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A radial anisotropy in the flux of cosmic rays in heliosphere was theoretically predicted by Parker and
others within the framework of the diffusion–convection mechanism. The solar wind is responsible for
sweeping out the galactic cosmic rays, creating a radial density gradient within the heliosphere. This gra-
dient coupled with the interplanetary magnetic field induces a flow of charged particles perpendicular to
the ecliptic plane which was measured and correctly explained by Swinson, and is hereafter referred as
‘Swinson flow’. The large area GRAPES-3 tracking muon telescope offers a powerful probe to measure the
Swinson flow and the underlying radial density gradient of the galactic cosmic rays at a relatively high
rigidity of �100 GV. The GRAPES-3 data collected over a period of six years (2000–2005) were analyzed
and the amplitude of the Swinson flow was estimated to be (0.0644 ± 0.0008)% of cosmic ray flux which
was an �80r effect. The phase of the maximum flow was at a sidereal time of (17.70 ± 0.05) h which was
18 min earlier than the expected value of 18 h. This small 18 min phase difference had a significance of
�6r indicating the inherent precision of the GRAPES-3 measurement. The radial density gradient of the
galactic cosmic rays at a median rigidity of 77 GV was found to be 0.65% AU�1.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction These particles gyrate around the IMF but the presence of irregu-
The heliosphere comprises the region of space surrounding the
Sun where the solar wind exerts sufficient pressure to sweep out
the galactic cosmic rays into the interstellar medium. This region
contains the interplanetary magnetic field (IMF) which is con-
nected to the Sun, and is also frozen into the solar wind. The
anchoring of the IMF to the solar surface and the flow of the solar
wind forces the IMF outwards into a spiral form due to solar rota-
tion. The solar wind results in the convection of charged particles
away from the Sun, and well beyond the heliosphere lies the inter-
stellar region where the galactic cosmic rays become largely isotro-
pic. The random motion and the interactions of the galactic cosmic
rays cause them to cross the boundary and enter the heliosphere.
larities in the IMF scatters them away from a regular gyro motion.
Also these IMF irregularities impact the convection of charged par-
ticles by mediating the interaction of the solar wind with the
incoming cosmic rays. The overall impact of this phenomena is dif-
fusion and convection of the particles from the heliospheric bound-
ary towards the Sun. However, this diffusive motion of particles is
influenced by the gradient and curvature drifts in the IMF [1–3].

The solar modulation in the heliosphere results in streaming of
particles that produces an anisotropy in the flux of galactic cosmic
rays. This streaming may be decomposed into two major compo-
nents, first one in the ecliptic plane and the second perpendicular
to this plane. The galactic cosmic rays entering the Earth’s atmo-
sphere produce a number of secondary particles. However, among
the secondary particles, neutrons and muons reach the ground level
and may be studied by the detectors placed on the surface of the
Earth. The streaming in the ecliptic plane can be recorded by ground
based detectors as a diurnal variation in the counting rate, super-
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posed on a larger isotropic component. The streaming of primary
cosmic rays responsible for this variation is known as the Solar Diur-
nal Anisotropy [1]. On the other hand, the streaming perpendicular
to the ecliptic plane in the north–south direction is observed as a
sidereal diurnal variation by the ground based detectors [4].

Several studies using the muon telescopes have shown the pres-
ence of such a sidereal variation along the north–south direction. At
energies below 100 GeV, the sidereal diurnal variations caused by
the solar modulation of the galactic cosmic rays in the heliosphere
become dominant. This variation results from the streaming of cos-
mic rays B � Gr perpendicular to the plane of the ecliptic along the
north–south direction, here B is the IMF and Gr the radial density
gradient of the cosmic rays in the heliosphere [4]. This streaming
results in generation of a diurnal variation in sidereal time, due to
the tilt of the rotation axis of Earth relative to the plane of the eclip-
tic. Therefore, a muon telescope observes a maximum counting rate
at 18 h local sidereal time, if the streaming is downward (north–
south) and at 6 h local sidereal time if the streaming is upward
(south–north). Since Gr points radially outward this streaming pro-
cess reverses its direction whenever the polarity of the IMF changes.
The region of the heliosphere where the IMF is directed toward the
Sun, is called the Toward or TW sector, and the streaming is down-
wards (north–south). Similarly, when the IMF is directed away from
the Sun, it is termed the Away or AW sector and the streaming is
upwards (south–north). Therefore, the muon telescopes located in
the northern hemisphere of the Earth detect a maximum rate at
6 h in the AW sectors and at 18 h in the TW sectors, in local sidereal
time. This streaming as mentioned earlier is referred as the Swinson
flow. The Swinson flow can be nearly eliminated when averaged
over a year provided the AW and the TW sectors are of similar dura-
tion. On the other hand, the characteristics of the Swinson flow may
be extracted by taking the difference of the mean variations in the
AW and TW sectors because the Swinson flow is north–south asym-
metric in the ecliptic plane [5].

A spurious sidereal diurnal variation could also be generated by
seasonal variation of the solar diurnal anisotropy as explained
below. The line of sight of a muon telescope towards the Sun
undergoes a systematic annual change due to the orbital motion
of Earth, resulting in an annual modulation of the solar diurnal var-
iation. This modulation may be resolved into a sidereal and an anti-
sidereal diurnal component of equal amplitude [6,7]. However, this
spurious variation can be easily eliminated by using the anti-side-
real diurnal variation mentioned above [8]. After eliminating this
spurious effect, the surviving effect contains the Swinson flow
and the genuine sidereal diurnal anisotropy. The Swinson flow is
sensitive to the polarity of the IMF in the vicinity of the Earth, a lin-
ear combination of the measurements from the TW and AW sec-
tors may be exploited to extract the Swinson flow from the
measured sidereal diurnal variation as detailed later in this work.
Since the Swinson flow is produced by the solar modulation, it
may be used to obtain the radial density gradient of the charged
cosmic rays [2,9,10].

Various anisotropic phenomena involving the transport of the
cosmic rays in the heliosphere, also known as the solar modulation
were theoretically investigated by Parker and others [1]. These
phenomena are well described by the diffusion–convection model.
In the present work, the data for a relatively long duration of six
years were analyzed. This long duration is expected to result in
the reduction of the effects of the time dependent solar activity.
Thus, a simple diffusion–convection equation without any time
dependent terms as expressed by the following equation was used,

Vsw nþ jrn ¼ 0 ð1Þ

where, n and rn, are the density and radial density gradient of cos-
mic rays, j and Vsw represent the diffusion coefficient and the
velocity of the solar wind, respectively. Here, the radial density
gradient Gr and n are related by Gr ¼ rn=n. The diffusion coefficient
may be used to obtain the value of the mean free path of the cosmic
rays in the heliosphere because these two parameters are two
equivalent descriptions of the same phenomenon. Although, Parker
and others had originally used the diffusion–convection framework
to describe the dynamics of cosmic rays inside the solar system, it
was subsequently employed by several workers to study the accel-
eration of charged particles in the shock waves produced by super-
nova explosions ([11] and references contained therein). This
clearly indicated that the experimental studies using the framework
of diffusion–convection model could be an effective tool to probe
the mechanisms of the cosmic ray acceleration in our galaxy besides
the solar system.

A number of early measurements were made to experimentally
determine different parameters in the Parker equation. However,
most of these measurements were made using relatively low
energy cosmic rays observed by the ground based neutron moni-
tors at energies [10 GeV or by the satellite based detectors at even
lower energies [10]. The GRAPES-3 experiment [14] contains a
large area (560 m2) tracking muon telescope [15] that allowed
even a small variation in the muon flux to be measured with high
statistical precision. In the present work, an attempt was made to
experimentally measure the radial density gradient of the galactic
cosmic rays, without recourse to Monte Carlo simulations, and by
using higher energy (77 GeV) galactic cosmic rays. Here, it needs
to be emphasized that only the GRAPES-3 muon data were used
in the present study for estimating the density gradient of galactic
cosmic rays near the Earth. The use of data from an experiment
located at a single geographic location avoided the systematic
uncertainties that are normally associated with the use of data
from multiple locations due to varying physical conditions and dif-
ferent characteristics of detectors used.
2. GRAPES-3 experimental setup

The GRAPES-3 experiment was set up at Ooty (11.4�N latitude,
76.7�E longitude, and 2200 m altitude) in south India. The GRAPES-
3 experiment consists of two major components, the first compo-
nent is an extensive air shower array of compact configuration
with an inter-detector separation of 8 m between the adjacent
plastic scintillator detectors, each 1 m2 in area [12,13]. These
detectors were deployed in a symmetric hexagonal geometry. At
present, the array is being operated with about 400 detectors.
The array was designed to study the primary cosmic rays from
10 TeV to 100 PeV and to make precision measurement of their
energy spectrum and composition [14,16].

The second major component of the GRAPES-3 experiment is a
large area tracking muon telescope that is used to measure the
muon content of the cosmic ray showers [15]. This information is
critically important in determining the composition of the primary
cosmic rays [17]. This unique instrument was also used to measure
the variation of the cosmic radiation due to the solar activity [18–
20]. The muon telescope is capable of providing a high statistics,
directional measurement of the muons. The GRAPES-3 muon tele-
scope consists of a total of 16 individual modules, each of them
with an area of 35 m2. The basic element of the muon telescope
is the proportional counter (PRC) fabricated from a rugged
600 cm long seamless steel pipe with 2.3 mm thick wall and a
square cross-section of 10 � 10 cm2. A module of sensitive area
35 m2 consists of 232 PRCs arranged in four layers of 58 PRCs each,
with alternate layers aligned in mutually orthogonal directions as
shown schematically in Fig. 1. Two successive layers of the PRCs
are separated by a 15 cm thick reinforced cement concrete layer
assembled from blocks, each 60 cm � 60 cm � 15 cm in size. The
four-layer PRC configuration of the muon module allowed
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Fig. 1. A schematic of the 4-layer tracking muon telescope module with 58 PRCs per layer. Four layers of PRCs labeled Layer-0, Layer-1, . . . embedded in concrete. Inclined
lines indicate five parallel muons.
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Fig. 3. A schematic of 169 muon directions that were subsequently combined into
nine coarse directions. First, 3 � 3 vertical direction V, four 3 � 5 central (N,E,W,S),
and four 5 � 5 outer directions (NE,SE,SW,NW).
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reconstruction of each muon track in two mutually orthogonal
planes. The vertical separation of the two PRC layers in the same
projection plane was �50 cm allowing measurement of the muon
track direction with an accuracy of [6� in each projected plane.
The four layers of PRCs, namely, layers-0, 1, 2, and 3 in mutually
orthogonal directions were interleaved with absorber concrete
blocks that are clearly visible Fig. 1. Also shown in Fig. 1 are five
tracks of inclined parallel muons.

To achieve an energy threshold of 1 GeV for vertical muons, an
absorber of thickness �550 g cm�2 in the form of concrete blocks
was used as shown schematically in Fig. 1. The concrete blocks
were arranged in the form of an inverted pyramid to shield the
PRCs with absorber coverage up to 45� for incident muons. Conse-
quently, the muon telescope had an energy threshold of sec (h) GeV
for the muons incident at a zenith angle of h. As shown in Fig. 2, the
arrival direction of a muon was determined for each triggered PRC
in the lower layer and binned into 13 directions based on the spe-
cific location of the PRC triggered in the upper layer from among
the 13 PRCs, one directly above (central PRC) and six each on either
side of the central PRC. This directional binning was carried out in
each of the two orthogonal projection planes, thereby generating a
map of 13 � 13 = 169 solid-angle directions of the muons as shown
in Fig. 3. The contents of the 169 directions were recorded once
every 10 s, thereby generating a continuous record of the direc-
tional flux of muons in the sky.

However, to obtain a higher statistical precision, the 169 direc-
tions were combined into nine coarse directions as shown sche-
matically in Fig. 3. This was done by combining either a set of
3 � 5 or 5 � 5 solid-angle directions with the exception of the ver-
tical direction, where the central 3 � 3 solid-angle directions were
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Fig. 2. Schematic view of muon arrival angle selection based on triggered PRCs, one
in the lower and one from among the 13 PRCs in the upper layer. Triggered PRCs
shown as filled squares.
combined. This specific combination scheme resulted in a rela-
tively similar solid-angle coverage for these nine coarse directions.
This choice of the angular segmentation also reduced the dissimi-
larity in the number of muons recorded in each coarse direction,
because of the comparatively larger flux of muons for the near cen-
tral directions (N,E,W,S) when compared to the outer directions
(NE,SE,NW,SW). The cutoff rigidity at Ooty was 17 GV in the ver-
tical direction and it varied from 14 to 32 GV across the field of
view (FOV) of the muon telescope. However, in the present work
only the data from the E, V, and W directions were utilized.
3. Data analysis

3.1. Data cuts

As described earlier, the one-dimensional Parker convection–
diffusion framework provides a relationship among the radial den-
sity gradient of the cosmic rays, the solar wind velocity (Vsw), and
the cosmic ray diffusion coefficient (j). The GRAPES-3 experiment
detected the muons of energy above 1 GeV, that correspond to a
median energy of �66 GeV for the primary cosmic ray protons in
the vertical direction and varied from a low of 64 GeV–92 GeV
across the FOV of the GRAPES-3 muon telescope. The median
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energy of all primary cosmic ray protons within the FOV of muon
telescope was �77 GeV. These values of the median proton ener-
gies were estimated with the help of the international geomagnetic
reference field model (IGRF-11) of the geomagnetic field [21] and
Monte Carlo simulations using the CORSIKA package [22]. Thus
the measurements using the GRAPES-3 data described below cor-
respond to a median rigidity of �77 GV. Since the GRAPES-3 track-
ing muon telescope recorded about 4 � 109 muons every day or
�1.5 � 1012 muons per year, it thus provided a directional survey
of the sky with exceptional statistical precision.

The solar diurnal variation at a rigidity of �77 GV was studied
from the measured flux of muons by adopting the following proce-
dure. The muon data for intervals of one hour were individually
segregated for each of the nine directions after correcting for the
dead-time. Next, a two step process was employed to effectively
identify and remove the gaps and fast transients present in the
data. This was necessary because such transients and data gaps
had the potential to disturb the measurement of the Swinson flow
that varies slowly with time. The root mean square (rms) deviation
labeled r1 for each of the nine directions were calculated. For each
direction the hourly data set corresponding to a deviation � 10r1

were rejected as abnormal. This procedure was repeated a second
time for the data after the first step to recalculate the mean and the
rms (r2). Next, the data with a deviation of � 5r2 were also
rejected. The implementation of this rigorous two step cut elimi-
nated poor quality data segments that included data gaps, gain
variations, and the transient phenomena such as the Forbush
decrease events of magnitude larger than 3%. Thereafter, the hourly
muon rate for each direction was corrected by using the pressure
coefficients for the corresponding direction for variation in the
atmospheric pressure. Finally, the hourly muon rates were
expressed as fractional changes (in %) from the mean of the data
for the six year period (2000–05) for each of the nine directions.

After completion of the above quality cuts, short-term tran-
sients were also removed from the data while retaining the long-
term variations including the 27-day, the seasonal (annual) and
the 11-year solar effects and other short-term periodic behaviors
such as the sidereal and solar diurnal variations. Next, to probe
the short-term periodic variations, it became essential to filter
out the slower long-term variations listed above. The effects of
long-term variation were removed by devising an indirect high-
pass filter. The high-pass filter was implemented by the following
procedure. A running mean H(low)i of the hourly muon rates hi was
calculated for each hour by taking the data of 12 h on either side of
a given hour for each of the nine directions. This running mean
provided an effective low-pass filter H(low)i of the hourly rates.
Then, the running mean H(low)i was subtracted from the corre-
sponding observed hourly rate hi to obtain the hourly high-pass
data H(high)i for the nine directions. For further analysis of the
solar and sidereal diurnal variations, we selected only the days that
contained data for each of the 24 h without any gap.

In order to remove the residual effects of the transient phenom-
ena such as a Forbush decrease event, the calender days with sig-
nificant transient activity were identified by using the Kiel neutron
monitor data [23]. Due to a lower cutoff rigidity, the Kiel neutron
monitor recorded a large amplitude even for Forbush decrease
events of relatively small magnitude and thus could be used to
identify such events. The following criteria were used to identify
the days of transient activity, (a) daily rate Ni for the ith day was
compared with the mean daily rate NM for the previous three days.
Here, the rates Ni and NM were expressed in %. If the value of
ðNM � NiÞ ¼ DN exceeded 4% then the data for the ith day for all
nine directions were attributed to be influenced by a transient phe-
nomena and rejected, (b) The days following the ith day defined
above were also attributed to the recovery phase of the transient
phenomena. If the deviation from NM of the neutron monitor rates
Niþ1;Niþ2; . . . for the following days exceeded 0:3� DN, then the
data for ðiþ 1Þth, ðiþ 2Þth, . . . were deemed to lie in the recovery
phase and rejected.

3.2. East–West method

The GRAPES-3 muon data were influenced by several effects
including those induced by the atmospheric pressure and temper-
ature. The variation in muon rates due to pressure changes were
corrected as described earlier. However, it was not possible to cor-
rect for the effects of temperature and other unknown factors.
Therefore, we adopted a powerful technique proposed by Kolhör-
ster and others [24–26], which is capable of eliminating the effects
listed above. This East–West method was implemented as
described below.

The variation in the intrinsic anisotropy in space may be calcu-
lated by using the measurements from the E and W directions and
s, where s is the time offset between E and W directions as shown
below,

DI ¼ Iðt þ DtÞ � IðtÞ ¼ Iðt þ s=2Þ � Iðt � s=2Þ ¼ NEðtÞ � NWðtÞ ð2Þ

If the intrinsic anisotropy IðtÞ in space is superposed on an isotropic
component B and a common time dependent variation CðtÞ of atmo-
spheric origin, then the time variation recorded along the V, E, and
the W directions, NVðtÞ, NEðtÞ, and NWðtÞ, respectively, may be writ-
ten as,

NVðtÞ ¼ IðtÞ þ Bþ CðtÞ ð3Þ
NEðtÞ ¼ Iðt þ s=2Þ þ Bþ CðtÞ ð4Þ
NWðtÞ ¼ Iðt � s=2Þ þ Bþ CðtÞ ð5Þ
NEðtÞ � NWðtÞ ¼ Iðt þ s=2Þ � Iðt � s=2Þ ð6Þ

By summing the difference NEðtÞ � NWðtÞ obtained from the
GRAPES-3 observations, the time independent anisotropy in space
was reconstructed using the East–West (E–W) method as detailed
below. However, one needed to experimentally measure the time
offset s corresponding to the hour angle difference between the E
and W directions. The hourly muon rates expressed as percent devi-
ation from the six year mean for E, and W directions for all six years
of data were each folded modulo 24 h. The time offset s due to the
hour angle difference between E and W was precisely calculated by
using the cross correlation of the muon rates from these two direc-
tions. The result of this correlation study is shown in Fig. 4. The
maximum correlation between E and W was obtained for an offset
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of s = 3 h, exactly as expected from the geometry of the GRAPES-3
muon telescope.

The hourly muon rates expressed as percent deviation from the
six year mean for E, W, and V, directions after folding modulo 24 h
for six year interval are shown in Fig. 5(a)–(c), respectively. The
plot shown in Fig. 5(d) was obtained by using the E–W method
as described below. This was achieved by using the offset of 3 h
obtained earlier and the hourly rate for the E and W directions.
Thereafter, the expected hourly time variation for the V direction
was obtained as shown in Fig. 5(d).

3.3. Data classification by IMF

Next, we describe the methodology followed in identifying the
days that were characterized by the IMF oriented either toward
(labeled ‘TW’) or away (‘AW’) from the Sun, respectively. The geo-
centric solar ecliptic (GSE) coordinate system with the Earth at the
origin was used. The positive X-axis was defined along the line
joining the Earth to the Sun, and the negative Y-axis was tangent
to the orbit of the Earth along the direction of its motion. The
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Fig. 5. Percent deviation from hourly mean muon rate for 2000–05 data for, (a) E,
(b) W, (c) V, and (d) VEW.
positive Z-axis was along the north ecliptic pole forming a right-
handed Cartesian coordinate system. The magnetic field data
showed that the magnitude of the ‘z’ component of IMF, Bz was
much smaller than the other two components, namely, Bx and By

and hence only the latter two components were used [27]. A run-
ning mean of the hourly values of Bx and By were calculated over an
interval of 72 h centered on the current hour and tabulated into
four categories as listed in Table 1. As mentioned earlier, the med-
ian energy of the primary protons responsible for the muons
detected in the GRAPES-3 muon telescope was �77 GeV. The
choice of 72 h was dictated by the fact that the Larmor radius of
a 77 GeV proton is �0.36 AU in an observed mean IMF of 4.7 nT.
For a typical velocity of 400 km/s, the solar wind takes about
36 h to travel a distance of 0.36 AU. Thus a 72 h interval centered
on the hour in question allowed a reasonable estimate of the effec-
tive IMF to be obtained. Using the above procedure the running
mean of the IMF components were calculated and based on the
sign of Bx and By, the data were assigned to one of the four catego-
ries listed in Table 1 for each of the 24 h in a calender day.

If the IMF data for each hour in a day fell exclusively into either
the AW or the TW category, then that day was selected for further
analysis. Based on the complete days collected during 2000–05,
about 79% of days fell into either AW or TW categories, and the
remaining 21% into the mixed category and hence were excluded
from further analysis as mentioned in Table 2.

It was difficult to directly extract the sidereal diurnal variation
because its amplitude was about an order of magnitude smaller
than the solar diurnal variation. Therefore, we indirectly estimated
the amplitude of the sidereal diurnal variation as explained below.
Since the sidereal and the solar years synchronize once in a year,
due care was taken to ensure that the data for the whole years
were used to extract these anisotropies. If the solar diurnal anisot-
ropy had a constant amplitude, then the data analyzed for the side-
real diurnal anisotropy for a complete year would wipe out the
solar diurnal anisotropy. However, the small inclination angle of
7.3� between the solar equatorial plane and the plane of the eclip-
tic introduced a seasonal variation which manifested as a sidereal
and an anti-sidereal variation of equal amplitude. In addition, there
might have been other causes of seasonal variation that could
mimic a sidereal and an anti-sidereal variation. Therefore, an anal-
ysis strategy was devised to identify and largely eliminate these
seasonal effects. Since there were gaps in the data due to rejection
of the days when the IMF did not fall into AW or TW category, it
was important to use a method that would not have introduced
any side bands.
Table 1
Category of IMF directions.

# Bx By Type Action

1 <0 <0 Mixed Reject
2 60 P0 Away Accept
3 P0 60 Toward Accept
4 >0 >0 Mixed Reject

Table 2
Data categories.

Class Days

Total days (2000–05) 2192
Full days (All) 2015
Full days (TW) 784
Full days (AW) 810
Full days (Mix) 421
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The data for a given calender month, say January 2001 were
sorted into two groups labeled, Jan01AW and Jan01TW containing
the data corresponding to AW and TW categories, respectively.
Next, the mean of the data for each hour for all days present in
Jan01AW were calculated to extract the variation in 1 h intervals
for this category. The same exercise was repeated for the Jan01TW
data. These monthly data pairs were then used for further analysis.
The monthly data for six years (72 sets each) were individually
combined to yield the TW and AW profiles. The mean of the TW
and AW profiles largely caused by the solar diurnal anisotropy
for the period 2000–05 are shown in Fig. 6(a) and in Fig. 6(b),
respectively. The height of the peaks for the TW and AW categories
as seen from Fig. 6(a) and (b) are very similar clearly indicating
that the polarity of the IMF had very little effect on the amplitude
of the solar diurnal anisotropy.

In principle, the TW and the AW data might have contained the
contributions from the IMF polarity independent effects such as
the solar diurnal anisotropy and possible IMF polarity dependent
effects. The sum (TW+AW)/2 cancels out the IMF polarity depen-
dent effects, while retaining the IMF polarity independent solar
diurnal anisotropy. The mean solar diurnal variation represented
by (TW+AW)/2 for the period 2000–05 when calculated was nearly
identical to the plots shown in Fig. 6(a) and (b). Due to their similar
profiles the data for the AW and the TW categories were combined
and the amplitude of the solar diurnal variation was estimated to
be �0.3% which peaked at 13 h Indian Standard Time (IST) [28].
This corresponded to an asymptotic direction of 16 h IST. Similarly,
the quantity (TW�AW)/2 canceled out the IMF polarity indepen-
dent solar diurnal anisotropy, while retaining the IMF polarity
dependent effects. However, this exercise did not show a clear
indication of an IMF dependent anisotropy in the GRAPES-3 data.
A more sensitive analysis is needed to probe the potential presence
of such an IMF polarity dependent solar anisotropy.
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Fig. 6. Muon rate variation (%) due to solar diurnal anisotropy (2000–05) for, (a)
TW, (b) AW categories.
By employing the E–W method outlined earlier, the variation in
the TW and the AW sectors were obtained by folding the monthly
data modulo the solar day. Next, the quantity (TW�AW)/2, which
is IMF polarity sensitive was calculated for each month. To esti-
mate the sidereal anisotropy the (TW�AW)/2 data from successive
months were shifted backwards by 2 h relative to the previous
month, to synchronize the data to the sidereal clock. The variation
of (TW�AW)/2 for the period 2000–05 is shown in Fig. 7(a) which
represents the effect of the IMF polarity dependent sidereal anisot-
ropy as measured using the GRAPES-3 muon data.

The presence of the seasonal effects on the solar diurnal varia-
tion through an interference introduces both a sidereal and an
anti-sidereal variation of equal amplitude. The procedure outlined
in the previous paragraph when repeated by shifting the data for-
ward by 2 h synchronized the data to an anti-sidereal clock, thus
canceling the sidereal variations while retaining the contribution
of the seasonal effects as shown in Fig. 7(b). In view of a relatively
small amplitude the contribution of the seasonal effects on the
observed sidereal variation is also expected to be very small. Next,
the anti-sidereal contribution from Fig. 7(b) was used to correct
the measured sidereal variation shown in Fig. 7(a) by using the
prescription of Nagashima and coworkers [8] to obtain the correct
amplitude of sidereal variation. This variation representing the
Swinson flow is shown in Fig. 7(c). The fact that the amplitude of
the Swinson flow before and after the correction was nearly same
is due to a very small amplitude of the seasonal correction
displayed in Fig. 7(b).
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Fig. 7. Muon rate variation (%) due to sidereal diurnal anisotropy for 2000–05, (a)
(TW�AW)/2, (b) anti-sidereal contribution (c) corrected (TW�AW)/2
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The variation due to the Swinson flow represented by the cor-
rected (TW�AW)/2 shown on Fig. 7(c) displays a minimum at
�6 h sidereal time. This may be understood with the help of a sche-
matic of the interplanetary medium that includes the Sun and the
Earth as shown in Fig. 8. The gradient in the radial density of the
cosmic rays results in radially inward diffusion of cosmic rays.
When the IMF points toward the Sun as shown in Fig. 8(a), the Lor-
entz force exerted on the cosmic rays diffusing inward induces a
north–south flow, perpendicular to the ecliptic plane that displays
a minimum at �6 h sidereal time and a maximum at �18 h as seen
from Fig. 8(a). However, when the IMF points away from the Sun
then the resultant flow displays a maximum at �6 h sidereal time
and a minimum at �18 h as shown in Fig. 8(b). Therefore, the
parameter (TW�AW)/2 provides a more precise measure of this
north–south TW flow by eliminating the common sources of errors
caused other phenomena. The symmetry of the plot in Fig. 7(c)
implies that the Swinson flow along both, the north to south and
the south to north directions had nearly the same magnitude. Since
the variation shown in Fig. 7(c) displayed a periodic behavior it
was decided to perform a fit by using sine and cosine terms as fol-
lows. The data for each hour as ti, and corresponding amplitude
and error as Ni, and ri, where i ¼ 1;2;3; . . . n ðn ¼ 24Þ. The follow-
ing function FðtiÞ was fitted to the data by least squares method,

FðtiÞ ¼ a cos 2p ti

24

� �
þ b sin 2p ti

24

� �
ð7Þ

where n = 24 is the number of data points and the values a and b
were determined as described below. The weighted sum (S) of the
squares of residuals (Di) is expressed as,

S ¼
Xn

i¼1

D2
i

r2
i

,Xn

i¼1

1
r2

i

ð8Þ
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Fig. 8. Schematic of Swinson flow at Earth indicated by colored arrows due to
diffusion of cosmic rays in IMF. Curved thick red arrow indicates excess flow and
blue thin arrow deficit flow. IMF relative to Sun in, (a) TW sector, sinusoidal flow
with maximum at 18 h, (b) Away sector, sinusoidal flow with maximum at 6 h.
(TW�AW)/2 removed common systematic effects and yielded actual TW flow.
Since in the present case variation in the value of ri was negligibly
small, the above calculation was carried out with a constant value of
ri ¼ r for all i as given below,

S ¼
Xn

i¼1

D2
i ¼

Xn

i¼1

Ni � a cos 2p ti

24

� �
� b sin 2p ti

24

� �� �2

ð9Þ

By minimizing the quantity S with respect to a and b, one obtains,

a ¼ �0:0050� 0:0052% ð10Þ
b ¼ �0:0642� 0:0052% ð11Þ

and this fit yielded v2 ¼ 0:468 for a total of ðn� 2Þ ¼ 22 degrees of
freedom which is too small a value to be realistic. Such a small value
of v2 clearly indicated the presence of a large systematic variation,
and therefore, the true error was estimated from the sum of square
of the deviation S of the data points from the function listed in Eq.
(7). This was implemented by minimizing the rms deviation of the
data points from the function described in Eq. (7). A proper propa-
gation of the errors led to the following estimate of the rms devia-
tion r,

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 2

Xn

i¼1

D2
i

vuut ð12Þ

solution of the above equation yields the value of r to be,

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:00014694
ð24� 2Þ

s
% ¼ 0:0026% ð13Þ

This value of r = 0.0026% is approximately seven times smaller than
the value of 0.018% estimated from the rms deviation of hourly val-
ues for 72 months of data. Clearly, the Swinson flow despite show-
ing a sizable variation over a time scale of six years had a
remarkable underlying stability that had manifested in a rather sta-
ble profile characterized by a small value of r ¼ 0:0026%. By incor-
porating this new value of r the errors in amplitudes a and b were
estimated to be,

a ¼ �0:0050� 0:0008% ð14Þ
b ¼ �0:0642� 0:0008% ð15Þ

From these two parameters the actual amplitude A and the phase /
was found to be,

A ¼ 0:0644� 0:0008% ð16Þ
w ¼ 17:70� 0:05 h ð17Þ

Thus the amplitude of the Swinson flow as measured by GRAPES-3
as shown in Fig. 7(c) was (0.0644 ± 0.0008)% with a phase of
(17.70 ± 0.05) h, which was close, but not identical to its expected
value of 18 h. The difference in the expected and measured phases
of (18 ± 3) min had a significance of nearly 6r.

In the present work the direction from south to north, perpen-
dicular to the ecliptic plane was referred as the upward and the
one from north to south as the downward direction. The magni-
tude of the Swinson flow was estimated as explained in the follow-
ing. It was assumed that the Swinson flow caused an anisotropy of
magnitude n%, perpendicular to the ecliptic plane along the down-
ward direction. This angular dependence may be expressed as
1þ n cos h, where h is the angle relative to the perpendicular
described above. A muon telescope on Earth would observe this
anisotropy as a sidereal diurnal variation and for a location on
the equator an amplitude of n sin / would be observed with a max-
imum at a sidereal time of 18 h, where / is the angle between the
equatorial and ecliptic planes. However, a telescope located at a
latitude k in the northern hemisphere would observe an amplitude
of n sin / cos k with a maximum also at a sidereal time of 18 h.
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The angle between the upward perpendicular to the ecliptic and
the vertical direction at a latitude k on Earth may be expressed as
h1 ¼ p=2� k� / at a sidereal time of 18 h and h2 ¼ p=2� kþ / at
6 h. Therefore, a telescope located at a latitude k in the northern
hemisphere observing the cosmic rays in the vertical direction
would observe the difference between the maximum and mini-
mum of the anisotropy, nðcos h1 � cos h2Þ ¼ n sinðkþ /Þ � sinf
ðk� /Þg ¼ 2n cos k sin /. Thus the magnitude of the anisotropy n
(%) may be calculated from the amplitude A (%) estimated earlier
directly from data,

n ¼ A
cos k sin /

ð18Þ

By substituting the values k and / in the above equation,

A ¼ 0:0644� 0:0008% ð19Þ
k ¼ 11:4

�
ð20Þ

/ ¼ 23:5
�

ð21Þ

The magnitude of the anisotropy caused by Swinson flow was
obtained,

n ¼ 0:1648� 0:0020% ð22Þ
4. Discussion

The large area GRAPES-3 tracking muon detector allowed mea-
surement of the flux of >1 GeV muons along nine directions labeled
NE, N, NW, E, V, W, SE, S, SW, each with a solid angle coverage of
�0.23 sr. The muons were detected at a rate of 1.8 � 108 h�1

enabling small variations in its flux to be reliably measured. A
two step quality cut was imposed on the muon data to remove
the data that had gaps, gain variation of the proportional counters,
and was influenced by transient phenomena such as the Forbush
decrease events etc. Despite these stringent cuts only 177 d (8%)
out of 2192 d during the six years (2000–05) were rejected. By
the use of the powerful E–W method, we could largely eliminate
contributions due to various systematic effects including the ones
of atmospheric origin, and reconstruct the actual time variation
along the V direction. This variation represented the solar diurnal
anisotropy that peaked at 13 h IST locally and 16 h IST
asymptotically.

Using the IMF components Bx, By, Bz [27], the orientation of the
IMF with respect to Sun was determined every hour. Depending on
the orientation of the IMF being either toward (TW) or away (AW)
from the Sun during a given day, the data for that day were accord-
ingly classified as belonging to the TW or AW category. However,
during the 24 h in a day when the orientation of the IMF was not
exclusively TW or AW, then that day was classified as a mixed
day and the data for such days were rejected. A total of 421 out
of 2015 d fell into the mixed category, thereby resulting in a fur-
ther rejection of about 21% of the data as listed in Table 2. Finally,
784 (TW) and 810 (AW) for a total of 1594 d out of 2015 d survived
the final cuts. This data set has formed the base for the analysis
presented here.

The difficulties in directly extracting the sidereal diurnal varia-
tion in the GRAPES-3 data in the presence of various atmospheric
effects and a much larger solar diurnal variation were overcome
by eliminating these effects using the E–W technique. Since the
sidereal and solar years synchronize once in a year the data for
integral number of years were used to extract the sidereal anisot-
ropy. The equal amplitude sidereal and anti-sidereal variations
produced by various seasonal effects were used to eliminate those
seasonal effects. The data were carefully examined to ensure that
the gaps in the data due to rejection of the days when the IMF
was in the mixed category did not result in the introduction of
new periodic variations.

The daily data from each calender month were subdivided into
two groups corresponding to the AW and TW categories. Thereaf-
ter, the hourly rate for the days in a given month were used to cal-
culate the variation for these two categories to generate monthly
data for six years (72 sets each) for the TW and AW categories.
The six year mean TW and AW profiles due to the solar diurnal
anisotropy for the period 2000–05 displayed in Fig. 6(a) and (b)
showed that the IMF polarity did not have a large effect on the
amplitude of the solar diurnal anisotropy. The mean amplitude of
the solar diurnal anisotropy for 2000–05 was estimated to be
�0.3%. The anisotropy as shown in Fig. 5(d) peaked at 13 h IST con-
sistent with our measurements for 2006 using a different method
[28].

Turning to the main objective of the present work, we next
focused on the sidereal variation. The IMF polarity sensitive quan-
tity (TW�AW)/2 was calculated for each month. For obtaining the
sidereal variation, the (TW�AW)/2 data from successive months
were shifted backwards by 2 h relative to the previous month,
to synchronize the data to the sidereal clock and averaged. The
variation of (TW�AW)/2 for the period 2000–05 thus obtained
is shown in Fig. 7(a). The presence of the seasonal effects on
the solar diurnal variation through interference introduces both
a sidereal and an anti-sidereal variation of equal amplitude. The
procedure outlined above was repeated for (TW�AW)/2 by shift-
ing the data forward by 2 h to synchronize to the anti-sidereal
clock. The anti-sidereal variation thus obtained represented the
tiny amplitude of the seasonal effects as shown in Fig. 7(b). This
variation was used to correct the observed sidereal variation. The
corrected sidereal variation of (TW�AW)/2 is shown in Fig. 7(c),
which was the IMF polarity dependent sidereal diurnal variation
representing the projection of the Swinson flow along the
direction V in the FOV of the GRAPES-3. The amplitude of
the sidereal variation before and after the correction was nearly
the same due to a very small amplitude of the correction as
shown in Fig. 7(b).

The IMF polarity dependent sidereal diurnal variation shown on
Fig. 7(c) displayed a minimum at �6 h sidereal time, indicating the
direction of the flow to be from south to north, perpendicular to
the ecliptic plane. Similarly, the maximum at �18 h sidereal time
was indicative of the flow from north to south. Since the angle
between the Swinson flow along the north–south (N–S) and the
direction V in GRAPES-3 FOV is minimum at 18 h, the IMF polarity
dependent sidereal diurnal variation projected along V was maxi-
mum. Similarly, the angle between S–N Swinson flow and V was
minimum at 6 h, and the amplitude of the Swinson flow projected
along V was maximum. The symmetry of the plot in Fig. 7(c)
implied that the IMF polarity dependent sidereal diurnal variation
along both the N–S and S–N directions was of nearly the same
amplitude. Based on these measurements the amplitude of the
Swinson flow was estimated to be (0.0644 ± 0.0008)%.

As described earlier, if the relative magnitude of the Swinson
flow at a rigidity P was n%, the direction of this flow would be per-
pendicular to the ecliptic plane. The maximum intensity was
observed if the muon telescope was pointing either along
upstream or downstream of the Swinson flow. The rotation axis
of the Earth is inclined by / = 23.5� relative to the ecliptic and
the latitude of the GRAPES-3 site is k = 11.4�. Since the GRAPES-3
is located in the northern hemisphere, thus the maximum south-
ward Swinson flow of n cosðkþ /Þ was expected to be observed
at 18 h, and a minimum of n cosðk� /Þ at 6 h sidereal time. Thus
the amplitude of the IMF polarity dependent sidereal variation
observed along V by the GRAPES-3 telescope is given by
nðcosðkþ /Þ � cosðk� /ÞÞ=2 which equals n cos k sin /. Using the
observed value of n cos k sin / of (0.0644 ± 0.0008)% the relative



H. Kojima et al. / Astroparticle Physics 62 (2015) 21–29 29
magnitude of the variation due to the Swinson flow was found to
be n = (0.1648 ± 0.0020)%

The radial density gradient of the galactic cosmic rays near the
Earth, based on our measurements may be estimated as described
below. The density gradient GrðPÞ of cosmic rays at a rigidity P may
be formulated as follows,

�jGrðPÞj �
n ðPÞ

q sinv ð23Þ

Here, q is the gyro radius (Larmor radius) of the cosmic rays in the
IMF, and v the angle between the IMF and the direction of motion of
the Earth and is expected to be �45�. n ðPÞ represents the anisotropy
along the north–south direction perpendicular to the ecliptic plane
due to the Swinson flow. As explained earlier, the median rigidity of
the cosmic rays responsible for the production of muons observed
in the GRAPES-3 muon detector was P = 77 GV. From these param-
eters q was found to be 0.36 AU using the observed mean value of
the IMF, B = 4.7 nT, measured near the Earth.

The radial density gradient of the cosmic rays at a rigidity of
77 GV was estimated to be 0.65% AU�1, from these six years of
observations with the GRAPES-3 experiment. The estimated den-
sity gradient from the GRAPES-3 data is comparable to the values
reported by other workers [2,9]. For example, the parametrization
given in [9] yielded a radial density gradient of 0.7% AU�1 for a
rigidity of 77 GV. Similarly, the work in [2] implies a radial density
gradient of <1.0% AU�1 at 100 GV.

5. Conclusion

The outward flow of solar wind results in a gradient in the radial
density of galactic cosmic rays in the heliosphere due to the phe-
nomenon of diffusion and convection. This gradient coupled with
the interplanetary magnetic field results in a flow of charged par-
ticles termed the Swinson flow perpendicular to the ecliptic plane.
The Swinson flow is manifested as a small anisotropy in sidereal
time in the flux of cosmic rays and its amplitude and phase were
measured using the GRAPES-3 tracking muon telescope data. The
large area (560 m2) of GRAPES-3 muon telescope resulted in the
detection of �7.5 � 1012 muons over the six year period during
2000–05. This high muon statistics was exploited to make a very
high precision measurement of the amplitude of the Swinson flow,
n = (0.0644 ± 0.0008)% which is a nearly 80r effect. The phase of
the maximum flow was measured to be at a sidereal time of
(17.70 ± 0.05) h. The phase of 17.7 h is close but different by
18 min from the expected value of 18 h. This difference of 18 min
is small, yet is significant at the level of 6r which is indicative of
the precision of the GRAPES-3 measurement. The mean interplan-
etary magnetic field (IMF) was calculated to be 4.7 nT during the
six year interval 2000–05. The median rigidity of the primary pro-
tons responsible for producing the muons detected by GRAPES-3
experiment was 77 GV. From these values of Swinson flow, mean
IMF and median proton rigidity the cosmic ray radial density gra-
dient was estimated to be 0.65% AU�1. This value is consistent with
the measurements reported by other groups.
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