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Time variability of the Rome cosmic ray intensity
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Abstract: The time variability of the Rome neutron monitor data (SVIRCO Observatory: INAF/IFSI-Roma and UNIRo-
maTre collaboration; rigidity threshold about 6.3 GV) from 1964 to 2004 was analyzed by using the Empirical Mode
Decomposition (EMD) technique. Two prominent scales of variability have been identified: the ∼ 11-yr (Schwabe) cycle
and the quasi biennial oscillations (QBOs). It is shown that the superposition of the two waves reproduces fairly well
the long-term trend of the SVIRCO data. Moreover, the QBO role in producing the Gnevyshev Gap is discussed. A
significant correlation has also been found between QBOs of the heliomagnetic field and cosmic ray intensity only during
even solar activity cycles, with possible implications for cosmic ray modulation.
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1 Introduction

The flux of galactic cosmic rays (CR), which flow trough
the heliosphere and interact with its varying magnetic field-
s, is affected by solar activity variations. The CR intensity,
continuously registered by ground-based neutron monitors
of the world network, shows a pronounced 11 yr variation,
with the maximum matching almost the sunspot minimum
and the least near the sunspot peak. The CR modulation
is often described as consisting of a succession of step-like
decreases in the CR intensity, with each decrease lasting at
least ∼ 6 months (e.g.,[1]). It is thought that in the outer he-
liosphere the steps are due to the passage of global merged
interaction regions, which are formed through the coales-
cence of coronal mass ejections, corotating interaction re-
gions, and high-speed streams [2]. On the other hand, [3]
observed that the modulation is driven by intrinsic changes
in the global solar field. Apart from the solar cycle mod-
ulation, other variations have been reported by many au-
thors after the inspection of the cosmic ray time series, and
related to periodicities driven by solar activity. In partic-
ular, a quasi-biennial variation of CR can occurr at 1 AU
[4, 5] and in the outer heliosphere [6]. It could be associat-
ed to the so called quasi-biennial oscillations (QBOs) at ∼
2 yr, appearing in many manifestations of solar magnetism
(e.g., [7, 8, 9, 10, 11]) as well as in interplanetary phenom-
ena, such as the the solar wind speed and the interplanetary
magnetic field intensity (e.g., [12, 13]).
The interplay between the 11 yr cycle and the QBOs should
originate the observed Gnevyshev gap (GG), i.e. the time

interval during the maximum activity phase of each 11 yr
cycle in which a decrease is observed in solar and inter-
planetary parameters ([14], and references therein). Clear
evidences of a double-peaked trend were present also in the
CR modulation up to particle rigidities of at least ∼ 150
GV [15]. Recently, [16] showed that the superposition of
the quasi-biennial cycle and the ∼ 11 yr year cycle can ex-
plain the GG phenomenon in solar parameters such as the
sunspot area and the green line emission.
In this paper, we analyze the variability of the galactic CR
flux recorded by the Rome neutron monitor through the
Empirical Mode Decomposition (EMD) analysis, which is
suitable for the description of nonstationary processes con-
taining multiscale features. In particular, we focus on the
detection of QBOs and their role in producing the GG.
Moreover, we investigate the linking with temporal vari-
ations of the heliographic magnetic field (HMF), which
plays a key role in the galactic CR modulation. The data
used and the EMD decomposition are explained in section
2. Preliminary results are reported in section 3.

2 Data and method

In order to study the behaviour of CR intensity, as record-
ed by the Rome (RM) neutron monitor, the monthly mean
values have been used for the period from 1964 to 20041.
Monthly averages of HMF at 1 AU (B) have also been com-

1. Data available at http://webusers.fis.uniroma3.it/svirco
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Figure 1: Cj modes (j = 1÷ 8) obtained by performing the EMD technique to RM data.

Table 1: Number (m) of EMD modes obtained from Eq. (1) for RM and HMF data; significant modes for the ∼ 11 yr
cycle and QBOs along with their typical periods, calculated as the average time difference between local extrema. The
standard error is provided for each period.

Parameter m 11-yr mode 11-yr periods (yr) QBO modes QBO periods (yr)

B 9 C8 + C9 τ8 = 9.7± 0.3; τ9 = 12.0± 1; C5 + C6 τ5 = 2.1± 0.1; τ6 = 3.9± 0.2

RM 8 C7 τ7 = 10.4± 0.4; C4 + C5 τ4 = 1.6± 0.04; τ5 = 2.7± 0.1

puted since it represents a fundamental parameter related to
the CR modulation2.
We tried to identify the periodicities present in both da-
ta sets, and their relative amplitude, through the Empirical
Mode Decomposition (EMD). This technique is well suited
to process non stationary data [17], for which eigenmodes
are directly obtained from the observed signal and are not
fixed a priori. Through the EMD, a time series C(t) is de-
composed into a definite number m of oscillating Intrinsic
Mode Functions (IMFs) as

C(t) =
m∑

j=1

Cj(t) + r(t). (1)

The IMFs Cj(t) represent a set of basis functions obtained
from the data set under analysis. Each Cj(t) is a zero mean
oscillation experiencing amplitude and frequency modula-
tions and can be characterized by a typical period τj , cal-
culated as the average time difference between its local ex-
trema (local maxima and minima). This kind of decompo-

sition is local, complete and orthogonal [17]. The residue
r(t) in Eq. (1) describes the mean trend when present. The
orthogonality property of EMD modes can be exploited to
reconstruct the signal at a chosen time scale through partial
sums of IMFs in Eq. (1) [17]. Figure 1 shows the EMD de-
composition of RM data, for which eight Cj modes were
obtained. We checked the statistical significance of infor-
mation content for the IMFs by applying the test develope-
d by [18], which is based on the comparison between the
IMFs obtained from the signal and the corresponding ones
derived from white noise processes. As result, we obtained
that the IMFs having j ≥ 3 can be considered statistically
significant, whereas the C1 and C2 high frequency com-
ponents can be associated to the noise contribution to the
signal. Note that the mode (j = 7) corresponds to the ∼
11 yr cycle. The EMD and the significance test have been
applied to the HMF data set as well.

2. Data available at URL http://omniweb.gsfc.nasa.gov/form/dx1.html
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Figure 2: (left) QBOs (black line) obtained from RM data by summing up modes C4 (light gray) and C5 (gray). They are
scaled of 6 and 3 from the zero value, respectively. (right) CR intensity (gray line) and superposition of the ∼ 11 yr mode
and the QBOs (black line). Arrows indicate the GG time.

Time period 11 yr mode QBOs QBO/11 yr mode

1968-1972 1.68 0.67 0.40

1978-1982 2.63 0.85 0.32

1988-1993 2.47 1.89 0.77

1998-2002 2.49 0.74 0.30

Table 2: Mean square amplitude (arbitrary units) of QBOs
with respect to the ∼ 11 yr mode.

3 Signal reconstruction

By applying the EMD technique, m IMFs are obtained for
RM and HMF time series, as reported in the second column
of Table 1. Each time series presents at least one IMF rep-
resenting the ∼ 11 yr periodicity (third and fourth columns
of Table 1). Other modes at typical QBOs time scales are
also detected. Figure 2 shows the IMFs used to derive the
QBOs (left panel) of RM data. They are obtained by sum-
ming up modes C4 and C5: the dominant mode in the RM
QBOs is C4 with a typical period τ4 = 1.6 ± 0.1, during
1965-1976 and 1987-1995 (i.e. even solar cycles) and C5

with period τ5 = 2.7 ± 0.1 during 1978-1986 and 1995-
2004 (odd cycles). As expected, the detected QBOs have
a high amplitude during the maximum phase of each solar
cycle and almost vanish during the sunspot minima. In or-
der to understand their importance with respect to the ∼ 11
yr mode, we compute the ratio between the mean square
amplitude of QBOs and that of the ∼ 11 yr mode over
5 years around each solar maximum. Results (see Table
2) show that their contribution is high, being at least 30%
with respect to the amplitude of the ∼ 11 yr mode. Then,
we investigate how the reconstruction of the signal by su-
perposing QBOs and ∼ 11 yr mode compares with actual
RM data. Right panel of Figure 2 shows the RM CR in-
tensity along with the partial reconstruction. It is apparent
that the superposition of the ∼ 11 yr and QBO waves well
reproduce the general trend of CR data, especially during

Cycle R Time interval R
20 -0.60 1968-1972 -0.69
21 0.17 1978-1982 -0.01
22 -0.65 1988-1992 -0.72
23 -0.05 1998-2992 -0.02

Table 3: Value of the correlation coefficient between QBOs
of RM data and the HMF for each solar cycle.

the maximum phase of sunspot cycles, i.e. when QBOs
reach their highest amplitude. In particular, this superpo-
sition accounts for Gnevyschev Gap phenomenon in CR
data during the maximum activity phases. Moreover, the
majority of the step-like decreases seem to be explained by
adding the QBOs to the 11 yr modulation; in particular,
the so-called mini-cycle during 1974 [19] is reproduced.
Nevertheless, around sunspot minima, i.e. in periods of
minimum modulation of CR by solar activity, the mode C3

(τ3 = 1.02 ± 0.03 yr) would be necessary to explain the
short term variability of the CR flux. Notice that the QBOs
do not account for the flat maximum of CR during even
sunspot cycles, for which mode C6 (τ6 = 5.63 ± 0.4 yr)
should be considered.
The QBOs obtained from RM data have been compared to
those of HMF data by means of correlative analysis. For the
whole examined period, CR show a poor anti-correlation
with the HMF at QBO temporal scales, being the correla-
tion coefficient R = −0.34. On the other hand, the correla-
tion improves when separated solar cycles are considered.
Table 3 shows that the correlation between the HMF and
the RM QBOs is signifcant only during even solar cycles
(20 and 22). Moreover, the correlation increases during 5
years around the solar maximum of even cycles (see Table
3), i.e. in the period when QBOs have the highest ampli-
tude in both data set.
These findings could be related with the different penetra-
tion of CRs in the heliosphere, according to its polarity s-
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tate. In fact, in the drift formulation of cosmic-ray modula-
tion (e.g., [20]), positively charged CRs preferentially enter
the heliosphere from the direction of the solar poles during
A > 0 periods (corresponding to times when the polarity
of the solar magnetic field is outward in the northern hemi-
sphere) such as in ∼1970–1980 and ∼1990–2000. Dur-
ing A < 0 periods such as ∼1960–1970 and ∼1980–1990
when the solar field polarity is reversed, CRs approach the
Sun from the equatorial regions along the heliospheric cur-
rent sheet (HCS). During the solar activity maximum the
HMF reverses at poles and the CRs entry into the helio-
sphere should change accordingly, although the route of
their access may not be well defined. Reference [21] found
that during the changeover from A > 0 to A < 0 (in
odd-numbered cycles) CRs have a much greater difficul-
ty in reaching the Earth, as they drift in along the HCS, at
least until the HCS tilt angle becomes ∼ 20◦ ∼ 30◦ or less.
It follows that there is a large decrease in the CR intensi-
ty, possibly due to the role of the drifts in the modulation
process even at solar maximum (when drifts are thought to
have still high magnitudes, although they are less globally
coherent than at solar minimum). These effects could al-
so be responsible for the lack of correlation that we found
during odd cycles between HMF at 1 AU and CR intensity
at ∼ 2 yr time scale. On the other hand, in even-numbered
solar cycles, a diffusion/convection dominated modulation
[23] is consistent with the anticorrelation between QBOs
of the HMF and CR intensity, given that the diffusion co-
efficient scales inversely proportional to the magnetic field
magnitude (e.g.,K ∝ B−n, [22], where K is the interplan-
etary diffusion coefficient; B field magnitude).

4 Conclusions

The EMD analysis was applied to CR data of the Rome
neutron monitor to investigate their time variability and
how it is related to variations of the heliomagnetic field.
The most significant scales for CR variations are found to
be at ∼ 11 yr and QBOs temporal scales. Their importance
is estimated to be of the order of about 30% with respect to
the ∼ 11 yr mean square amplitude. Moreover, the QBOs
found in the CR intensity can be partly associated with the
step-like (i.e. medium term) modulation, superimposed on
the ∼ 11 yr long-term trend. In particular, it is demon-
strated that the superposition of the ∼ 11 yr and the ∼ 2
yr modes produces the GG present in the raw CR data.
We also analyzed the effect of the variations at ∼ 2 yr in
the magnetic field magnitude at 1 AU (as a measure for
the elements of the diffusion tensor) on CR modulation.
Our findings support the hypothesis [3] that a fundamental
process at the Sun produces varying levels of magnetic
flux, which is carried into the heliosphere and the solar
wind; we demonstrate that it is generally correlated with
CR variations also at time scales of ∼ 2 yr during even
cycles. In addition, the anticorrelation found between
QBOs of HMF and CR is consistent with a modulation
dominated by the diffusion/convection during even cycles,

especially during maximum and descending phases (when
QBOs are strong). On the other hand, in odd cycles the
lack of correlation between QBOs of CR and IMF suggests
a reduced responsiveness of CR to the magnetic field
strength at these time scales, which is more consistent with
a drift effect (e.g., [23]).

This paper is supported by the Italian Space Agency (con-
tract ASI/INAF n. I/022/10/0) for the BC Mission.
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