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Temporal changes of the rigidity spectrum of the recurrent Forbush
e ect (16 30 June, 2003) have been studied using the data oftte worldwide
network of neutron monitors. The rigidity spectrum is soft at the beginning
and at the end phases of the recurrent Forbush e ect, and it ishard in the
minimum phase. The steady-state model based on the Parker'transport
equation is able to explain the changes of the rigidity speaum of the
recurrent Forbush e ect of the galactic cosmic ray intensity. An increase of
the power spectral density in the lower frequency area of theenergy range
of the interplanetary magnetic eld turbulence (10 ® 10 5Hz) causes
the hardening of the rigidity spectrum of the recurrent Forbush e ect of
the GCR intensity.

PACS numbers: 96.40.Cd, 96.50.Ci, 96.50.Fm

1. Introduction

The transient disturbances in the interplanetary space, usally are ac-
companied by the short period decreases Forbush e ects of he galactic
cosmic ray (GCR) intensity [1 5]. Generally, two types of the Forbush e ects
of the GCR intensity are distinguished sporadic and recurr ent. The spo-
radic Forbush e ects are characterized with a rapid decreas phase during
the one two days and by a subsequent recovery phase lastingff few days.
They are caused by the transient disturbances associated thithe powerful
solar ares. Recurrent Forbush e ects have the approximatdy symmetric
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decrease and recovery phases and last 8 12 days; they are sad by the ro-
tating disturbances in the interplanetary space associaigwith the long-lived
active heliolongitudinal zones on the Sun. Normally, the amlitudes of the
recurrent Forbush e ects are lower than the amplitudes of the sporadic For-
bush e ect. The Forbush e ects give an information about the processes in
the Sun's atmosphere and in the interplanetary space both fothe short pe-
riods (few days) and for the 11-year cycles [2,5]. It was asswed [2] that the
11-year variation of the GCR intensity could be the result ofthe accumu-
lation of a few Forbush decreases caused by the transient disbances in
the interplanetary space. The Forbush e ect of the GCR intersity is a non
stationary process and for its modeling the Parker's time-épendent trans-
port equation should be used. Several theoretical papers ardevoted to
the problems of the Forbush e ect's time pro le, dependenceof the ampli-
tudes and the duration of the Forbush e ect versusthe distance. Nishida [6]
solved one dimensional (1D) non stationary model without adbatic cool-
ing suggesting an enhanced scattering of GCR patrticles befd the moving
interplanetary shock. 1D time-dependent model with an adidatic cooling
was considered by Perko [7] who used a radial independenceusiion co-
e cient in the transient disturbances. On the other hand, to model the
Forbush e ect Chih and Lee, [8] and Lockwoodet al. [9] suggested weak-
ening disturbances in the interplanetary space. Kadakura ad Nishida [10]
solved two dimensional time-dependent model with the enhared scattering
and convection, and the enhanced magnitude of the interplagtary mag-
netic eld behind the shock front. Le Roux and Potgieter [11]developed an
axially-symmetric time dependent drift model with a simulated wavy neu-
tral sheet assuming that Forbush e ects were caused by proggating regions
of enhanced scattering and diminished drift. An important information is
obtained from the temporal changes of the rigidity spectrumof the Forbush
e ect. Elsewhere, [12 15] it was shown that the change of therigidity R
spectrum D (R)=D(R) of the Forbush e ects of the GCR intensity is re-
lated with the changes in the energy range of the interplanetry magnetic
eld (IMF) turbulence. The similar dependence of the rigidity spectrum on
the IMF's turbulence was obtained in papers [16] for the 11-gar variation
of the GCR intensity. Put di erently, a quasi-linear theory of cosmic ray
propagation is a satisfactory approximation for the interplanetary space for
both the short and long period modulation of the GCR intensity. In this
paper we model the recurrent Forbush e ect of the GCR intengly suppos-
ing that the di usion coe cient alternates only due to the va riations of the
IMF's turbulence during the recurrent Forbush e ect. To show this relation-
ship uniquely we consider the model of the isotropic di usim of the GCR
in the interplanetary space,i.e. a modulation of GCR is determined by the
processes convection, di usion and energy changes of the &R particles.
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We assume that the di usion coe cient changes versusthe heliolongitudes
and heliolatitudes only due to the variations in the energy ange of the IMF
turbulence in the vicinity of the interplanetary space, whee the recurrent
Forbush e ect takes place. We compare theoretically expeed results with
the experimental data of the recurrent Forbush e ect of the GCR intensity
registered by neutron monitors.

2. Experimental data and methods

To study the temporal changes of the rigidity spectrum of therecurrent
Forbush e ect of the GCR intensity the daily average experinental data of
the neutron monitors for the period of 16 30 June 2003 were ed.

The daily average intensity for each neutron monitor during14 16 June
was accepted as a reference level (100%). The amplitude3;=J; of the
GCR intensity variation were calculated, as: Ji=J; = (N; Ng)=Np, where
N; is daily average count rate of thei-th neutron monitor. In Fig. 1 the
temporal changes of the GCR intensities, smoothed over theedays running
period (amplitudes of the Forbush e ect) as observed by Irkusk (1), Kiel
(K) and Rome (R), neutron monitors for 16 30 June 2003, are pesented.
The rigidity spectrum of the Forbush e ect was assumed [3,1]

(
D (R) _ AR ; R Rmax;

D(R) 0; R>R max, @

where Rmax IS the upper limiting rigidity beyond which the Forbush e ect
of GCR intensity vanishes andA is the amplitude of the Forbush e ect in
the heliosphere. The amplitude J j=J; of the GCR intensity variation at any
point of observation (by i-th neutron monitor) with the geomagnetic cut o

rigidity R; and the average atmospheric depth; is de ned as [3,17].
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Fig.1. Temporal changes of the GCR intensities for period 180 June 2003,
Irkutsk (1), Kiel (K) and Rome (R).
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whereW; (R; h;j) is the coupling coe cient. The expression (2) for the power
type rigidity spectrum type (1) can be rewritten in the form of

Rfnax
= A R Wi(R;h)dR: (3

Ri

M
Ji

The amplitude A; of the Forbush e ect in the heliosphere must be the same
for the arbitrary neutron monitor in the scope of the accurag of calculations.
In order to nd the temporal changes of the rigidity spectrum expo-
nentp of the recurrent Forbush e ect a minimization of the expresson

= {Ll (A A)% was performed [13 15]. HereA represents an average

amplitude, A = 1 L A; calculated for n neutro& monitors with di er-

ent cut-o rigidities R;. The values of the integral F':max R W;i(R;hj)dR
for di erent magnitudes of Rpax (from 30 GV up to 200 GV with a step of
10GV) and (from O to 2 with a step of 0.05) were found using the method
presented by Yasueet al., [17]. The minimization of were carried out with
respect to and Rpax using the daily amplitudes of the recurrent Forbush
e ect for eight(n =8) neutron monitors with di erent geomagnetic cut-o
rigidities. These were: Apatity of rigidity 0.65GV, Climax 3.03GV,
Irkutsk 3.66 GV, Kiel 2.29GV, Moscow 2.46GV, Oulu 0.81G V,
Thule 0GV and Yakutsk 1.7GV. We found that a minimum of the
function  for each day's amplitude of the recurrent Forbush e ect (16 30
June, 2003) for the particular value of is reached atRpmax 90100 GV.

1.6 .,
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Fig.2. Temporal changes of the rigidity spectrum exponent of the recurrent

Forbush e ect of 16 30 June 2003.
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Based on that, the upper limiting rigidity beyond which the Forbush e ect of
GCR intensity vanishes is acceptedRmax = 100 GV. Results of calculations
of exp for Rmax =100 GV are presented in Fig. 2.

Fig. 2. shows that the rigidity spectrum is softer at the begnning and
at the end phases of the Forbush eect (  1.5) in comparison with the
minimum phase of the Forbush eect (  0:9).

3. Theoretical model and discussion

The amplitudes of the recurrent Forbush e ects of GCR intensty are
rather small (3 4% in the energy range of 10 GeV) and their duration is
relatively long (10 12 days). Therefore, in order to descrbe the recurrent
Forbush e ect of the GCR intensity we use the steady-state aproximation
(@N=@x 0) of Parker's transport equation [18]:

1
ri(KijrjN) r i(UN)+ é@@I:\(NR)(riUi)=O; (4)

whereN and R are density and rigidity of cosmic ray particles, respectiely;
Kjj is the anisotropic di usion tensor of cosmic rays,U; solar wind veloc-
ity. We set up the dimensionless densityf = N=No and distance = r=ry,.
N and Ng are density in the interplanetary space and in the local intestel-
lar medium (LISM), respectively; r is the distance from the Sun andrg the
region of the modulation. The densityNg of GCR is Ng =4 | ¢, where the
intensity lo in the LISM [19] has the form:

211T 28 _
1+5:85T 1224+1:18T 254°
Here T stands for kinetic energy in GeV,T = P R2+0:938 0:938
Eq. (4) for the dimensionless variables and in the spherical coordinate
system(; ;' ) can be written as:

@f @f @f @f af af
@2 " M@z e Me e ee” o e
f f f f
+ A7% + Ag% + Ag% + Alof + Allng 0: (5)

lo=

A

(; ;" ) and rigidity R of GCR particles.

The disturbances responsible for the recurrent Forbush e et rotate
around the Sun during 27 days with the linear velocity of 400km/s at
the Earth orbit, which is much greater than the linear orbital velocity of
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the Earth, 30km/s. Both velocities have the same directions. In e ect,
the disturbances, due to the rotation, reach the Earth and a elative mo-
tion of the Earth in the disturbances is a reason of the recurnt Forbush
e ect. Duration of the recurrent Forbush e ect depends on the size of the
disturbances. The change of the density of GCRrersusthe heliolongitudes
at 1 AU (in the disturbed vicinity of the interplanetary spac €) is a supposed
steady-state model of the recurrent Forbush e ect of GCR (om day corre-
sponds to 13.33 degrees of). In papers [12 15] we have shown that the
temporal changes of the rigidity R spectrum D (R)=D(R) of the Forbush
e ect, found based on the theoretical modeling and the neuton monitors
experimental data, are related to the temporal changes in th energy range
of the IMF turbulence (10 ® < F < 10 SHz). In order to delineate the
relationship between the changes of the rigidity spectrum ad the IMF's
turbulence we consider the model of the isotropic di usion & GCR in the
interplanetary space,i.e. a modulation of GCR is determined by the pro-
cesses convection, diusion and energy changes of GCR paticles. We
assume that the di usion coe cient changes versusthe heliolongitudes and
heliolatitudes only due to the changes in the energy range dhe IMF turbu-
lence in the vicinity of the interplanetary space, where therecurrent Forbush
e ect takes place. According to the quasi-linear theory [2021] the di usion
coe cient K among the spatial coordinates depends on the rigidityR of the
cosmic ray particles as,K / R , where 0O 2. The parameter is
equalto2 ; is an exponent of the power spectral density (PSD) of the
IMF turbulence (PSD/ F | F is a frequency). We assume the dependence
of the di usion coe cient on the spatial coordinates to be:

K = KoK (K (R;");
Ko=4:5 10%cm?=s;

K(r)= 1+L :

1AU
K(R; (' )=R ),
o . . . 0:01
(r;" )=1:2+0:35(cos’  0:2)exp 0:03

U =400km=s:

The expression (r;' ) describes the changes in the energy range of the IMF's
turbulence in the vicinity of the interplanetary space being responsible for
the recurrent type of the Forbush e ect of the GCR intensity. In the adopted
model the disturbed vicinity in the interplanetary space isrestricted by the
angles' 2 (80 ;280) and 2 (60 ;120) with respect to heliolongitudes
and heliolatitudes, correspondingly, and gradually vanises with the distance
r< 10AU.
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In Fig. 3 the changes of the diusion coe cient K versusthe radial
distancer and heliolongitudes' are presented. Fig. 3 shows that the change
of the diusion coe cient versusthe heliolongitudes is about 3-times and

according to our model it is responsible for the recurrent Fdoush e ect of
GCR intensity.

Fig. 3. Changes of the di usion coe cient K for the rigidity of 10 GV versusthe
radial distance and heliolongitudes.

The di erential Eq. (5) was transformed to the algebraic sysem of equa-
tions using the nite di erence scheme; then this algebraicsystem was solved
numerically by the iteration method. The number of equatiors in the lin-
ear algebraic systemisequaltiN\n M L =57 79 360 = 1621080
i.e. there are: 57 steps in the distance (r = i hq, hy is an alternating
step andi = 1;2;:::; N), 79 steps in the zenith () angle ( = hy,
h, is an alternating step andj = 1, 2,..., M) and 360 steps in the az-
imuthally (') direction (* = k hs, hs is the constant step of one degree

near the helioequatorial regions. The algebraic system wasolved for the
boundary conditions as:

Njr=100au =1;

@N @N o
@ T @l =0;
Njr=1006v =1

@N _ @N ,
@J' =1 = @J' =L
@N @N

@J'f 1= @-J'='L 1
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In Fig. 4 the expected change of the density of GCRversusthe helio-
longitudes at the distance of 1 AU (Earth orbit) is presented The expected
amplitude of the Forbush e ect is about 3% for rigidity 10 GV of GCR and
is comparable with the neutron monitors experimental data €ig. 1).

-2.8

5 JAFEH]

Fig. 4. Changes of the expected amplitude of the Forbush e ec(AF[%]) for rigid-
ity 10GV.

In Fig. 5 are shown the changes of the (r;" ) at the distance of 1 AU, the
expected rigidity spectrum exponent calculated by the experimental data
(dashed line, the same results shown in Fig. 2) and based ond&mumerical
solution according to the expression:

D(R) 1d
D(R) “far' R

— ?
a -2
- mL
1.25 -"0.95
days
085 ‘ . GAS | 575
1 4 7 10 13

Fig. 5. Changes of the expected exponenteor (solid line) and calculated, from the
neutron monitor experimental data, exponent ., (spotted line, the same results
shown in Fig. 2) of the rigidity spectrum of the recurrent Forbush e ect and the
function (r;' ) (dashed line) versusthe heliolongitudes.
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There is a good correlation between (r;" ), theor @nd exp. The dashed
curve (changes of the exponentey, corresponding to the experimental data
of neutron monitors) shows the similar changes as the expone eor. In
other words, an expected rigidity spectrum exponent is proportional to
the (r;' ) when the recurrent type Forbush e ect is formed by the change
of the IMF's turbulence; diusion coe cient depends on the cosmic ray
particles rigidity versus the heliolongitudes, asR ("' ). Then, as far as

(') =2 (r;" ), the increase of the exponent (r;' ) of the PSD of
the IMF turbulence (in the range of 10 ® 10 5 Hz) causes the decrease
of the exponent eqr, i.€. the rigidity spectrum of the Forbush e ect is
hardening. Thus, the proposed steady-state model is able texplain the
relationship between the changes of the rigidity spectrum bthe recurrent
Forbush e ect of GCR intensity and the condition of the IMF tu rbulence.

4. Conclusion

1. The rigidity spectrum of the recurrent Forbush e ect of the GCR inten-
sity (16 30 June, 2003) is soft at the beginning phase (exp, 1:5 0:05)
and gradually becomes relatively hard (exp 0:9 0:1) at the mini-
mum phase; then it again steadily becomes soft ¢, 1.5 0:09) at
the end phase of the Forbush e ect.

2. The changes of the exponentSieor and exp are in good correlation
among themselves and with the changes of the parameter. In e ect,
the proposed steady-state model describing the recurrentdfbush ef-
fect of the GCR intensity due to changes in the energy range dMF
turbulence is well-suited to explain the behavior of the rigdity spec-
trum found from the neutron monitors experimental data.
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