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Abstract

Fluctuations of cosmic rays and interplanetary magnetic field upstream of interplanetary shocks are studied using data of ground-
based polar neutron monitors as well as measurements of energetic particles and solar wind plasma parameters aboard the ACE space-
craft. It is shown that coherent cosmic ray fluctuations in the energy range from 10 keV to 1 GeV are often observed at the Earth’s orbit
before the arrival of interplanetary shocks. This corresponds to an increase of solar wind turbulence level by more than the order of
magnitude upstream of the shock. We suggest a scenario where the cosmic ray fluctuation spectrum is modulated by fast magnetosonic
waves generated by flux of low-energy cosmic rays which are reflected and/or accelerated by an interplanetary shock.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cosmic ray (CR) intensity is measured for decades both
at the ground (energy of cosmic rays above 500 MeV) and
in space (usually lower energies – from keV up to
100 MeV). The measured intensity varies on different time
scales from minutes up to decades and more. These varia-
tions of CR intensity can be divided in stationary and non-
stationary. The former are determined by cyclic processes
such as the solar cycle (11- and 22-year cycles), solar rota-
tion (27 days), Earth’s rotation period (diurnal). The later
include Forbush decreases, solar energetic particle, ener-
getic storm particle events as well as short-time variations
with the time scale from minutes to few hours, called also
rapid CR fluctuations (RCRF). While mid- and long-term
variations have been intensively studied and are well under-
stood now, RCRF are least studied. They have been dis-
covered about 40 years ago (Dhanju and Sarabhai, 1967),

but their source was not clearly defined (Dorman and
Libin, 1985).

The RCRF in space (using direct in situ observations)
are poorly studied. Most of the results have been obtained
20–30 years ago and can be summarized as follows. Simul-
taneous measurements of CR and IMF spectra have been
studied for a number of strong solar disturbances to show
that RCRF spectra are in agreement with IMF spectra, and
their temporal variations agree within a few minutes. This
led to a conclusion that RCRF originate from IMF fluctu-
ations (the nature of IMF fluctuations is not known
though). For low-energy (<100 MeV) CR, a basic theoret-
ical consideration was presented by Dorman et al. (1977)
for fluctuations of the CR distribution function in a strong
regular magnetic field with random irregularities (Larmor
radius smaller than the correlation length of magnetic field
irregularities). Unfortunately, that work was not finished
so that it is hardly possible to compare experimental and
theoretical estimates of the RCRF spectrum.

The phenomenon of RCRF has been studied systemati-
cally by means of ground observations (e.g., Kozlov et al.,
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2003; Starodubtsev et al., 2004; Starodubtsev et al., 2006
and references therein), including solid evidence of their
interplanetary origin. The following points can be summa-
rized from earlier studies (e.g., Owens, 1974; Dorman and
Libin, 1985; Toptygin, 1985; Berezhko et al., 1987; Ber-
ezhko and Starodubtsev, 1988; Kozlov et al., 2003):

� Fluctuations of CR with high energy (above 500 MeV)
have amplitude of �1%.
� RCRF have extraterrestrial origin. They are observed at

both high-latitude CR stations with narrow acceptance
cones and mid-latitude stations with wide acceptance
cones, with the decreasing magnitude of fluctuations.
The combined effect of atmospheric and magnetospheric
variations does not exceed 0.01%.
� Significant dynamic changes of RCRF occur before and

during large-scale disturbances of solar wind (SW).
� Spectra of RCRF are closely related to the power spec-

trum of IMF fluctuations.
� RCRF may be used for diagnostics of the interplanetary

medium and the space weather forecasts.

On the other hand, physical mechanisms responsible for
RCRF still remain elusive. The main possible mechanisms
of RCRF generation are related to the modulation of cos-
mic ray flux by MHD-waves, either Alfvén or fast mag-
netosonic waves, during large-scale disturbances in SW
(Owens, 1974; Berezhko and Starodubtsev, 1988). How-
ever, a question on how does such a modulation depend
on the turbulence level of the interplanetary medium is still
open. In order to resolve this problem we perform a simul-
taneous study of both RCRF in a wide-energy range and
SW plasma parameters in the vicinity of interplanetary
shock waves, caused by flare and coronal activity of the
Sun.

2. Data and methods

In this work, we analyze RCRF and IMF parameters
observed in the vicinity of 177 interplanetary shock fronts
during 1998–2003. The data have been obtained by the
instruments onboard the ACE spacecraft, which is located
in the Lagrangian point L1. Here we analyze 5-min data on
the cosmic ray fluxes (J) measured by the EPAM/LEMS30
instrument, which detects protons in eight differential chan-
nels (see Table 1). For monitoring of the IMF plasma
parameters we use 4-min and 64-s data on the IMF modu-
lus (B), as well as 64-s data on the density (n) and velocity
(U) of the SW plasma. In addition we make use of 5-min
data of (pressure corrected) count rates (N) of high-latitude
neutron monitors Tixie Bay, Apatity and Oulu with the

geomagnetic cutoff rigidities of 0.53, 0.65 and 0.81 GV,
respectively.

Since the amplitude of fluctuations is very small for all
the analyzed variables, we studied them by means of spec-
tral analysis methods. In order to avoid problems related to
inhomogeneous data series, we have normalized all CR
data, which may vary by orders of magnitude, to the mean
level within each 24-h interval. Data on IMF and SW
plasma have been off-set by subtracting the mean value
for each 24-h interval. After normalization, detrending
and off-setting, the series have been high-pass filtered in
the frequency band from 10�4 to �2 · 10�3 Hz and pro-
cessed by the Blackman–Tuckey method (Blackman and
Tukey, 1958).

The lower frequency limit (10�4) roughly corresponds to
the boundary between energetic and inertial parts of the
turbulence spectrum with different properties. The higher
frequency bound is defined by the Nyquist frequency.
Next, using standard methods, we have computed the spec-
tral power density (P) and the coherence function C
(defined as a positive square root of the coherence spec-
trum (Paschmann et al., 2000)) for different variables.
The latter is similar to the correlation coefficient but in
the frequency domain. Note that the correlation between
the fluctuating magnetic, dB, and velocity, dU, fields sug-
gests that the fluctuations correspond to pure Alfvén waves
(Belcher and Davis, 1971; Unti and Neugebauer, 1968),
while the correlation between B and n implies the presence
of fast magnetosonic waves (Luttrell and Richter, 1987).

3. Theoretical background

First theoretical studies of the distribution function of
CR fluctuations have been considered by Shishov (1966).
Full theoretical consideration of high-energy (above
1 GeV) cosmic rays has been developed by Owens (1974),
that establishes a link between fluctuation spectra of CR
and IMF. Basing on the kinematic equation, Owens stud-
ied behaviour of charged particles in stochastic IMF with
non-zero mean field, considering also resonance interac-
tions between particles and the magnetic field as well as
anisotropy of CR flux. The following equation relates spec-
tra of fluctuations for CR, PCR, and IMF, PB^,

P CRðm; l; V Þ
j2

o

¼ Cðm; l; V Þ P B?ðmÞ
B2

o

d2
k; ð1Þ

where Bo is the mean IMF strength, jo CR flux, V and l are
the particle’s velocity and pitch angle cosine, di CR flux
anisotropy, and C(m,l,V) � 1 is a parameter accounting
for the nonlinear interaction in the vicinity of resonance
frequencies. This formula is in good agreement with the ob-

Table 1
Energy channels of the EPAM/LEMS30 experiment onboard ACE spacecraft

Channel P1 P2 P3 P4 P5 P6 P7 P8

Energy (MeV) 0.047– 0.065 0.065–0.112 0.112–0.187 0.187–0.31 0.31–0.58 0.58–1.06 1.06–1.91 1.91–4.75
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served spectra of RCRF for low frequencies m < 10�4

(Owens, 1974). For higher frequencies, power of the ob-
served spectrum is much higher than predicted by the the-
ory, which may be caused by the low anisotropy at high
energies. Note that the power of high-energy CR fluctua-
tions is proportional to the squared anisotropy di (see
Eq. (1)), whose pessimistic estimate (for relativistic parti-
cles) is di � U/c � 10�3. Thus, the existence of a small fac-
tor (�10�6) in Eq. (1) can explain the disagreement
between theoretical and observed spectra in the high fre-
quency range.

Stronger effects in the CR intensity are expected in the
presence of magentosonic turbulence, because magenoto-
somic waves modulate not only the tiny anisotropic but
also the main isotropic component of CR intensity. The
level of magnetosonic waves is low in the undisturbed
SW since they damp quickly when moving off the Sun
(Toptygin, 1985). On the other hand, they can be effectively
excited locally by fluxes of super-thermal particles (Ber-
ezhko, 1986, 1990). Therefore, one may expect that CR
fluctuation spectra can be significantly modulated with
the arrival of energetic particles 10 keV–10 MeV (of solar
origin or accelerated in the shock) (Berezhko, 1986). The
effect of magnetosonic wave on the CR intensity can be
described by the transport equation for CR distribution
function:

df
dt
¼ rijijrjf �Urf þrU

3
p
df
dp
; ð2Þ

where jij is the CR diffusion tensor, and p impulse. Accord-
ing to this equation, a flat magnetosonic wave of small
amplitude du� u causes periodic variations of the CR dis-
tribution function with the amplitude:

df ¼
idUrf � kdU

3
df
dp � irijijrjf

x� kU� ij?k2
? � ijkk

2
k
; ð3Þ

where x and k are the frequency and wave vector of the
wave, j^ and ji coefficients of perpendicular and parallel
diffusion of CR with respect to IMF. The value of
x � kU = Cwk is the wave frequency in the co-moving
frame, and Cw is the wave velocity. For the energy above
�1 GeV j > 1020 cm2 s�1, and the term Cwk in the denom-
inator can be neglected in the considered frequency range
m > 10�4(m = x/2p). Moreover, taking into account that
k�1 > 1AU and jdf/drj/f � 3%/AU in the interplanetary
medium, one can neglect also terms containing gradient
of the CR distribution function (Toptygin, 1985). Then
assuming, for E > 1 GeV, a power law form for the CR
intensity I � p2f � p�c, one can obtain that

df
f
¼ i

cþ 2

3
� dUk

j?k2
? þ jkk

2
k
; ð4Þ

Anisotropic fluxes of super-thermal particles most effec-
tively excite fast magnetosonic waves perpendicular to

IMF (Berezhko, 1986). Therefore, the term jkk
2
k can be

neglected in comparison with j?k2
?. Then taking into

account that k ^ B, Cw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

a þ C2
s

q
and Ca � Cs in the

solar wind, the amplitude of velocity can be expressed via

the magnetic field amplitude as dUk ¼
ffiffiffi
2
p
ðdB=BÞkCa. Note

that Ca ¼ Bo=
ffiffiffiffiffiffiffiffi
4pq
p

is the Alfvén velocity and

Cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
cgP=q

q
is the magnetosonic velocity, where Bo is

the mean IMF magnitude, q = mpn the SW density, mp

proton’s mass, n proton concentration in SW, cg = 5/3 cor-
responds to the fully ionized gas, P = nkT is the pressure.
This leads to the expected relation between power spectra
of CR and IMF:

P CRðmÞ
j2

o

¼ cþ 2

3p
� CaðCw þ U sin /Þffiffiffi

2
p

j?m

� �2 P BðmÞ
B2

o

; ð5Þ

where / is the angle between SW velocity and the mean
IMF directions.

For relativistic electrons, the term in parentheses in Eq.
(5) is 7.1 · 10�8(sin/ + 0. 16)2/m2, assuming c = 2.7,
Ca � 43 km s�1, U � 400 km s�1, j^ = (qc/3) (q/ki), gyro-
radius q = E/(300B), scattering path length ki � 1 AU
(Toptygin, 1985). For the frequency range m > 10�4, this
term is about 10�2 ‚ 1, which is by several orders of mag-
nitude larger than in a case when the turbulence is pre-
sented only by Alfvén waves (See Eq. (1)).

Therefore, an assumption on modulation of the CR
intensity by fast magnetosonic waves (through fluctuations
of the SW density) leads to agreement between observed
and theoretically expected spectra in the frequency range
m > 10�4 Hz. The above consideration is valid only for
high-energy particles, and has been verified by data from
ground-based measurements (Berezhko and Starodubtsev,
1988; Starodubtsev et al., 1996).

Unfortunately, analytical relations between CR and
IMF fluctuation spectra have not been so far derived for
lower energy particles, which makes it difficult to extend
the theory into the energy range covered by space-borne
observations.

4. Results and discussions

One can roughly split the CR flux in the vicinity of the
Earth in two main populations of different origin. One
compounds high-energy CR (above 100 MeV) originating
mostly from the galaxy. The other includes CR of lower
energy, which have solar/heliospheric origin. Cosmic rays
of different populations interact with interplanetary shocks
in different ways and thus have different dynamics on differ-
ent time scales. We note that the majority (more than 75%)
of all events with interplanetary shock (IPS) studied here
were accompanied by significant increases of lower energy
CR fluxes. Those were either solar energetic particles (SEP)
or particles related to the shock front – accelerated and/or
reflected by the front – the so-called energetic storm parti-
cles (ESP).

A typical example of such IPS and its effects in CR is
shown in Fig. 1. This IPS was related to a X1/2B solar flare
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occurred at 16:30 UT on 19 October 2001 in the active
region 9661 located at the helio-coordinates N15W29 on
the solar disc. After the flare, a halo-type coronal mass
ejection has been registered. An associated increase of
SEP with energy above 10 MeV has been detected at the
Earth’s orbit at 22:25 UT (http://umbra.nas-
com.nasa.gov/SEP/seps.html). Components of the vector,
defining the shock normal in the RTN-coordinate frame,
were n = (0.8790; 0.0701; �0.4716) (http://www.ssg.sr.un-
h.edu/mag/ace/ACElists/obs_list.html), implying that the
shock was propagating almost towards the Earth. One
can see from Fig. 1 that a significant increase of ESP was
observed at the ACE spacecraft about 2 days before the
arrival of the shock. A spike was observed during the pas-
sage of IPS through the ACE at 16:12 UT 21 October 2001.
Typical pre-decrease and pre-increase of the CR intensity,
associated with the shock front passage, were detected at
the Earth. After the passage, a significant decrease of CR
intensity was observed in all energy ranges both at the
spacecraft location and at Earth. A reverse shock from
the same source has been detected at 00:13 UT 22 October
2001. We note that the parameters of IMF and SW plasma
corresponded to undisturbed conditions during several
days before the event. Changes in the RCRF spectra asso-
ciated with the passage of an IPS are illustrated in
Fig. 2c,d. In quiet conditions (period I in Fig. 1), spectra
corresponding to CR with energy between 10 keV to few
GeV are characterized by chaotic statistically significant
fluctuations at different frequencies (Fig. 2c). The fluctua-
tions are not coherent – the coherence function CP1P6

between P1 and P6 energy channels takes values between
0.2 and 0.4 (see Fig. 2e). Immediately before the arrival
of the bulk of storm particles (period II in Fig. 1), RCRF
spectra are qualitatively modified and depict dominant
fluctuations around 10�3 Hz in all energy ranges
(Fig. 2d). The fluctuations are coherent for all energies,
with CP1P6 reaching nearly 1 (Fig. 2f). Similarly high coher-
ence is observed also for the ground-based NM stations.
On this basis we believe that contribution of fast magneto-
sonic waves into the observed MHD-turbulence spectrum
is significant in the vicinity of the shock front. More
detailed spectral analysis of the IMF strength shows that
the energy density of MHD-waves in the studied frequency
range increases gradually during this event along with the
increase of the ESP flux. The power spectrum of IMF fluc-
tuations is also significantly changed when the IPS passes
the spacecraft, as shown in Fig. 2a,b: the overall power
increases by an order of magnitude and the spectrum
becomes harder. The energy density increases by orders
of magnitude from 3 · 10�13 ergs cm�3 to the maximum
of 4 · 10�11 ergs cm�3 in the considered frequency band,
just behind the front. In order to estimate the contribution
of MHD-waves of different types into the observed IMF
spectrum one needs direct measurements of the SW plasma
parameters. Alfvén waves characterize high correlation
between the IMF strength and SW velocity, while fast mag-
netosonic waves – between the IMF modulus and SW den-
sity (Toptygin, 1985; Luttrell and Richter, 1987). Here we
study the coherence which is an analogue of the correlation
function but in the frequency domain. Fig. 3 depicts the

Fig. 1. Variations of the parameters of solar wind plasma (upper panel), IMF strength (middle panel) and cosmic ray intensities in different channels of
ACE and Apatity NM (lower panel) for the event of 21 October 2001. Vertical grey bars denote two periods selected for further analysis: quiet conditions
00-24 UT 17 October 2001 (period I); and period before IPS 16 UT 20 October 2001–16 UT 21 October 2001 (period II). The dotted line denotes the
interplanetary shock front.
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coherence function for three time intervals marked by rect-
angles in Figs. 1 and 4. One can see that the type of coher-
ence is different for the different intervals. Estimates of the
coherence function CBn between the density and strength of
IMF show that the contribution of magnetosonic waves
into the turbulence spectrum (in the frequency range
around 10�3 Hz) increases up to 40%, while the fraction
of Alfvén (estimated as CBU) drops to 10%, upstream of
IPS (Fig. 3). Note that this is dramatically different from
the quiet conditions, when Alfvén waves dominate (up to
80%) in the turbulence spectrum, while the contribution
of magnetosonic waves is small. Thus, an analysis of the
data on direct measurements of the parameters of IMF
and SW plasma supports the conclusion about generation
of fast magnetosonic waves in the upstream region of an
interplanetary shock, obtained from the study of CR
fluctuations.

Note also the effect of isotropization of fluctuations of
high energetic CR during a passage of IPS (Starodubtsev
et al., 1999). We interpret this as a result of the presence
of magnetosonic waves in the foreshock region of IPS.

The picture discussed above is typical for all events ana-
lyzed here, where an IPS was accompanied by strong fluxes
of SEP or ESP.

Qualitatively different event with IPS of 13 January 1999
is shown in Fig. 4. The shock normal RTN-coordinates for
this IPS were n = (0.3777; 0.7294; 0.5704), implying that it
crossed the Earth by its west wing. Accordingly, it was not
spectacular in observed CR flux, neither at Earth nor at the
ACE location, in contrast to the central IPS analyzed
above. Fig. 5a shows spectra of CR fluctuations in channels
P1 and P6 of ACE as well as Oulu neutron monitor.
Fig. 5b shows coherence between P1 and P6 ACE channels
in the upstream region (grey bar in Fig. 4). One can see that
the spectra and coherence are qualitatively similar, in this
case without strong SEP fluxes, from those shown in
Fig. 2c,e to undisturbed SW conditions (period I in Fig. 1).

The general picture of generation of RCRF upstream of
an interplanetary shock can be interpreted as follows. It is
known that CR are effectively accelerated on quasi-parallel
regions of the shock front and may escape ahead. In such
conditions, flux of lower energy (10 keV–10 MeV) solar
or storm particles may excite MHD-waves, both Alfvén
and magetosonic (Berezhko, 1986; Reames, 1989; Ber-
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ezhko, 1990; Vainio, 2003). The efficiency of wave genera-
tion depends mainly on the magnitude of gradient and flux
of CR. It is important that the resonance frequency of CR
interaction with IMF inhomogenities, in case of CR flux
modulation by Alfvén waves depends on the energy of

CR (see Fig. 6). On the other hand, such a frequency-vs-
energy dependence is not expected in case of CR modula-
tion by fast magnetosonic waves. Since CR particles move
preferably along the IMF field lines frozen in the SW
plasma, all variations of the SW density should be reflected
in the CR flux changes, irrespectively of the particle’s
energy. Therefore, the fact that CR fluctuations are coher-
ent in a wide-energy range (from 10 keV up to few GeV)
favors our interpretation that CR flux is modulated by
magnetosonic waves in the considered frequency band.
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5. Conclusions

We have analyzed a large number (177) of events with
interplanetary shocks and their effect on cosmic rays and
interplanetary plasma parameters. From the analysis we
can draw the following conclusions.

� Coherent cosmic ray fluctuations in a wide-energy range
(from 10 keV up to few GeV) often occur in the pre-
front region of an interplanetary shock.
� A necessary condition for the occurrence of such fluctu-

ations is the presence of lower energy cosmic rays (from
10 keV to 10 MeV) with large magnitudes of flux and
gradient in the pre-front region.
� We suggest that these coherent fluctuations occur due to

modulation of CR flux by fast magnetosonic waves.
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