an enhanced cosmic ray flux with respect to the ac-
tual CR data (bottom panel of Figure 4) during the A > 0
periods, when the magnetic field polarity of the Northern
solar pole is positive, i.e., outward the Sun; on the contrary,
a reduced CR flux is observed during the A < 0 periods.
This behavior is accounted for in the transport models for
galactic cosmic rays in the heliosphere (e.g., [7, 12, 8, 9])
in which positively charged cosmic rays drift in from the
heliospheric polar regions during A> 0 periods (∼ 1970−
1980 and ∼ 1990− 2000). On the other hand, when the
Sun’s north polar field is directed inward (∼ 1960− 1970
and ∼ 1980− 1990) the positively charged cosmic rays
drift inward along the HCS.

This result confirms that modes with timescales of ∼ 22
yr are associated with the effect of the drift due to the
polarity change of the heliospheric magnetic field. On the
other hand, this effect is covered by the presence of other
modes that have to be taken into account to reproduce the
actual CR data.

Let us consider the EMD mode with typical period of
about 6 yr. It is clear that the CR flat maxima, during even
numbered sunspot cycles, are entirely determined by the
5− 6 yr modulation.

We remind that this mode is found in the CR data set as
well as in the tilt angle records, but not in SA data. This
suggests that the CR variability at this time scale is not di-
rectly due to solar activity, but to some other modulation
driver, i.e., the changes of inclination of the HCS as sug-
gested by [13]. Figure 5 shows the superposition of the
modes j = 7,8 for CLI (blue line) and j = 6,7 for the tilt
angle (magenta line): the two lines appear to be very well
anti-correlated. For instance, the slow increase of the tilt
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Fig. 3: Time history of the tilt angle (green line), its ∼ 11
yr mode (blue line) and the superpostion of the ∼ 11 and
∼ 5−6 yr modes (violet line). Vertical dashed lines delimit
the periods when there was no well defined HMF polarity.
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Fig. 4: Top: CR intensity (green line), superposition (blue
line) of the ∼ 11 yr mode and the QBOs computed from
CLI data. Bottom: CR intensity (green line), superposition
(magenta line) of the ∼ 11 yr and ∼ 22 yr, superposition
(dark blue line) of the ∼ 11, ∼ 22 yr and ∼ 6 yr for CLI
data. Vertical dashed lines delimit the periods when there
was no well defined HMF polarity.

angle during the rise phase of odd solar cycle is reflected
in a slower decrease of the CR intensity; on the contrary,
the rapid increase of the tilt angle during the rise of even
solar cycle produces sharp CR profiles. Moreover, smal-
l HCS variations (e. g. the inflection points around 1993)
are observed in the CLI reconstruction as well, when the
HCS elevation is moderate (∼ 40◦). On the contrary, when
the HCS varies at high latitudes (e.g., in 1982, 2003) the
CR intensity seems not to be affected. This indicates that
a treshold for the HCS tilt angle over which the CR flux is
strongly decreased, despite the tilt angle variations, can be
derived. Under the threshold the CR flux is strongly modu-
lated by tilt angle variations.

4 Conclusions
The combined study of the CR, HCS and SA variability
through the EMD technique allowed to draw the following
conclusions.

Both CR and HCS tilt angle data present prominent s-
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Fig. 5: Superposition of the 11 yr and 6 yr modes for tilt
angle (magenta line) and CR intensity (blue line).

cales of variability at 11 yr, 22 yr and 5− 6 yr, while SA
data lacks the third one. In particular, the 5− 6 yr mode
is found to be responsible for the peaked-flat topped maxi-
mum feature observed in the CR intensity during odd-even
numbered cycles. As previously suggested [19] a systemat-
ic variation of the tilt angle evolution may contribute to the
cosmic ray modulation either via drifts as a result of the
tilt angle difference itself or as a consequence of the dif-
ferent latitude distribution of CMEs between even and odd
cycles. Our results show that the CR modulation at 5− 6
yr timescales exactly matches the corresponding variation
in the tilt angle, favouring the former hypothesis. Thus, we
suggest that solar activity is responsible for the 11 yr cy-
cle and QBOs in CR data, while changes in the HCS incli-
nation drives the ∼ 5− 6 variation and hence the peaked-
flat CR maxima. Finally, we derived a threshold value of
∼ 40◦ in the tilt angle, for the onset of CR modulation at
the Climax rigidity.
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