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Abstract: The hourly pressure corrected data from the global network of cosmic ray detectors and measurements
of the interplanetary magnetic field (IMF) intensity (B) at earth orbit and its components Bx, By, Bz (in the
geocentric solar ecliptic coordinates) are used to conduct a comprehensive study of the galactic cosmic ray (GCR)
intensity fluctuations caused by the halo coronal mass ejection of 13 May 2005. Distinct differences exist in the
timelines of GCRs recorded by the neutron monitors (NMs) and the multidirectional muon telescopes (MTs), the
latter respond to high rigidity portion of the GCR differential rigidity spectrum. Forbush decrease (FD) onset for
MTs is delayed (∼ 5h) with respect to SSC onset and a large pre-increase is present in MT data of unknown
origin. The rigidity spectrum for a range of GCR rigidities (≤ 200GV ), is a power law in rigidity (R) with a
negative exponent (γ =−1.05), compelling us to infer that Quasilinear theory of modulation is inconsistent with
observations at high rigidities; results support force field theory of modulation. We also explored the connections
between different phases of FD and the power spectra of IMF components.
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1 Introduction and Solar - Terrestrial
relationships

Forbush decrease (FD) in galactic cosmic ray (GCR) flux
has a sharp onset, nearly coincident with a storm sudden
commencement (SSC) and an asymmetrical recovery time
profile spread out over several days [1]. For some reason
(not understood yet), large FDs tend to occur during the de-
scent of a solar cycle. An impressive series of solar events
occurred in May 2005, including a halo coronal mass ejec-
ta (CME) emitted from NOAA active region AR10759 at
12N54E, following a two ribbon M 8.0 solar flare at 16:13
UT on 13 May 2005 in the Carrington rotation region 2029
defined by its passage across the solar disc in time inter-
val 21 April to 18 May 2005. This gave rise to a fast inter-
planetary remnant of the CME directed earthwards with a
speed of 1689km/s [2]. We examine the sequence of solar
events that occurred in May 2005 and how they affect the
counting rates of the global network of NMs and MTs.

Sun started the month of May 2005 with an unusual halo
CME activity (seven of them in the first two weeks) launch-
ing three fast ICMEs into the heliosphere, during the de-
clining phase of sunspot cycle 23 when high-speed stream-
s (HSSs) dominate the heliosphere. We limit our analy-
sis to the interval 14-16 May during which a large FD oc-
curred at earth orbit, caused by the CME of 13 May 2005
seen at 17:22h in C2 on Solar & Heliospheric Observato-
ry (SOHO) spacecraft in orbit about the sun-earth L1 point.
Fast CMEs cause FDs when earth enters the corresponding
ICMEs. The ensuing temporal profile of GCR intensity is
marked by asymmetries and anisotropies both before and
after the onset of FD [4, 5, 6] enhanced diurnal variation-
s of successively decreasing amplitude are observed in the
recovery phase for NMs [7] and MTs [8]. We study time-

lines of GCRs for May 2005 using data from NMs, and
MTs.

2 Neutron monitor data
The pressure corrected hourly rates from selected NMs of
the global network are plotted in Fig.1; all are normalized
to 100 % for May 1965 monthly mean hourly rate. Fig.1a
shows a plot of the hourly rate for Climax NM (CL/NM)
for 1-31 May 2005 and the hourly data for Dst; a value of
−263 nT at 08 UT on 15 May (with Bz = −42.4nT at 06
UT) qualifies the event as one of the 11 super-storms of
sunspot cycle 23 caused by the magnetic cloud (MC) in the
ICME [9].
We draw attention to features labeled X , Y , and Z. The fea-
ture Z is clearly a classical FD; the reduced GCR intensi-
ty on 15 May gives the flux inside the sheath and MC. Y
is a moderate step-decrease related to a complicated shock
structure that caused a dual dip Dst(=−127 nT) at 18 UT
on 8 May, its fine structure corresponds to that of Dst. One
notes the following additional points: a)Features Y and Z
are clearly simultaneous, isotropic decreases induced by t-
wo regions of high B striking the magnetosphere ), leading
to SSCs and Dst; b) Feature Z is preceded by a steady pre-
cursor increase (for several hours) at CL due to increased
convection by the solar wind; c) One notes a sharp tran-
sient recovery at the minimum of FD at CL, in phase with
the recovery in Dst. The causal connection, if any, is not
understood.
Fig.1b shows a plot of the hourly rates for NMs in the far-
east region, including sites at Mawson, Haleakala, and Bei-
jing; the respective Rm values are: 16, 33, and 27 GV. The
characteristics of the features X , Y , and Z seem similar to
those discussed earlier for high latitude NMs, including a
small, sharp pre-increase at Haleakala, and enhanced diur-
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Fig. 1: a,b. Plots of hourly rates (%) (a)of CL/NM and Dst
(nT);(b)for NMs at Mawson (Maw), Haleakala (Hal) and
Beijing (Bej); the hourly values of B are also plotted for 1-
31 May 2005

nal variation in the stages of FD recovery. The differences
in FD amplitudes at three sites are due to the rigidity de-
pendence of modulation.

3 Muon telescope data
We study the characteristics of the FD using MT data
for 14-18 May 2005 at two sites in Japan: Mt. Norikura
and Nagoya. Fig.2a show plot of the hourly rates (%) for
Nagoya multidirectional MTs; all rates are normalized to
the annual mean hourly rate for 2005 for the respective tele-
scopes. They point in the Vertical (V), East (E), West (W),
directions at a zenith angle of 49o each. As the earth ro-
tates, the MT(E) sees an anisotropy in space first, followed
by the MT(V) and MT(W) in turn; their respective Rm val-
ues are 67, 59, and 62 GV. The following points are noted
in Fig.2a for Nagoya MT: a)Unlike NMs, the plots for MT-
s indicate that FD onset is delayed ( ∼ 5h) with respect
to SSC. One notes the presence of large anisotropies in s-
pace both before and after FD onset on 15 May; the pre-
decreases are expected in MT data [10]; but pre-increases
are rare. The pre-increase has about the same amplitude
( ∼ 1%) in all directions and lasts ∼ 5h; b)Like NMs, al-
l MTs simultaneously record a sharp (but larger ∼ 3%)
recovery shortly after GCR minimum is reached, followed
by enhanced diurnal variation in FD recovery phase with
successively decreasing amplitudes.
Fig.3a, shows hourly plots of the solar wind (n,V,B) with
an expanded time scale for 24 hours (12 UT May 14 -12
UT May 16) to study the fine structure of salient features;
the relative positions of the shock (SSC), and sheath are
shown by the vertical dashed lines, MC lies to the right of
the sheath. A sharp rise in V followed by a steep increase
in B and n shows up at the first kink ( ∼ 3UT) when earth
enters the sheath leading to FD onset (Fig.3b); this may be
the region of turbulence. A sharp recovery occurs as earth
enters MC, a low GCR density region. This is followed by
the onset of a train of enhanced diurnal variation, with an
early onset in NM data. Fig.3b shows a plot of the hourly

Fig. 2: a,b. Hourly data (%) are plotted for Nagoya MTs
pointing in the V, E, and W directions at 49o zenith angle;
and for the vertical telescopes at Mt. Norikura and Nagoya
(scale to left) as well as the underground MTs at Mawson
(scale to right); data are normalized to 2005 annual mean
hourly rate at the sites.

rates (%) for Nagoya MTN (49), OU/NM and Bz (nT) for
12 UT May 15 - 12 UT May 16, 2005. One can see a twist-
ed magnetic flux rope embedded in ICME with a south-
ward field at the leading edge (leading to Dst onset) and a
northward field at the trailing edge extending into MC, the
sharp recovery occurs as earth enters MC. Our investiga-
tions of the implications of time correlations of observed
features with the internal magnetic topology of ICME are
continuing.

4 Rigidity dependence of FD
To compare observations with the predictions of models
of GCR transport in the heliosphere one must know the
variational spectrum applicable to a FD. [11] assumed a
simple power law form for the variational spectrum, given
by:

δD(R)
D(R)

= −kR−γ for R ≤ Rmax (1)

where k is assumed constant for a given FD, R is rigidi-
ty, D(R) is the differential rigidity spectrum, and Rc is the
limiting rigidity above which no modulation occurs. Equa-
tion (1) reproduces the observed features well for nega-
tive values of the exponent γ < 1, for a given value of Rc
( ∼ 100 GV) [11, 12]. To determine an appropriate val-
ue of Rc applicable to FD of 15 May empirically, we use
MT data from an underground site at Mawson. These MT-
s are located at a vertical rock depth of 31 mwe and point
north (MawN) at 24o zenith angle (Rm = 164 GV) and
southwest (MawSW) at 40o zenith (Rm = 188 GV). Fig.2b
shows a plot of the hourly data (%) for the vertical MTs
at Mt. Norikura (altitude = 2770 m), Nagoya (alt. = 77 m),
and underground MTs at Mawson; data are normalized to
the annual mean hourly rate for 2005 at the sites. The time-
lines for four detectors track, all show a pre-increase start-
ing well before SSC onset ( ∼ 2 UT on 15 May) and inten-
sity minimum is not reached until 8 UT, indicating a com-
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Fig. 3: a,b. Hourly values (a)of V , B, n; (b)for OU/NM,
Nagoya MTN (49) and Bz (nT). Onset of SSC is shown
by the vertical line with long-dashes and that of the sheath
with short-dashes, MC is to the right of the sheath. Data
are plotted for 12 UT May 15 - 12 UT May 16, 2005

Fig. 4: Amplitude (%) is plotted versus Rm (GV) for FD of
13 May 2005.

plex interaction between the shock and GCRs. The diurnal
variation in the recovery phase appears to be out of step
at Mawson compared to MTs at Mt. Norikura and Nagoy-
a and its amplitude is reduced significantly. The following
additional features are noted: a)MawSW (Rm = 188 GV)
data are noisier than those for MawN (Rm = 164 GV), in-
dicating that we are near the upper limit of modulation. S-
ince amplitude is not zero for MawSW, solar modulation
extends to GCR rigidities < 200 GV; it is significantly less
than Rc = 354 GV estimated by [13] for this FD; b)FD pro-
file is recognizable in each of four datasets with varying
amplitudes, ∼ 5%at Mt. Norikura (Rm = 30 GV), 4.3 %
at Nagoya (Rm = 59 GV), < 0.6% for MTs at Mawson.
We define: a)15 May FD amplitude (%)=Counting rate d-

ifference between 2 UT (onset of SSC) and GCR minimum
intensity at 7/8 UT as a fraction of 2005 annual mean rate
for the detector multiplied by 100. The large pre-increases
associated with underground MTs prevent us from comput-
ing FD amplitude accurately; multidirectional MT hourly
count rate statistical error < 0.3% at Nagoya; b) The com-
puted amplitudes (%) are displayed on a log-log plot in
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Fig. 5: Hourly data for Bx, By and Bz components of IMF
and hourly rates (%) for Oulu NM and Nagoya (V) MT are
re-plotted for 24 April- 29 May 2005.
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Fig. 6: Timelines of GCR intensity smoothed over 73 hours
(upper panel) for Calgary, Rome and Haleakala NMs and
exponent γ (bottom panel) for 5-25 May 2005.

Fig.4; MawsonSW (Rm = 188 GV) data are not used due to
noise. The line represents a power law fit to data; an inverse
dependence of the amplitude (%) on Rm (GV) stands out (c-
c = 0.97); multidirectional MT data are not plotted because
pre-increases make it difficult to define amplitude. Our re-
sults over a range of GCR rigidities (9GV ≤ R ≤ 164GV),
require diffusion coefficient κ ∝ R in line with the force
field model of modulation [15]. [3] got a similar result
from the analysis of three large FDs (1GV ≤ R ≤ 300 GV),
in the declining phase of three cycles (19, 20, 21).

5 Spectra of FD and IMF turbulence
To study the development of a FD, it is essential to inves-
tigate the temporal changes of GCR rigidity spectrum at d-
ifferent times during FD. It may shed light on the physi-
cal processes operating during the FD related to IMF turbu-
lence. [16, 17] argue that the change of exponent γ of FD
variational spectrum determined from NMs and MTs data
may be related to the changes of the power spectral density
(PSD) of IMF turbulence (∝ f−ν , f is the frequency). Pre-
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viously, [18] argued that a relationship between γ and ν is
expected because the diffusion coefficient κ is a power law
in R with an exponent α which depends on ν . Invoking
QLT, one may write: α = 2−ν . [14, 16, 17] suggest that
one might expect that γ ≈ 2− ν in the range of IMF tur-
bulence, 10−6Hz < f < 10−5Hz, to which NMs and MTs
respond. We test the validity of this suggestion with avail-
able data for two successive FDs observed in May 2005 to
study the temporal changes of the rigidity spectra in rela-
tion to the evolution of IMF turbulence i.e. we explore the
relation between the exponents γ , ν for 24 April-29 May
2005. Fig.5 shows a re-plot of the data for IMF compo-
nents Bx, By and Bz Oulu NM and vertical MT at Nagoya.
Since first FD amplitude is small, we use only NMs data
to compute γ every hour. The second FD starts before the
recovery of first FD is complete. We compute the hourly
deviations for both FDs with respect to the onset level of
the first FD using data from 18 NMs, namely: Apatity, Cal-
gary, Cape Schmidt, Climax, Fort Smith, Haleakala, Irkut-
sk, Kiel, Lomnicky Stitt, McMurdo, Mexico City, Moscow,
Oulu, Rome, South Pole, Tbilisi, Yakutsk.
To obtain a statistically reliable value for amplitudes used
in the analysis, we take moving averages for 73 hours
(three days). They are shown in Fig.6 (upper panel). The

amplitudes for i-th NM are calculated as Jk
i =

Nk
i −N0

i
N0

i
where

Nk
i is the running hourly average count rate (k =1, 2, 3,) and

N0
i is the 73 hours average count rate before the first FD,

the details of data processing are described in [17]. We cal-
culate γ for each hour of day for both FDs. The temporal
changes of γ are depicted in Fig.6(bottom panel), errors are
shown for points 6 hour apart. At the start γ decreases grad-
ually, reaching a minimum value at GCR minimum intensi-
ty and then it increases. For the second FD, γ behaves sim-
ilarly. The timelines for γ and GCR intensity during both
FDs are similar. The value of γ =−1 at the minimum GCR
intensity agrees with the analysis presented in Fig.4.
We ascribe the changes of γ to corresponding changes
in IMF turbulence. For example, the gradual decrease of
γ for the FD may correspond to an increase of the ex-
ponent ν of PSD of turbulence in the frequency range
10−6Hz < f < 10−5Hz. To investigate the evolution of tur-
bulence, we consider three periods (Fig.5), I: 24 April-7
May (quiet period before FDs), II: 8-14 May (first FD) and
III: 15-28 May (second FD). We calculated the PSD of al-
l IMF components in these three periods and found that
when ν increases γ decreases.

6 Conclusions
This comprehensive study over a range of rigidities leads
to following conclusions:

1. The FD caused by the halo CME of 13 May 2005
was recorded at the global sites by the NMs and
MTs on the surface and underground, over a range
of GCR rigidities (≤ 200GV ); we disagree with [13]
estimate for the limiting rigidity Rc < 354 GV.

2. FD has a classical profile, but there are distinct differ-
ences in the timelines recorded by NMs and the mul-
tidirectional MTs, the latter respond to high rigidity
portion of GCR differential rigidity spectrum. The
timelines for NMs show FD onset shortly after SS-
C, an absence of north-south asymmetry; NMs at

Oulu and Haleakala indicate the presence of a smal-
l pre-increase. In MTs, FD onset is delayed ( ∼ 5h)
with respect to SSC and they show a pronounced
pre-increase having a north-south phase difference
and a sharp recovery at FD minimum, followed by a
train of enhanced diurnal variation with successive-
ly decreasing amplitude. We present a preliminary
enquiry linking the salient features of FD to the ob-
served magnetic structure of ICME. This study is
continuing.

3. We have calculated FD rigidity spectrum for each
hour of the day with data from 18 NMs of global
network, showing that exponent γ = −1 near the
minimum of FD and the spectrum becomes softer in
FD recovery phase. The rigidity dependence of FD
amplitude (%) is given by a power law in rigidity
R with an exponent γ = −1.05, over a wide range
of GCR rigidities (≤ 200GV ). This is in agreement
with the force field theory proposed by [15]. Similar
results have been reported by [3] in investigations
of large FDs in the declining phase of three sunspot
cycles (19, 20, 21) and a wider rigidity range:1GV ≤
R ≤ 300GV.

4. We explored the relation between the timelines of
the hourly values of exponent γ of FD rigidity spec-
trum and the exponent ν of PSD of IMF turbulence,
in the frequency range 10−6Hz < f < 10−5Hz.
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