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Abstract: Long-term changes of the galactic cosmic ray (GCR) solar diurnal anisotropy, observed with some
neutron monitors of the global network, are used to compute the annual mean values of the modulation param-
eters for 1965-2011, invoking the convection-diffusion approximation of the solar wind modulation of GCRs in
the heliosphere. We compute the product of the parallel mean free path λII and the radial particle density gra-
dient Gr with and without the spherical symmetry approximation of the Parker equation. We find that the prod-
uct λIIGr exhibits a weak 11y (Schwabe cycle) but a dominant 22y period (Hale cycle) and its value is most
depressed in solar activity minima for the positive polarity (A > 0) interval in the solar northern hemisphere. A
comparison of the two sets of λIIGr values reveals a weak correlation between them. Computed values provide
us valuable physical insights regarding the transport of energetic charged particles in the tangled magnetic fields.
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1 Introduction
The concerted efforts to understand the physical nature
of the solar diurnal anisotropy intensified after authors
Ahluwalia and Dessler [1] suggested a physical process for
the convection of the galactic cosmic rays (GCRs) away
from the sun via an electric drift in the interplanetary mag-
netic field (IMF) spiral [2], leading to a diurnal anisotropy
(in solar time) observed by a detector on the spinning earth.
Parker [3] and Krymsky [4] independently pointed to the
need for including the diffusive inward flow along the spi-
ral field lines driven by the density gradient, in near bal-
ance with the convective outward radial flow to account for
the small (∼ 0.5%) amplitude of diurnal anisotropy. These
insights led to the development of the Parker equation [5];
a corollary of it is the successful convection-diffusion mod-
el in which convection is the driver of GCR modulation-
s (and the structure of IMF is lost). When details of IM-
F structure and its evolution with time became better un-
derstood [6] it came to be appreciated that Parker equation
has information about all the features of GCR modulation-
s, including the contributions from other drifts in an inho-
mogeneous IMF, leading to the transport of GCRs across
heliolatitudes [7]; drifts are neglected in the convection-
diffusion model.

The transport of GCRs in the heliosphere is controlled
by the expansion of the solar wind with a frozen-in magnet-
ic field, involving four important processes: namely, con-
vection, diffusion, drifts in an inhomogeneous IMF and the
heliospheric neutral sheet (HNS), as well as an adiabatic
cooling. At high GCR rigidities to which the neutron moni-
tors (NMs) and muon detectors respond, the adiabatic ener-
gy loss is negligible. Inspite of a significant progress in our
understanding of GCR modulation by the solar wind, there
is still a need for a clarification of the spatial-, rigidity- and
temporal-dependence of the transport coefficients. In this
paper, we dwell on the temporal dependence of the modu-
lation parameters for 1965-2011.

We study the time variations of the radial and azimuthal
components [8] of the solar diurnal anisotropy for 1965-

2011, using the data of Climax (CL), Kiel (KL), Oulu
(OU), Deep River (DR) and Huancayo (HU) / Haleakala
(Hal) NMs. They have a record of stable operation over
a long period [9, 10]. A neutron monitor is characterized
by a median rigidity of response (Rm) to GCR differen-
tial rigidity spectrum, 50% of its counting rate lies below
Rm [11]. For the CL/NM, Rm = 11 GV, for DR 16 GV, for
KL, OU 17 GV and for HU/Hal 33 GV. We compute the
product of the parallel mean free path λII and GCR radi-
al density gradient Gr in two ways, from the solar diurnal
anisotropy data and invoking the solar wind spherical sym-
metry. The computed values are compared amongst them-
selves.

2 Data
In-situ measurements of IMF intensity (B) and solar wind
velocity (V) started in October 1963 [12]. The data are
readily available at the National Geophysical Data Center
website SPIDR of the National Oceanic and Atmosphere
Agency (NOAA) at Boulder, CO. The data from the Eu-
ropean NMs are available from NMDB data-base found-
ed under the European Union FP7 program. We use data
from CL, KL, OU, DR and HU/Hal NMs to study the con-
tributions of drifts to the anisotropy in positive (A > 0) and
negative (A < 0) polarity intervals of solar magnetic cycles
for 1965-2011; regrettably, DR/NM was shut down on 31
May 1995 and CL/NM data string ends in Nov 2006 al-
though data are available until 31 December 2009, they re-
main unprocessed because of a lack of support for its PI.
The annual means of SSNs, the solar wind velocity (V )
and IMF intensity (B) are plotted in figure 1. The follow-
ing points may be noted: sunspot cycles 20 and 23 are slow
rise, long duration, less active cycles, flanking the rapid
rise, short duration, more active cycles 21 and 22; IMF
magnitude is flat (∼ 4nT ) for cycle 20 but exhibits a well
defined sunspot cycle variation with successively smaller
annual mean values (for each cycle) beginning with cycle
20 minimum, reaching the smallest value ever measured
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Fig. 1: The annual means of SSNs, B and V for 1965-2011.

in cycle 23; solar wind velocity fluctuates about a mean
∼ 450km/s, reaching a low value in cycle 23. The post
maximum high-speed streams have a higher annual mean
velocity for cycles 20 and 23, indicating the presence of a
three-cycle-quasi-periodicity [13].

The solar diurnal variation observed at earth arises from
a near equilibrium between inward diffusion of GCRs and
the outward convective sweeping by the solar wind [4].
The pressure corrected hourly rate for a NM is used to
derive deviations from a 25h moving average (to remove
the long-term trend in the data) and expressed as % of the
daily mean rate. The harmonic analysis of the deviation-
s (%) gives the amplitude of the diurnal variation (a, %)
and its phase (LT, h). The value of the diurnal variation
amplitude a is converted to the diurnal anisotropy ampli-
tude A, assuming a limiting primary rigidity (a.k.a. upper
cut-off rigidity, Rc) at 100 GV [14, 15, 16]; it was shown
that Rc ≤ 45GV for 1975-1977 solar minimum compared
to Rc = 100GV for 1969-1970 solar maximum for cycle
20. This corresponds to a positive (A > 0) polarity inter-
val when magnetic field in the northern hemisphere of sun
points outward, leading to GCR drift down from the po-
lar regions toward the equatorial plane and out along the
HNS [7]. A similar situation may have transpired nearly t-
wo decades earlier during the deep solar activity minimum
in 1954 when the phase of the diurnal variation shifted
anomalously to a very early hour (LT) for the months of
July, August, and September 1954 for data obtained with
NMs [17, 18] and ion chambers [19]; it was incorrectly
attributed to the sidereal diurnal variation. In figure 2 we
plot the annual mean of radial Ar and azimuthal Aφ compo-
nents of the anisotropy, amplitude A, as well as the direc-
tion of the anisotropy in space, derived from the NM data
KL, OU, CL, DR and HU/Hal for 1965-2011. One notes
that Ar displays a 22y (Hale cycle) periodicity; the changes
in Ar are determined by the drift effect in A > 0 and A < 0
intervals; it has low negative values for A < 0 intervals and
higher positive vales for A > 0 intervals. The Aφ compo-
nent oscillates with a period ∼ 11y in sync with the solar
activity (Schwabe) cycle and shows a weak 22y periodici-
ty, reaching the lowest value in 1996. The direction of the
diurnal anisotropy also shows a clear Hale cycle variation
for 1965-2011. The GCR anisotropy amplitude A remain-
s nearly constant (∼ 0.4%) at high latitude sites but de-
creases successively at each solar minimum, reaching the
lowest value in 1996 (cycle 22 minimum). For HU/Hal N-
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Fig. 2: Annual means of radial Ar and azimuthal Aφ com-
ponents of the anisotropy, amplitude A, as well as the di-
rection of the anisotropy in space, derived from NM data
for 1965-2011.

M the value of A is smaller but its timeline is similar to
that for other NMs, except that the decreases at solar mini-
ma are larger. The direction of the GCR anisotropy for al-
l NMs shifts to an earlier hour (LT) for the solar minima,
but the largest shift occurs in 1976 and 1996, an indica-
tion of the Hale cycle (22y) dependence. Also, the shifts
are larger for the HU/NM (Rm = 33GV ) indicating a de-
pendence on GCR rigidity. For a comparison and rigidi-
ty dependence implications, the corresponding muon da-
ta are also plotted (where available) in figure 3 for 1965-
1994 for the ion chambers (IC) at Yakutsk and Cheltenham-
Fredericksburg (Rm= 67GV ) and the vertical underground
muon telescope (MT) at Embudo (Rm = 134GV ). For de-
tails on these datasets and an appreciation of the physical
significance of their timelines for the limited time inter-
val, the reader is referred to [20, 21]. The timelines for am-
plitudes and phases (LT) for the muon data are similar to
those for the NM data plotted in figure 2.

GCR anisotropy data can be useful for studying the drift
effect. One notes that the drift effect in Ar is small but sig-
nificant; the changes of the Ar component are caused by the
radial component of the drift stream [22, 23], it changes di-
rection in different periods of solar magnetic cycles, and is
clearly seen near solar minima. For the A > 0 interval the
stream is directed outward from the sun, while in A < 0 in-
terval it is directed inward. On the other hand, the drift ef-
fect in Aφ is significantly weaker, in agreement with the re-
sults reported for 1965-1994 by [24] and for 1965-2002 by
[25]. We believe that the long-term behavior of Ar makes it
easier to choose between the diffusion dominated or drift
dominated regimes of GCR transport during the solar po-
lar field reversal at SSN maximum. At times, a drastic tran-
sition occurs from one state of drift to another during the
solar polar field reversal (the sign of the Ar component
changes suddenly); at other times, Ar ≈ 0 and the diffusion
dominated model of GCR transport is appropriate.
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Fig. 3: Annual means of the radial Ar and azimuthal Aφ
components of the anisotropy, amplitude A and its direc-
tion in space are plotted for 1965-1994 for Chel-Fred and
Yak ICs, and Emb/MT.

3 Modulation Parameters
We compute the temporal changes of the product λIIGr and
compare them with the results reported by others for NM
and MT data [26, 22, 23, 8, 21, 27, 28, 29, 30]. Okazaki
et al., [31] and Fushishita et al., [32] have reported similar
studies of the drifts and gradients at higher rigidities (>
50GV ), but only for a limited set of the solar rotations,
using data from the Global Muon Detector Network. For
the case of a flat HNS, anisotropy components are given
by [33]:

vA±
r = 3CV −3KII [(cos2ψ +β sin2ψ)G±

r ∓
∓β1sinψG±

θ +(β −1)sinψcosψG±
φ (1)

vA±
θ =−3KII [±β1sinΨG±

r +βG±
θ ±β1cosψG±

φ (2)

vA±
φ =−3KII [(β −1)cosψsinψG±

r ∓β1cosψG±
θ +

+(βcos2ψ + sin2ψ)Gφ
± (3)

The signs +/− correspond to away (A > 0) and toward
(A < 0) polarities of the solar magnetic field in northern
hemisphere; V and v are solar wind and cosmic ray ve-
locity respectively, ψ is the spiral angle between IMF and
the Earth-Sun line (Ωr/V ≈ 1); C = 1.5 is the Compton-
Getting coefficient [34] for relativistic particles; β and β1
are the ratios of the perpendicular K⊥ and drift Kd diffu-
sion coefficients to parallel KII diffusion coefficient; Gr,
Gθ and Gφ are the radial, the heliolatitudinal and the helio-
longitudinal gradients at 1 AU respectively. For a 2D case,
we take yearly averages (∼ 13 solar rotations) for Ar and
Aφ (Gφ ≈ 0). Equations (1) and (3) determine the value of
λIIGr for each polarity of the IMF, given by:

λIIGr =−Ar +
3CV

v
+Aφ tanψ (4)

where λII =
3KII

v . Our calculations for λIIGr cover four
solar cycles (20-23) and the ascending phase of cycle 24.
These values are plotted in figure 4 for NM and Muon data
respectively. There is a general agreement between the two
time series and with other published results where they
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Fig. 4: Annual mean values of the product λIIGr for the
NMs (1965-2011) and for the Muon data (1965-1994).

overlap [27, 35]. It should be noted that [21] has shown
that the product is independent of GCR rigidity R over a
wide range: 16≤ R≤ 300GV . The following characteristic
behavior is noted for the timelines of the product, for both
datasets:
1. The timeline for the NM and muon datasets are similar.
2. The timelines exhibit a weak 11y and a stronger 22y
period.
3. The values tend to decrease at the solar minima for both
datasets, with the lowest value for NMs in 1996.
4. They have a significantly larger value for A < 0 than
for A > 0 minima, indicating a solar magnetic polarity
dependence.

4 Convection-diffusion model
A large fraction of 11y GCR modulation is accounted for
by use of the spherical symmetry solution of the Parker
equation [36, 37]. Under this assumption, the oppositely
directed convective and diffusive flows nearly cancel i.e
the structure of IMF is lost. Neglecting the streaming, one
writes:

Gr =
CV
Kr

(5)

where Kr is the radial diffusion coefficient and C = 1.5
is the Compton-Getting coefficient [34]. The temporal
changes of the annual means of λIIGr are plotted in figure
5 with the error bars. The top panel values are computed
from eq. (5). The bottom panel gives the annual mean val-
ues from figure 4 for NMs and muons (IC + MT) for 1965-
2011. There is a good agreement between the two sets of
values in the bottom panel when errors are taken into ac-
count. This is noteworthy because of the large difference
between the Rm values for NMs and muon data. However,
one notes that the timelines in the two panels bear little re-
semblance to each other and the top panel range of values
are lower than those plotted in the lower panel. Also, the
top panel values exhibit a clear three-cycle quasiperiodic-
ity while the bottom panel values do not. Even so, some
common features are noted in the two timelines:
1. Both exhibit ∼ 11y variation, but a stronger solar polari-
ty dependence (Hale cycle).
2. A decrease is observed at the solar minima for the A > 0
epochs (1976, 1997).
3. A larger decrease for the recent A < 0 minimum stands
out in both. It led to the highest GCR recovery in 2009 s-
ince the continuous monitoring began in 1950s [38, 39].
We plot (figure 6) the ratio of the values in the top panel
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Fig. 5: Plots of the annual mean λIIGr for 1965-2011. Top
panel gives the values computed from eq. (5) and bottom
panel gives the annual means from figure 4 for the NMs
and muons (IC + MT) for 1965-2011, with error bars.
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Fig. 6: The ratios of the values in the top panel to those in
the bottom panel from figure 5 are plotted for 1965-2011
with error bars.

to those in the bottom panel from figure 5 with error bars.
The value of the ratio is greatest for the solar minima in
1976 and 1996. The physical cause(s) for this difference is
not clear to us at this time.

5 Conclusions
The following conclusions are drawn from our comprehen-
sive investigations of the timelines of the GCR solar di-
urnal anisotropy and modulation parameters in the helio-
sphere for 1965-2011, covering four sunspot cycles (two
Hale cycles) and the ascending phase of cycle 24:
1. As expected from the drift theory, the radial componen-
t Ar and the phase of the diurnal anisotropy exhibit ∼ 22y
period (Hale cycle), because the drifts change direction in
different half periods of the solar magnetic cycles. In A> 0
period the stream is directed outward from the sun, while
in A > 0 period it is directed inward.
2. The azimuthal component Aφ and the amplitude A
of the diurnal anisotropy oscillates with a period ∼ 11y
(Schwabe) cycle.
3. The timeline of the product λIIGr exhibits a weak 11y
but a strong 22y dependence; its value is suppressed most
in the minimum of A > 0 periods for both the NM and
muon data; there is a large difference in the applicable Rm
values for them.
4. The λIIGr values computed from the solar diurnal
anisotropy data do not agree with those obtained by invok-
ing the convection-diffusion model. We are unable to ex-
plain the observed difference at this time.
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