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Abstract: In this paper we present PAMELA multi-particle observation of the Forbush decrease (FD) following
the December 13th 2006 solar particle event. The FD is the sudden decrease of the galactic cosmic ray flux due to
the transit of a Coronal Mass Ejection (CME). The satellite-borne experiment PAMELA on-board Resurs-DK1
satellite and consist of a magnetic spectrometer with time-of-flight and calorimeter detectors. PAMELA can study
in real time with high precision the temporal and energetic evolution of several particle fluence during and after
crossing of the magnetic cloud generated by the CME. The effect is stronger than what detected on ground with
neutron monitor. With flux reduction can be as high as 30% decreasing at 1.5GV. No difference of the FD has been
found for different particles proving that there is no charge sign dependence of FD for this event.
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1 Introduction
The PAMELA experiment, on-board the satellite Resurs-
DK1, was designed to study the anti-matter and light-nuclei
component of the galactic cosmic ray spectrum[2] [3], the
study of the solar modulation and solar activity [7][8].
The PAMELA [1] can study primary charged cosmic rays
components in a wide energy range form tens of MeV to
∼ 1.2 TeV.
In this paper we present the comparative study of the
Forbush decrease in the 1.57 GV to 5.70GV for helium,
proton, electron and positron components of the Galactic

Cosmic Rays (GCR), occurred after 13th Dec. 2006 solar
event.
For the proton components further studies on recovery time
rigidity dependence have been made on the full extent of the
event from few tens of GeV to almost 20GV. Studying the
behaviour of particles with different masses and possibly
opposite charge may bring a deeper understanding of the
interaction of GCR with the magnetic fields and shock
fronts of a Coronal Mass Ejections.
The rigidity range accessible with PAMELA allows to
observe the full extension of the effect. Those observations
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are not possible from ground based experiments since
the rigidity is limited by the geomagnetic cutoff and the
components are not discernible.

2 Forbush Decrease
The first observation of a rapid decrease in galactic cosmic
ray flux, during intense solar activity, was observed by S.E.
Forbush[13] in 1937 and by Hess and Demmelmair also in
1937 with ionization chambers. Later in 1950, Simpson[14]
observed a decrease in secondary neutron flux at ground
level, after several solar events. The solar induced decreases
shows two different behaviours[17]: recurrent decreases
induced by co-rotating interaction region (CIR), with a
27 days period and symmetrical shape and non-recurrent
decreases induced by transient events, namely Coronal
Mass Ejections(CMEs).The resulting decrease consists of
a steep drop and a slow recovery of the flux, this events
are called Forbush Decreases(FD). The intensity of a FD
depends mainly on three factors[15]:

• CME’s spatial extension.

• CME’s magnetic field magnitude.

• relative distance between CME and Earth.

The strong magnetic field of CMEs induces a decrease
in the fluence of galactic cosmic rays ranging from 3% to
20% of the nominal flux. The frequency of events follows
the 11 years solar cycle. The non-recurrent decreases are
divided into two categories: 1 step and 2 steps decrease[17],
depending on the line of sight of the observer. The first
is smoother and is caused by the interaction with the
shock front of a not well connected ejecta. The second
has sharper profile and it occurs when the ”ejecta” of the
CME crosses the Earth and the measured flux is affected
from both the shock and subsequently by the magnetic field
of the plasma resulting in a ”two-step decrease”. These
decreases are typically studied with neutron monitors. The
rigidity dependence of the effect is limited by the latitudinal
geomagnetic cutoff at which the monitors are placed on the
Earth’s surface.

3 13 December 2006 Solar Event
On December 13th at 0214 UT an X3.4/4B solar flare oc-
curred in the active region NOAA 10930 (SO6W23)[5].
The most intense solar event detected by PAMELA, and
quite unusual considering the solar minimum condition.
The event produced a full-halo Coronal Mass Ejection with
a sky-plane projected speed of 1774 km/s[6] recorded by
spacecrafts separated 79 in latitude and 119 in longitude.
The forward shock of the ejecta reached earth at 1438 UT
on December 14th causing the FD. Ground-based neutron
monitors started recording of SEP at 0248 UT, while the
near-Earth satellites responded later to SEP of lower en-
ergies. First solar protons arrived at the Earth’s orbit with
anisotropic pitch-angular distribution which resulted in dif-
ferent intensity-time profiles at neutron monitors situated at
location with the same geomagnetic cutoff Rc but different
asymptotic directions of incoming particles.
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Fig. 1: Comparison between daily proton fluxes normalized to quite sun condi-
tion, the days followin the injection of the CME show a clear depression in a wide
rigidity range. The date is YY/MM/DD.

4 Forbush event
4.1 Relative Decrease
The first part of the analysis aimed to evaluate the peak
decrease for the single components of GCR. The percentage
decrease was calculated taking as a reference flux, the
average over of the two previous months free of solar
activity. Ratio between fluxes removes any uncertainty due
to instrumental efficiency Assuming a costant efficiency
in the period taken into account, this procedure is more
reliable than considering flux subtraction.

In figure [1] fluxes from a few days are plotted to show
the differences beteew quiet Sun condition and what hap-
pens after the emission of the CME. A short time after the
event on the solar surface, quasi-relativistic particles inject-
ed on well connected magnetic field lines reach the earth
and PAMELA. With a typical speed of more than 500km/s
a CME crosses Earth around a day after the eruption and
we start to obeserve the decrease in the cosmic rays flux at
1 AU. To compare fluxes for different particles the rigidity
range has been selected. At low rigidities, below ∼ 2 GV
the proton and helium fluxes are overwhelmed by solar
energetic particles, at higer rigidities all the 4 species are af-
fected by the magnetic field of the CME. These observation-
s led to the following restrictions: rigidity range between
1.57GV and 5.70GV, three days fluxes for the electrons, 5
days fluxes for positrons to reduce statistical fluctuations.

Particle Max Decrease Rec. Time [days]
protons (28.5±0.6)% (38±4)
helium (33±2% (37±7)
elettrons (33±4)% (40±8)
positrons (45±15)% (52±12)

Table 1: Peak decrease and recovery time in the rigidity
range 1.57-5.70GV for the particle studied.

4.2 Rigidity Dependence of the Recovery Time
The recovery time[16][18] as shown in picture 3 has a
rigidity dependence. High energy GCR are less affected
by the CME magnetic field and tend to recover faster. For
the analysis we fitted at fixed rigidities the normalized flux
intensity with a function[19]:

I = I0 −A(R) · exp(− t − t0
τ(R)

) (1)
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Fig. 2: Time dependence of rigidity range between 1.57GV and 5.70GV of the
flux normalized to quiet sun. The rigididy interval has been selected to maximize the
statistic electron and positron fluxes. In blue electrons, red positrons, green helium
and in black protons. The comparison showed no charge/mass dependence of the
effect and comparable recovery. The highest points in the proton and helium flux
ratio are due to the high energy SEP. The 4 studied species showed a comparable
decrease of ∼ 30% and a comparable recovery time of ∼ 40 days.
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Fig. 3: Rigidity dependence of proton(top panel) and helium(bottom panel) flux
ratio evolution in time during December 2006. The green zone indicate a quiet sun
condition. The red region show the increase induced by the injection of SEP. The
blue region is the depression of GCR flux induced by the FD.
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Fig. 4: Normalized flux between 3 and 3.5 GV fitted with funcion 1.

where t0 is the onset of the decrease, and I0 ≈ 1.

In figure 6 are plotted the decrease amplitude and re-
covery time in fuction of the rigidity. For this purpose a
sampling of 0.5 GV in rigidity binning has been chosen for
the fluxes estimation. Both the amplitude and the recovery
time were fitted assuming an exponential dependence on
rigidity[19]:

τ(R) = Bτ · exp(−ατ ·R) (2)

A(R) = BA · exp(−αA ·R) (3)

PAMELA allows to investigate the whole rigidity range
in which the FD takes place, ranging from the highest
rigidity value of the SEP injected by the solar flare, to the
highest rigidity affected by the magnetic field of the CME.
In ground based experiment the rigidity range is limited by
the position with respect to the Stromer vertical cutoff at
the site of neutron monitor stations.

As the FD is a modification of a portion of the GCR
flux we can assume that the magnetic field of the CME
produces a temporary modification of the spectral index in
the influenced rigidity region. The effect is similar of what
is observed in GCR diffusion by the galactic magnetic fields.
This region has been defined between 4 and 10GV to avoid
modification of the index due to the SEP. Before the event
in the quiet sun condition we observed a steady spectral
index of γ = 2,3504±0.0008. In figure 5 is presented the
relative decrease in the gamma index δγ/γ .

In [21], the variation of the effect can be assumed to be:

δΦ(R)
Φ(R)

=

{
AR−γ R ≤ RMAX
0 R > RMAX

(4)

where RMAX is the rigidity beyond which the effect
vanishes. This can be taken into account when comparing
the variation of the index with the corresponding variation
of the power spectral density of the interplanetary magnetic
field as suggested in [20]. Further analysis will be performed
to correlate the variation of the spectral index to the CME
relative distance from earth.
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Fig. 5: Time evolution of the relative modification of the spectral index δγ/γ in
the region 4÷10 GV form γ = 2.35±0.02 of quiet sun condition.



Fobush Decrease with PAMELA experiment
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Rigidity [GV]
0 2 4 6 8 10 12

A

-0.1

0

0.1

0.2

0.3

0.4

0.5

 R}Aα exp{-
A

A(R) = B

 0.006821± = 0.308692 AB

 0.007386± = -0.131431 Aα

Amplitude

Rigidity [GV]
0 2 4 6 8 10 12

τ

0

10

20

30

40

50

60

70

80

 R )}τα exp{(-
τ

(R) = Bτ

 3.374267± = 45.893316 τB

 0.020462± = -0.105075 τα

Tau

Fig. 6: Top panel: Rigidity dependence of the time recovery amplitude. // Bottom
panel: Rigidity dependence of the recovery time constant.

5 Conclusions
In this work we present a detailed analysis of the 13th De-
cember 2006 Forbush decrease occurred after a X3.4 solar
flare. The event was sufficiently isolated and therefore well
suited to allow the study of different aspects of the dynam-
ics of the Forbush decrease.
For the first time in space was possible to observe the ef-
fect for different particles with different charge and masses,
namely: protons, helium, electrons and positrons in its full
extent. The initial part of the analysis aimed to evaluate an
eventual charge/mass dependence of the effect in a fixed
rigidity range.
The magnetic field of the CME affected protons, helium,
electrons and positrons with the same intensity ∼ 30% and
all the 4 species showed a compatible recovery time ∼ 40
days.
The PAMELA experiment allowed an unprecedented pre-
cision in the rigidity dependence of the effect not achiev-
able with ground based experiments allowing an insight in
diffusion mechanics induced by the magnetic cloud of the
CME on the galactic cosmic rays. The Sun is the closest
source of intense magnetic field and magnetized plasma
clouds affecting cosmic rays. A direct measurement of the
long and short term variation of cosmic ray flux due to the
interaction of the magnetic field of solar wind and CME
may bring deeper understanding on transport and diffusion
in the Galaxy.
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