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Abstract. An understanding of how the heliosphere mod- ionospheric gap, allowing current to flow in the global elec-
ulates galactic cosmic ray (GCR) fluxes and spectra is im+ric thunderstorm circuit (e.g. Harrison, 2003) and it has been
portant, not only for studies of their origin, acceleration and suggested in recent years that they influence the production
propagation in our galaxy, but also for predicting their ef- of certain types of cloud with considerable implications for
fects (on technology and on the Earth’s environment and orclimate (Marsh and Svensmark, 2000). The spallation prod-
ganisms) and for interpreting abundances of cosmogenic isodcts of GCRs hitting atomic oxygen, nitrogen and argon in
topes in meteorites and terrestrial reservoirs. In contrast tahe Earth’s atmosphere (cosmogenic isotopes which are sub-
the early interplanetary measurements, there is growing evisequently stored in reservoirs, such as tree trunks, ocean sed-
dence for a dominant role in GCR shielding of the total openiments and ice sheets) are often used as indicators of solar
magnetic flux, which emerges from the solar atmosphere andariability in paleoclimate studies (e.g. Bond et al., 2001,
enters the heliosphere. In this paper, we relate a strong 1.68Neff et al., 2001), although the implied links between solar
year oscillation in GCR fluxes to a corresponding oscillation irradiance variations and cosmic ray shielding by the helio-
in the open solar magnetic flux and infer cosmic-ray propa-sphere are not yet understood (Lockwood, 2002a, b). In all
gation paths confirming the predictions of theories in whichthese studies, understanding how the heliosphere influences
drift is important in modulating the cosmic ray flux. GCR fluxes and spectra is of key importance.

The modulation of GCRs is described by Parker’s trans-
port equation (Parker, 1965) which may be written for the
phase space densitg(r, p, t), as:
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The energy and composition spectra of Galactic CosmicWhere the terms on the right-hand side correspond to diffu-
sion, convection, particle drift, adiabatic cooling or heating

Rays (GCRs) provide unique information on astrophysi- S RS
cal processes, but interpretation is complicated by the ef2nd any local sourcg. «;; is the symmetric diffusion coef-

L

fects of magnetic fields which influence the particle’s tra- ficiént, U the outward squar wind velocity.

jectory, particularly within the heliosphere (e.g. Ginzburg, ~'thas been argued (Fisk, 1999; Moraal, 1999) that the the-
1996). At Earth, GCRs (and the secondary products gen®"Y of cosmic ray transport in the hellosphere is now prob-
erated when they hit the atmosphere) can deposit significariPly complete and the greatest challenge in recent years has
charge in small volumes of semiconductor to cause malfuncP&en mainly to evaluate the magnitude, spatial and energy
tions in the avionics of spacecraft and aeroplanes (e.g. DyefiéPendence of the different terms and the parameters they
and Truscott, 1999). In addition, the implications for hu- depend on. Our presgntunderstandlng of the contrlbptlons of
man health of prolonged exposure to cosmic rays in high_these various terms in Eq. (1) tp the oyeralll modulatlon,' has
altitude aircraft has been the focus of recent study (Shea anB€€n obtained through theoretical estimations of the differ-

Smart, 2000). GCRs also generate conductivity in the sub&nt modelled parameters and comparison to the limited data
available, in particular, deductions made from observed par-

Correspondence toA. Rouillard ticle energy spectra. In this way, the modulation effects of
(apr@soton.ac.uk) outward convection and adiabatic energy losses in the solar
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wind speed have become well understood and therefore pogeme-dependent model has shown very promising results con-
no major problems or uncertainties in modelling, especiallycerning the charge-sign dependent modulation effects pre-
since the Ulysses mission has provided us with informationdicted by drift theory. The model used is based on a numer-
from outside the ecliptic plane (Goldstein, 1994). Similarly ical solution of Parker's time-dependent transport equation
drift effects in the smooth background field are also well un- Eq. (1), and the diffusion coefficient is assumed to be propor-
derstood, even in discontinuous media, such as the helictional to the solar magnetic flug . It should be noted that
spheric current sheet near the ecliptic plane or near the hewahile at neutron monitor rigidities the diffusion coefficient
liosphere’'s boundary. The problems arise mainly from theworks best with a direct inverse relationships1, for the
great uncertainties remaining about the effect of irregular-lower rigidities (<5 GV) even values of=3 do not reproduce
ities in the magnetic field on drifts and our great lack of the required solar cycle amplitude change, as demonstrated
understanding of the scattering of charged particles paralby Potgieter and Ferreira (2001). These authors showed that
lel and perpendicular to the interplanetary field (IMF) due atime-varying: (over the solar cycle) should be used and the
to magnetic field irregularities (Moraal, 1999). These limita- tilt, 7', of the Heliospheric Current Sheet (HCS) was equated
tions imply major inherent assumptions for any GCR mod-to n in the simple forrm=T/T o, whereT 0=11.
ulation model. In an attempt to gain a better understand- Recent work has shown that a better understanding of the
ing of the diffusion mechanisms, an “ab-initio” theory has relationship between the evolving open solar magnetic field
been developed (Parhi, 2001), in which the diffusion coef-and the variation of the cosmic ray intensity as measured by
ficient /cl.S. is derived from first principles. This “ab-initio” neutron monitors at Earth is fundamental to cosmic ray mod-
approacﬁ relates the diffusion term to charged particle scatulation theory. In this paper we present further common fea-
tering in complex space-time dependent magnetoplasma tutures of the total open solar flux and GCR variations in both
bulences. This description predicts a good correlation bethe time and frequency domains and look at the implications
tween the charged GCRs propagation and heliospheric mader where and how GCRs are shielded away from the Earth.
netic field variations, which was recently observed with solar
particles (Dbge, 2003). ) _

The motivation behind this work was raised by the re-2 The open solar magnetic flux estimates

cent discovery of simple and significant anti-correlations be-_l_h thods h b devised. to date. t timate th
tween the flux of GCR particles measured by terrestrial neu- ree mefhods nave been cevised, 1o cale, 1o estimate the
en solar flux. The most direct method for computing open

tron monitors and the magnitude of the heliospheric field at°P . )
Earth (Cane et al., 1999; Belov, 2000) and its radial com-SOIar flux has been made possible by the discovery by the

ponent which is proportional to the open solar flux (Lock- Ulysses spacecraft that the radial component of the helio-

wood, 2001, 2003). As a consequence of this, recent work§pheric field is independent of heliographic latitude (Smith

in the literature have used these anti-correlations to investi-and Balogh, 1995; Balogh, 1995; Lockwood et al., 1999D).

gate the effect of solar modulation of GCRs using simplerThiS discovery hgs been explained in terms of the low plasma
concepts than the full Parker equation. For example, wib of the _expandmg so_lar wind at around R5<r.<10RS'
berenz et al. (2002) assumed that the radial diffusion coefy\’,he.re sllg_htly non—r_adlal f.IOW alllows the magnetic flu.x tore-
ficient scales as some power of the magnitude of the IMFdlstnbute itself, to give latitude-independent tangential mag-

and invoked continuous recovery processes (related to parrj(atlc pressure gnd thus a uniform rad@l field component
ticle entry into depleted regions of the heliosphere by drift (_Suess and Smith, 1996). Because of this result, the radial
and diffusion), to develop a simple model which seems toerIOI Seen near Eafmrl can be used to compute Fhe total
map cosmic ray intensity variations very well over the last flux threading a heliospheric sphere of radftis=1 AU:

four solar cycles (Wibberenz and Cane, 2000; Wibberenz ef g1« — 4 Ry|B,1]/2. (2

al., 2002). In their model, the initial cosmic ray intensity,

assumed to be a steady-state solution of a spherically symFhe factor 2 arises because half the flux through this surface
metric approximation, is perturbed by increases in the IMFis outward and half is inward. Lockwood et al. (2004) have
that propagate away from the Sun and cause a reduction ishown that errors in using (2) are less than 5% for averages
the GCR radial diffusion coefficient. The assumed inverseon time scales greater than a 27-day solar rotation period.
coupling of the IMF with cosmic ray spatial diffusion coef- Observations of the IMF magnitude have been made since
ficients is consistent with the concept of propagating diffu- 1963. The earlier data were intercalibrated into the homo-
sive barriers first introduced theoretically by Perko and Fiskgeneous “Omnitape” data set of hourly data by Couzens and
(1983). The flux decrease associated with these barriers iKing (1986), and this has been extended with data for up
followed by a recovery caused by both diffusion mechanismsto the present day. This data set gives the near-Earth helio-
and the large-scale influence of drifts. Longer recovery timesspheric radial field compone,; which can be used with
are therefore expected for periodsA&0 when particle in-  Eq. (2) to give the total open solar flux.

flows are along the heliospheric current sheet thamfef, A second method was developed by Lockwood et
where inflows are expected from over the poles. The recenal. (1999a, b) and Lockwood and Stamper (1999) and
work by Ferreira et al. (2003) to include the interplay be- uses theaa index, devised by Mayaud (1972), to quan-
tween these diffusive barriers and large-scale drifts in a fulltify geomagnetic activity from a data series that extends
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homogeneously and continuously back to 1868. A descrip- 75
tion of the procedure has been given previously (Lockwood .

. —Fdyur —Fdaa r=0.74 1
etal., 1999a, b; Lockwood and Stamper, 1999) and will not " ‘ =075yt
be repeated here. However, we would like to stress the phys-  *°| $=905%

ical assumptions used. The method is based on the theon ot 1
of solar-wind magnetosphere energy coupling by Vasyluinas g ,,| ”
et al. (1982) which has shown to be the most successful byg; | ]
Finch et al. (submitted, 2002)giving a correlation of 0.97 & 1
between interplanetary parameters anddhéndex on an- L@ 4 ‘
nual time scales. Secondly, it applies the Parker spiral the- 4l o | |
: ’”L Dl
L
L Al ‘\ ‘
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ory to the ecliptic heliospheric field which, on the annual
time scales used, matches the data exceptionally well (Gazis
1996; Stamper et al., 1999). Thirdly, the method exploits our 3
understanding of the role of fast solar wind streams in gen-
erating recurrent geomagnetic activity (Cliver et al., 1996;
Hapgood, 1991). The three correlations used to generate the

required coefficients are all over 0.95 and are all more tharFig. 1. Comparisons of the monthly open solar flux estimates de-

99.99% significant, allowing for the persistence in the vari- iyed from the radial component of the IMF and from the ge-

ous data series. The open solar flux derived by this method ismagnetic index[Fs]mg and [Fslaa, respectively, in blue and

here termedFs]aa (and is compared tpF's]imr in Fig. 1). red). The grey bands mark the times of the reversal in the solar
The third method uses solar surface magnetograms, whicholar field by showing the times between the polar field reversals

give the line-of-sight component of the photospheric mag-i” the two solar hemispheres. The correlation coefficient&74,

netic field. This is mapped up to a hypothetical surface calledVNich is significant at the&=90.5% level. The peak correlation is

the “coronal source surface” where the field is purely radial.oPtained atalagr=0.75yr (defined as positive wiflF's v lead-

In order to do this, it is assumed that there are no currents i} 3 [F S]aa) W'th an uncertainty range 0.33-1.08 yr. Thesjaa

data sequence is plotted using the best-fitslag

the corona between the photosphere and the source surface

where the field is corrected to be radial. The source surface

is also assumed to be spherical at a heliospheric distance of

r=2.5Rs. Although a very useful, idealised concept, there isof GCR particles of rigidity exceeding 13 GV, was evaluated

no a priori reason why this surface should be spherical, inby Lockwood (2003). The correlation coefficient for the full

deed, it may not exist at all. Thus, although this “potential interval of coincident data (1968-2001) wes—0.61. Al-

field source surface” (PFSS) gives a useful indication of thelowing for the persistence in both thé and the[Fs]vr

distribution of the photospheric footprints of the open flux, data series, the significance of this correlatiSrexceeded

there are still uncertainties in the estimated total open solaP9.999%. The anti-correlation was similar to that reported by

flux, [Fs]prss because of the assumptions required. Cane et al. (1999) and Belov (2000), who used the strength
Figure 1 shows a comparison pfslaa and[Fs]vr at of the near-EarttB rather than its radial componeat: this

Earth. The correlation between both is 0.74 which is signif-Was to be expected because the Parker spiral angle (averaged

icant at the 90.5% level. The best correlation is forced withover these monthly intervals) remains approximately con-

the[Fslaa advanced by a lag of 0.74 yr. Note that although stant, such tha, is highly correlated with (Lockwood et

[Fslaa estimates have been made on a monthly basis, thefl-» 1999b). In fact, the anticorrelation wit). was slightly

are based on a full year of data, centred on the month in queghe strongest of the two, but using a Fischer-Z test this differ-

tion. Thus, thg Fs]aa data have inherent smoothing which €nce was not found to be statistically significant. Because it

may account for much of this best-fit lag (which has an uncer-has a longer data series and because there are uncertainties in

tainty of 0.33-1.03 yrs, computed using Fisher-Z test as im-the early| Fslivr data, the Fs],, data are very valuable for

plemented by Lockwood, 2002a). The longest period of dis-GCR shielding studies. The grey histogram in Fig. 2 shows

agreement between both time series occurs between 1967tBe time-variation of the total open solar magnetic flux esti-
and 1970. mate,[ Fs]aa, derived from theaa geomagnetic index using

the procedure of Lockwood et al. (1999a, b). The black line
2.1 Four solar cycles of anti-correlation betwdefslaa ~ ShowsHrT the best linear regression fit f{¢"s]aa of GCR
and high energy GCR counts count rate H observed by Hawai/Huncayo neutron monitors
which together give a continuous and homogeneous data se-

The anti-correlation of the open solar flux, as estimated fromfies of GCR count rates of rigidity exceeding 13 GV. The in-

the radial component of IMR,Fsliue with the count rate  Verse of the GCR counts map the open solar flux very closely.
We notice, for example, thaf s]aa peaks shortly after each

IFinch, I., Lockwood, M., and Stamper, R.. Solar wind- Sunspot maximum whe# is a minima. Furthermore, the

magnetosphere coupling functions on timescales of 1 day to 1 yearounded and the peak-shaped minim@#tz]aa match well
Ann. Geophys., submitted, 2002. the shapes of the peaksthand various well-correlated and
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7 . . . . 2.3 The 22-year periodicity

I [F“‘] The observed GCR fluxes show a marked 22-year cycle, with
6 saa I alternate peaked and rounded maxima (which, becé&lse
- is anti-correlated witH F'slaa appear as V- and U-shaped
minima of Hrj7 in Fig. 2). This has been attributed to the
effect of the drift term in the transport equation which has
been postulated to dominate the GCR shielding for 6-7 years
around solar mininum (the quiet heliosphere), the differences
| I between odd and even numbered cycles arising from the fact
18 20 - that the heliospheric field polarity A reverses shortly after
each sunspot maximum: U- and V-shaped GCR maxima
are expected foy A>0 andg A<O, respectively (Jokipii et
al., 1977; McDonald et al., 1993). At solar maximum the
paradigm of the quiet heliosphere (dominated by the effects
of the guiding centre, gradient and curvature drift motions

Fig. 2. Variations of monthly means of solar, heliospheric and cos- and quasi-steady corotating interaction regions CIRs) does
mic ray data since 1950. The grey histogram gives the open solar d y 9 9

magnetic flux Fslaa, deduced from theaa geomagnetic index us- npt apply. In this diffusive mode Of, sunspot max-|mum-, fran-
ing the method of Lockwood et al. (1999a, b). The black line is sient events are thought to dominate and while drifts are
Heyr, the best fit of the anti-correlated cosmic ray coufitsob-  thought to have still high magnitudes they are less globally
served by the equatorial Huancayo and Hawaii neutron monitorscoherent.
(which form a homogeneous data sequence on positively-charged Figures 1 and 2 show that alternate U- and V-shaped min-
GCRs with rigidities exceeding 13 GV). The black histogram gives ima are also seen in botls]aa and[ Fs]uve, implying that
the sunspot number for comparison. a 22-yr cycle was also a feature of the open solar magnetic
flux emergence. It appears therefore that on top of a twenty-
two-year pattern in the polarity of the Sun’s magnetic field,
a twenty-two-year pattern is also seen in the time varying
quantity of open field lines threading a sphere centred on the
Sun and passing at 1 AU. This correspondence could follow
naturally from an eleven-year variation in the cosmic ray flux
resulting from a series of outward propagating transients, or
even merged transients as first identified by McDonald et
al. (1981) but not from a drift-induced 11-year modulation
as proposed by Jokipii et al. (1977). The presence of charge
sign dependent effects around the years of solar minimum,
1995.5-1998, has been recently demonstrated convincingly
2.2 Disagreements between the estimates of the open fluy Heber et al. (1999), using Ulysses Kiel Electron Tele-
and cosmic ray counts at Earth in solar cycle 20 scope data. Galactlc comic electrons alsc_) show this 22-yr
cycle and, having the opposite chakgehe drift theory pre-
dicts that this should be in antiphase with the nucleon GCR
As we can see in Fig. 2 the main differences between thevariation (Evenson, 1998). Measurements of 2.5 GV protons
variations of{ Fs]Jaa and the best fit cosmic ray fluxeHgt and electrons during the first fast latitudinal scan (1994.7—
occur on the descending phase of solar cycle 19 and throught995.6) revealed a small but clear latitudinal gradient in the
out the anomalous solar cycle 20. It is interesting to note thatime series not observed in the electron data (Heber et al.,
initial studies did not find a good correlation between GCRs1999) and in agreement with a drift-mode according to Fer-
and the IMF (Hedgecock, 1975) but more recent data showeira et al. (2003) (where protons are expected to drift in from
the IMF to be a more dominant factor than, for example, thethe poles during these years at0). In the same paper
tilt of the heliospheric current sheet (which is itself well cor- Heber et al. showed that between 1995.5 and 1998 the elec-
related withFs) (Cane et al., 1999; Belov, 2000). Here we tron time series presented greater sensitivity to variations in
report similar but less significant disagreements betwden the tilt of the HCS than the proton time series in agreement
and[Fs]aa in the same period of time. Figure 1 shows that with negative particles propagating inward along the cur-
[Fs]aa goes though a maximum in the ascending phase ofent sheet (Heber et al., 1999). These results have revealed
solar cycle 20 that is not reflected[ifis]ime (cf. Fig. 1) but  charge-sign dependent effects in the years with an extrapo-
is seen in a corresponding minimum in the cosmic ray countdated HCS tilt smaller than 20 degrees and do not allow any
(cf. Fig. 2). Additionally, in the descending phase of cycle 20 conclusions to be drawn on their direct relevance to the 11-
(1971-1975)[ Fslimr goes through a maximum neither re- year modulation effect. The more recent Ulysses KET data
flected with the same proportion fir'sJaa nor H. recorded during the global solar polarity change was also

S

19
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short-lived peaks, and minima appear in bo#ys]aa and
Hgit. Monthly averages dfF'slaa and H give a correlation
coefficientr of =—0.777 which means that 60% of the vari-
ation in the cosmic ray variation is explained (in a statistical
sense) by the open solar flux. Allowing for the persistence
in both theH and the[ Fs]aa data series, the significance of
this correlation,S exceeds 99.999% (i.e. there is less than a
0.001% probability that this result was obtained by chance).
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analysed and shows a charge-sign dependence before and &f- Periodicities in the large-scale magnetic field and in
ter the years of solar maximum (Heber et al., 2003). Heber cosmic ray counts at Earth
et al. (2003) noticed that the relative variation of the electron
and proton counts along the Ulysses orbit phased in for twd3.1 1-2-year quasi-periodicities
and a half years at solar maximum but phased out outside
this period in the transition years from solar maximum to The Sun’s large-scale magnetic field and its proxies are
solar minimum mode. The most promising direct detectionknown to undergo substantial variations on time scales much
of a charge-sign dependent effect at solar maximum was obless than a solar cycle but longer than the 27-day rotation
tained by Clem and Evenson (2002), using the positron abunperiod. For instance, Gnevyshev argues that each solar cycle
dance recently measured by the LEE/AESOP payload (Lowexhibits two peaks of maximum activity separated by 2-3yr,
Energy Electrons/Anti-Electron Sub Orbital Payload) aboarda feature present in large sunspots, major flares, coronal
a balloon flight. As seen in Fig. 5 of their paper a clear tran-green-line emission and geomagnetic activity (Gnevysheyv,
sition in the abundance of positron at Earth is seen duringl967, 1977). Storini et al. (1997) detected double-peaked
polarity reversal. The result is based, however, on one set o$tructures in the cosmic ray flux during solar cycles 19-22,
measurements in the netw0 polarity state, and new mea- with intervening “gaps” coinciding with the time of helio-
surements are needed to obtain the average abundance of thie@gnetic polarity reversal. Although the effects described
current polarity state. These new results obtained in the yearby Gnevyshev and subsequent authors are related to varia-
before, during and just after solar maximum suggest a postions in the Sun'’s large-scale magnetic field occuring at and
sible important role of charge-sign dependent effects in thgust after sunspot maximum, flucutations on time-scales of
years of transition from GCR minimal to maximal values. 1-3yr are also present at other phases of the solar cycle ap-
As mentioned earlier Wibberenz et al. (2002) have combinedpearing from time to time and have been detected in vari-
these drift-associated effects and the time-dependent trarbus solar wind parameters (Richardson, 1994), as well as
sient modulators by postulating that the background driftsauroral records (Silvermann and Shapiro, 1983). Recently,
set the global distribution of cosmic rays in the heliosphereLockwood (2001) has suggested that the field variations of
which is then modulated by the outwardly propagating tran-~1 year in duration associated with medium-term events
sients. We are lacking, however, observations that would alimay be related to the oscillations close to the base of the solar
low for a proper determination of the relative role of drifts convection zone observed by the SOHO spacecraft (Howe et
and propagating diffusive barriers in generating the 11-yeaml., 2000). In fact, a recent study suggests that periodicities
cosmic ray cycle. The close correspondence between the vapf 1.3—-1.4yr may occasionally appear from 1-yr decaying
ious open flux estimates and the cosmic ray flux at Earth instochastic processes associated with the emergence of active
the last two solar cycles is striking and could reveal funda-regions on the solar surface (Wang and Sheeley, 2003).
mental properties of the photospheric origin and low corona
generating/redistribution mechanisms of both the solar oper3.2 The imprint of the open solar flux in GCR fluxes
magnetic field lines and their associated GCR modulators.
We also think that a comparison of the anomalous cosmic rayA strong oscillation in GCR fluxes of peridi=1.68 yr (fre-
cycle, a period when the open flux does not follow the GCRquency, f=0.595yr1=9nHz) has been reported recently
flux as well (solar cycle 20), with the two recent solar cycles, and related to similar oscillations in solar surface features
could reveal interesting features on the origin of the 11-year(Valdés-Galicia et al., 1996; Va#s-Galicia and Mendoza,
cosmic ray cycle and perhaps put this 11-year open flux-GCRL998). This periodicity has also been found in the coronal
correspondence in context with recent results on charge-sighole area (McIntosh et al., 1992; Maravilla etal., 2001). Here
dependence. These claims will be addressed thoroughly in we remove the dominant solar cycle periodicity using a high-
forthcoming article. pass filter (>0.2 yrt, T <5yr) and use non-parametric and
parametric spectral estimations to investigate this oscillation.
In addition to application to the GCR data series, these meth-
Here we investigate the two possibilities that the 22-yr cy-ods were applied to the open solar flux derived from both
cle in GCRs may result from the polarity dependent drifts orsolar surface magnetograms by the PFSS (Potential Field
that it is related to open flux emergence from the Sun. Source Surface) method (Wang and Sheeley, 1995) and the
near-Earth IMF observations (Lockwood, 2003).
Results of a non-parametric spectral estimation of the fil-
Section 3 discusses corresponding periodicities detected itered time series, made using Fourier analysis, are shown in
the large-scale magnetic field and their relation to the solaiFig. 3. For this 22-year period (1972-1994) the 1.68-year os-
surface dynamics with periodicities observed in cosmic rayscillation is the strongest feature in the power spectra of both
counts. Section 4 presents more correlative work betweerGCR fluxes and of the open flux, once the dominant 11-year
the finer time series structure of the open flux and cosmicsolar cycle is suppressed by the filter. For this 22-yr inter-
ray counts measured at Earth. Section 5 presents quantitativel, power spectra have a frequency resolution of 0.048.yr
work on the lags observed between the fluctuations of therhe spectra are offset vertically for clarity. From bottom
solar magnetic field and cosmic ray measurements at 1 AU. to top they are for: the Climax neutron monitor 3 GV)
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1972-1994 sites employed: these indicate that either the corrections to
allow for the effect of atmospheric pressure on raw neutron
counts have not completely suppressed the seasonal variation
introduced by this effect, or there is a strong yearly effect of
the inclination of the Earth (Nagashima et al., 1985).
The parametric spectral estimation was also made us-
ing the maximum entropy method (MEM). The time se-
EPENPN ries is modelled parametrically and then processed with the
condition that the entropy of the original random time series
is maximised (Kay and Marple, 1981). This has the effect of
“flattening” the power spectrum and can provide a frequency
ERSVAZ spectrum with sharp spectral features. MEM can be unreli-
able if the order of the parametric model used is too small or
—" too big: too small a model order will give a spectrum with
bad resolution, too big a model order can lead to a spectrum
5e with “artificial peaks” (with some spectral line splitting oc-
frequency, Figr™ curring). Some criteria of model order selection were used
to give an idea as to what model order should be selected for
Fig. 3. Stacked power spectra for 1972-1994. All data have & particular time series. The MI_EM procedure was applied to
been Fourier analysed after being passed through a high pass filtdpe filtered Climax neutron monitor counts, the open solar
(f>0.2yr 1) to suppress the solar cycle variation. From bottom to flux data deduced from surface magnetograms by the PFSS
top: Climax neutron monitor$3 GV) counts,C (blue); Moscow  Mmethod,[Fs]prss and to the open solar flux deduced from
neutron monitor £4 GV) counts,M (red); Huancayo/Hawaii neu- the radial interplanetary field measured at Eafths]imr -
tron monitor (13 GV) counts H (black and yellow dashed); open As for the Fourier analysis, in all MEM spectra the variation
solar flux deduced from photospheric magnetograms by the PFS@t 7=1.68 yr in the corresponding time series is the most im-
method,[Fslchem pFss (green); open solar flux deduced from the nortant peak once the 11-year solar cycle variation is filtered
EEE:SL)IT];Egzzzt:rrrz/ar;r?gt?ceit:dgl?li&?iﬁsgegngerigﬁ\?ghl%ﬁtical out. This oscillation therefore appears to be a characteristic
dashed lines mark periods of 1.68yr, 1.30yr, 1.00yr and 0.50 yr. L:gzg?;:;g;ﬁ tgfénTSf:lla;rf)lg); I?Inatrqg C(? S/:vﬁisc;.h/-\\/t)c?lljllc(:jagfcf)gc?f a
tively remove the overall 11-yr solar cycle variation, would
leave a time serieA H and AC dominated by the 1.68-yr
counts, C (blue); the Moscow neutron monitor-@ GV) oscillation in an almost synchronised wayA®Fs] g with
counts, M (red); the Huancayo/Hawaii neutron monitors probable exact phase variations. We investigate this question
(>13GV) counts,H (black and yellow dashed); the open in Sect. 4 by means of correlation analysis.
solar flux deduced from photospheric magnetograms by the Figure 4 shows the variation of the power spectral densi-
PFSS method,Fs]prss(green); the open solar flux deduced ties of the cosmic ray count rates, two open solar flux esti-
from the radial interplanetary magnetic field measured neamates A[ Fs]aa is not used because of the smoothing inher-
Earth,[ Fsive (black); and theaa geomagnetic index (light ent in its derivation — see Lockwood et al., 1999a, b) and the
blue and mauve). The vertical dashed lines mark the fredilt of the heliospheric current sheet. These are obtained from
quencies corresponding to perigd of 1.68, 1.3, 1.0 and the Fourier analysis (using 11-year sliding data intervals) and
0.5 years. All spectra show a peak7at1.68yr, except for  plotted here in spectrogram format. The time of a particular
[Fs]prss which shows enhanced power at this period butpower density is taken as the middle date of each 11-year
peaks for the adjacent quantised period of 1.54yr. Somavindow. An 11-year window was taken as a compromise be-
spectra also show a peak At1.3yr which is seen in so- tween time and frequency resolution (windowing effects are
lar wind speed and geomagnetic activity (Richardson et al.discussed below), where the length of the window taken of
1994; Mursula and Zieger, 2000; Lockwood, 2001). Hae course determines the starting and ending date of the various
geomagnetic activity index also shows a strong peak at 0.5 yrspectrograms. The peak around frequerieyl/1.68yr 1 is
arising from the effect of the Earth’s axial tilt on coupling be- a persistent and strong feature10%2 Hz 1) in all spec-
tween the solar wind and the Earth’s magnetosphere (Russetfograms except for the tilt of the heliospheric current sheet
and McPherron, 1973). Given the strong equinoctial effectwhich has for this frequency a power spectral density less
that this mechanism causes in geomagnetic activity, it is inthan 6% Hz~1 and appearing much later in the solar cycle.
teresting to note that the power in the variatiorif'at0.5yr ~ We also notice that during the period whefe1/1.68yr !
is only 50% bigger than that iz at 7=1.68yr. Theaain- appears strongest in all data sequences, the heliospheric cur-
dex also shows a weak peak at 1.0yr which is most likelyrent sheet reveals a frequency-£./0.72 yrs not seen in the
a result from ionospheric conductivity variations at the two cosmic ray spectrograms corroborating the results of Cane
magnetometer sites used to compile the index. Weak annuat al. (1999), who found that the overall correlation be-
variations are also seen in the cosmic ray data from all theween HCS tilt and cosmic ray count rates was low. The
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Fig. 4. Spectrograms showing contours of power spectral density as a function of date and freguehieg, dashed white lines in each

panel show periods of 0.5, 1.0, 1.33 and 1.68 years. Power spectra are computed for 11-yr periods, centred on the dates shown on th
horizontal axes. Plots are fofa) Climax neutron monitor£3 GV) countsC; (b) Huancayo/Hawaii neutron monitos(3 GV) countsH;

(c) open solar flux deduced from the radial interplanetary magnetic field measured neaf Esjjili-; (d) open solar flux deduced from
photospheric magnetograms by the PFSS methfadprss and(e) the heliospheric current sheet tilt angle.

correspondence between the spectrograms for the cosmic ray68yr. Results are shown for GCR coulits M and H
counts and the\[ Fs]yur spectrogram is remarkable: most (respectively>3 GV, >4 GV, >13 GV), the open solar flux
frequencies seen in Fig. 4c also appear in Figs. 4a and kestimateq Fs|jyg and[Fs]prssand the HCS tilt. Similar
The spectrograms are also quite similar to that obtained byariations are seen in all parameters with peaks at the time
Kudela et al. (2002) using wavelet transforms as their specof peak sunspot number (shown by the coloured histogram
tral method. However, the periodicity pattern highlighted by at the bottom of the plot); however, the peak in 1968 is pro-
Mursula and Zieger (1999) is not reproduced clearly here.portionally weaker. The top panel uses 11-year sliding win-
Figure 5 shows the time variations of spectral power at perioddows (the same as the spectrograms shown in Fig. 4), which
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a) ‘ Power at = 0.595 yr”' ‘ ‘ C andH, respectively. Open flux estimates derived from ge-
c 36v) L omagnetic activity and radial IMF observatiofig,slaa and
[Fslime are both used. The correlation analysiq BfJaa

M 4sh with H andC is limited to their unfiltered data due to the time
" H(1269) resolution of[Fs]aa>1yr but these data provide a longer
— Fiwr overall interval. However, the correlation analysi$ 8% v
Florss with H andC can be carried out on both the detrended data

(after application of a band pass filtee % <1 yr) and on the
raw data.

HCS tilt

Power Spectral Density (%2 Hz‘1)

4.1 Description of the window by window cross-
correlation analysis

To evaluate the time-variation of the cross-correlation coeffi-
cient between open solar flux estimates and the neutron mon-
b) | Powerat =055 " | | itor count rates at Earth over the last four completed solar
cycles, we employ the cross-correlation analysis illustrated

1965 1970 1975 1980 1985 1990 1995

* ey by Fig. 6. This example shows a cross-correlation between
WS A[Fsliwe and AC, where the notatio X refers to param-
i H(136V) eter X after passing through a high band-pass filter. The
— Flue filter used has a pass-band of 4yrs. FHWM is centred on

[Florss 3yrs. Here we filter 11-year segments of the data of which

we then employ the middle 6 years, thereby avoiding end ef-
fects of the sliding window. Figure 6a shows an example of
a temporal variation oA[ Fs]ur (dashed line) and the best
linear regression fihCr;; (solid line) and Fig. 6b shows the
same data in scatter plot format for the best-fit deg(posi-

tive Ar corresponds ta\[ Fs]ivr leadingAC) which equals

2 months in this case; the line in Fig. 6b shows the best-fit
regression used to scale the bestAiC ¢;;, from AC. Fig-

ure 6¢ shows the correlogram giving the cross-correlation

5 HCS tilt

Power Spectral Density (%2 Hz‘w)

1965 1970 1975 1980 1985 1990 1995

Fig. 5. (a) Time variations of the power spectral density around - S
the period of 1.68 years (1.55yf <1.81 yr) from analysis of (top) function (ccf) betweenA[Fs]iye and AC (solid line) and

11-year segments of data afis) 6-year segments of data. The the autocorrelation.functions (acf) off Fslivr (_dashed Iine)
variations are shown using the same line colour-coding scheme a@ndAC (dot-dash |me)_’ _a" shown as a f_unCt'on of lag. Fig-
Fig. 3. The sunspot number variation is shown for comparison.Uré 6d shows the significancg, of the difference between
Power spectral densities have been scaled to that for the Climathe ccf and its peak value at the best-fit Iag, computed as
counts,C, using the best least-squares linear regression fits of thed function of lag using the Fischer-Z test. The uncertaihty,
time variations. is set by the points wherg, rises above 90% and the ccf be-
comes significantly lower than its peak value. Further details
of this correlation procedure are given by Lockwood (2002a).
maintains high frequency resolution but is comparable to then this case the correlation coefficiert0.93 which, allow-
solar cycle. In the lower panel we repeat using 6-year win-ing for persistence, is significant at te-99.6% level.
dows (the same as used in Figs. 7, 8, 9 and 10 described later)

with lower frequency but higher time resolution. The time 4.2 Window by window cross-correlation analysisbénd

variations are, generally speaking, similar at sunspot maxi- H with [Fs]aa
mum; although for the first cycle the smaller peak is in the
declining phase. Figures 7 and 8 show the results of applying this procedure to

[Fs]aa and GCR counts of rigidity exceeding, respectively,

13 GV (H, from the Huncayo/Hawai neutron monitor) and
4 Procedure of the correlation analysis 3GV (C, from the Climax neutron monitor). The top panel

of both figures shows the raw data series, whereas the sec-
The presence of corresponding quasi-annual periodicities iond panel shows the same data after application of the band-
both cosmic ray and open solar flux data motivated a morgpass filter. Considerable variability can be seen in the GCR
detailed correlative study. We present in this section the recounts in the 1-5yr pass band in the” and AH series.
sults of a window-by-window correlation analysis between However, the inherent one year smoothing Bf]aa is re-
the open solar flux estimates and the cosmic ray counts mearealed by the relative lack of variation [ Fs]aa (red line
sured by the Climax and Huancayo/Hawaii neutron monitorsin Figs. 7b and 8b) when the main solar cycle variation is
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Fig. 6. An example of the correlation analysis between data sets employed in this paper: in this example the filtered Climax cosmic ray counts,
AC, for 1970-1976 are correlated with the identically filtered open solar flux deduced from near-Earth IMF obsernfiohgr. Ten-

year segments of and[F's]yr data are passed through a band-pass filterT{&1 yr), and the middle 6 years then analysé¢d) The

variations of A[Fs]mr (dashed line) and the best linear regression fihGf 7 (solid line) (b), the scatter plot oA[ Fs]mF againstAC

for the best-fit lagAr=2 months (positiveAr corresponds ta\[ Fs]me leadingAC). (c) The correlogram showing the cross-correlation
function betweem\[Fs]jmg and AC (solid line) and the autocorrelation functionsdfFs]ve (dashed line) and C (dot-dash line)(d)

The significanceSL of the difference between the ccf and its peak value at the best-fillggzomputed as a function of lag using the
Fischer-Z test.
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Fig. 7. Results of the correlation analysis of Huancayo/Hawaii neu-Fig. 8. The same as Fig. 7, for the correlation analysis of Climax
tron monitor &13 GV) countsH and the open solar flux deduced neutron monitor£3 GV) countsC and the open solar flux deduced
from the geomagnetiaaindex[Fslaa. The grey bands mark the from the geomagnetiga index[Fslaa.
times of the reversal in the solar polar field by showing the times be-
tween the polar field reversals in the two solar hemispheres. From
top to bottom, the panels shoya) the variations ot Fslaa (red)  jn the raw time series (Fig. 2). The same window-by-window
and Heyr, the best linear regression fit &f to [Fs]aa (blue); (b)) ¢ros5.correlation analysis of unfiltered data was carried out
the band-pass filtered variationg /s jaa (red) and\ Heyr, the best iy 12 g instead of Fs]aa and gives very similar results
linear regression fit oAH to A[Fslaa (blue); (c) the lag of the - : .

(blue and green lines of Figs. 9 and 10). The differences seen

peak correlationjz; (d) the magnitude of the peak correlation coef- | o
ficient|r|, and(e) the significance of that correlatiofi, The mauve in solar cycle 20 between the variation of the total amount of

and the grey data points to the right of (c), (d) and (e) give theOP€n field lines in the heliosphere and the GCR count rates

values for the full, raw data sequences shown in the top panel (irdtt Earth are statistically the same for the two estimates of the

mauve) and the filtered data sequences (in grey). The correlatioitotal open flux. The middle panels (c) of Figs. 7, 8, 9 and 10

of A[Fslaa andAH is low (r=0.22) because of the smoothing in- give the lags of peak correlation with uncertainties as derived

herent[Fslaa, so only data points fofFslaa and H are shown  in Fig. 6. On the right hand-side of panels (c), (d) and (e) of

in (c), (d) and (e), computed for each 6-year interval as shown inthe figures is given respectively, the bestAit, the correla-

Fig. 5: data points in green hage-90% (the dotted line shownin  tjon coefficient|r|, and the significancé for the full data

the bottom panel), those in cyan have90%. sequences: the mauve and grey points are for the unfiltered
and the filtered data shown in panels (a) and (b), respectively.

removed after application of the band-pass filter: the shortes4.3  Window by window cross-correlation analysisbéand
period of oscillation is at least 3 years as explained above. H with [Fs]ive, as well as the filtered time seridsC

In fact, the overall cross-correlation coefficient is very low: andA H with A[Fs]ive

|r|=0.22 for A[Fslaa with AHg1 and |r|=0.18 A[F's]laa

with ACk7. We present in Figs. 7d and 8d the time varia- To investigate the imprint of the different oscillations in the
tions of the cross-correlation coefficienits for [Fs]aa with open solar flux to the GCR counts further, the window-by-
H and C (all unfiltered), respectively. These cross-correlatiorwindow cross-correlation procedure was applied to the de-
coefficients have high value$-(>0.6) with a high signifi-  trended open solar fluX[Fs]ive with the detrended cosmic
cance §>80%) throughout most of the interval where cos- ray countsAH and AC. (As mentioned above the inher-
mic ray measurements are available. A continuous and sigent smoothing if Fs],, does not allow us to use it for this
nificant decrease is seen, however, in bethsets between analysis). 11-year intervals of data were passed through the
1968 and 1977, confirming the disagreements already visibleame band-pass filter {5’ <1 yr) and, to avoid edge effects,
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Fig. 9. The same as Fig. 7, for the correlation analysis of Huan-Fig. 10. The same as Fig. 9, for the correlation analysis of Climax
cayo/Hawaii neutron monitor(13 GV) countsH and the open so-  neutron monitor$ 3 GV) countsC and the open solar flux deduced
lar flux deduced from the radial component of the INFs]mE. from the radial component of the IMFsimE-

The correlation oA[Fs]jyp and A H is high ¢=0.61) so analysis

of A[Fs]jyrp andAH are shown in (c), (d) and (e) (in addition to

that for the unfiltered datdF's]mye and H, again shown in green . . .
and cyan): those in black hawe-90% (the dotted line shown in the with the smooth background field are predicted to force cos-
bottom panel), those in red hase-90%. mic rays to propagate along the equatorial heliospheric cur-

rent sheet to Earth the imprint of the 1.68-year oscillation
in open flux is considerably weaker and/or more confused.

the middle 6 years were then cross-correlated. The resultdhus, in the imprint of the 1.68-year variation we seem to
of these cross-correlations are shown in Figs. 9 and 10. Thénd evidence fogA-dependent drifts. However, the oscilla-
green/light blue lines in parts (c), (d) and (e) are for unfil- tions detected spectrally in the tilt of the heliospheric current
tered dataC and[Fs]ive, the black/red lines are for the fil- sheet (1982-1995) do not appear in the cosmic ray counts at
tered dataA[Fslime (red) andACgT: the green and black Earth in this particular period of predicted HCS propagation.
segments are for correlations of significarscexceeding the ~ An interesting issue is whether these frequencies should or
90% threshold (the horizontal dotted line in part e), the redshould not appear in the cosmic ray counts according to our
and light blue segments are 8K 90%. present understanding of the propagation of cosmic rays in
The correlation for the filtered data is strong and signifi- the heliosphere. The tilt angle has been used in many models
cant (S>90%, shown in black) at all solar maxima (when the ©f cosmic ray modulation as a time-dependent parameter in
power at 1.68yrs is greatest, see Fig. 8), as well as the minorder to solve Parker’s equation (e.g. Ferreira et al., 2003) or
ima for solar field polarityd>0 (around 1975 and 1990), but t0 provide a convenient way of relating the change in the dif-
falls to S<90% (shown in red) for the minimum with <0 fusion coefficient to the evolving solar activity (Wibberenz
(around 1987). Figure 5 shows that this lack of correlation€t al., 2002). A spectral analysis of the cosmic ray counts’
is not caused by a lack of power in the 1.68 yr oscillation, it time series predicted by these various models in the period
being comparable to during the other two minima. It appearsl980-1985 would perhaps clarify this point.
that for periods dominated by transient events at solar maxi- The correlation for the filtered data is strong before 1976.
mum and for periods dominated by the GCR drifts expectedThis could support suggestions that the earliest IMF data
at solar minimum foiy A>0 (inflows from the heliospheric were subject to a drift in their absolute calibration (Belov,
poles to Earth), the 1.68-yr oscillation in the open solar flux 2000) and that this lowers the correlation for unfiltered data
leaves a clear and dominantimprint on the GCR fluxes. How-the light blue segments). However, the same low cross-
ever, for the minimum withy A<O, when drifts associated correlation coefficients are obtained for the open solar flux
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from aa (Figs. 7 and 8), and so it seems that the effect is realas pointed out by Dorman et al. (1997, 2001), an accurate
and the mechanism linking the total amount of open fieldinterpretation of lags in terms of the size of the modulation
lines in the heliosphere to the time-variation of cosmic raysregion should include the integral modulation effects of all
measured at Earth for some reason acted differently in somechanisms known to date. Figures 7c and 8c show the pre-
lar cycle 20 (than in solar cycles 19, 21, 22 and 23). Suchviously discussed results of cross-correlafifglaa with H
a hypothesis is valuable considering that solar cycle 20 isand C, as well as the detrended variationg FsJaa with
characterised by an overall lower activity and a longer mag-AH and AC. The best-lag obtained for the overall cross-
netic field reversal than in other cycles (Fig. 6). Wibberenzcorrelation is shown as pink and grey dots, respectively, on
et al. (2002) argue that this apparantly “anomalous” responséhe right-hand side of the sub-figure. A green/blue line rep-
of the cosmic rays in solar cycle 20 is due to the differentresents the time variation of the best-fit lag obtained for the
times for particles to enter into the depleted regions of thewindow by window cross-correlation ¢f's]aa with H and
heliosphere by diffusion and drift mechanisms in the two C. The lag remains in all cases very high at about 8 months
different magnetic polarities of the Sun. Periods of nega-with considerable random fluctuations in the period of low-
tive polarity A<0 when inflows are thought to occur along correlation coefficients. The time-lag has not changed sig-
the HCS (such as the descending phase of solar cycle 2@)ificantly in the last 40 years and is similar to the overall lag.
should be characterised by long recovery processes. ThHoting that[Fs]aa leads[Fs]g by 0.75yr, Figs. 7 and 8
presence of numerous weak field increases, with time lengthshow no significant evidence for a non-zero lag.
less than characteristic recovery times between them, would Figures 9c and 10c show the results of cross-correlating
then be more effective in preventing sunward cosmic rays Fsl;yr With H and C (greeen/blue lines), as well as
propagation. This interpretation should, in principle, lead tothe detrended variation&[ Fs]ime With AH and AC (red
the GCR depression seen even with the considerably weakeand black lines). The overall lag obtained foFs]me
IMF strength of this solar cycle (Fig. 1). (At~0) and A[Fs]wr is much smaller than fofFslaa.
The green/blue lines in Figs. 9c and 10c show that the time-
lags between Fs)vg and H or C do not remain constant
throughout the solar cycles but shift from values close to
5 The presence of varying lags between cosmic ray flux 0.2yr in (1971-1981) to very low values (1991-1996) in
at Earth and A[Fs]ime theg A>0 polarity states. The same general trend is noticed
in the red/black lines corresponding to the cross-correlation
The study of lag times between changes in the quantity ofof the detrended variationA[Fslime With AH and AC,
open field lines near the Sun (progressively dragged out irwith additional big fluctuations appearing in thet <0 po-
the heliosphere by the solar wind) and the subsequent refarity state (1981-1991) for the cross-correlation with the
sponse of cosmic rays is crucial to any approach of GCRHawai/Huncayo neutron monitors counts. These big varia-
solar modulation where diffusion mechanisms have a domitions ing A <0 are features of the very poor cross-correlation
nant role. observed during this time period and therefore are artificial
Figures 7, 8, 9 and 10 show interesting features concerningleading to an unphysical point of value below zero, error
the time-lag variation between the various cross-correlationdars considered). It should be noted that if statistical er-
of the open solar flux estimates and cosmic ray counts ators are considered, all other best lag estimates have phys-
Earth. In studying these plots it should be remembered thaical values and the green/blue line values agree with the
[Fslivr leads[Fs]aa by 0.75:0.4yr. A lag Az>0) is ex- black/red line values. Around 1980, a persistent value of
pected between open magnetic field and cosmic ray variaAr=0.25+0.15yr is observed, in this solar maximum pe-
tions because changes in the heliospheric field are carriedod a solar wind speed of 370 kmmswould lead to a re-
into the heliosphere at the solar wind speed or less. Theponse of cosmic rays to diffusion mechanisms at around
mode value of the distribution of the heliographic equator 11-30 AU: this is consistent with where merged interaction
is 370 km s'1, which corresponds to distances of the order of regions have been seen to act as barriers to GCRs at this time
78 AU per year (Hapgood et al., 1991). This agrees well with(Burlaga, 1987; Heber et al., 2000). However, at the next
the typical speeds seen in the streamer belt by Ulysses: thgolar maximum around 1991, both td Fs]jur—AC and
speeds seen by Ulysses in the polar regions are roughly twica[ Fs]jyg —AH correlations show a shorter lag, which may
this at solar minimum, but at solar maximum the speeds bebe an indicator that the response to changes in the open flux
come similar at all latitudes (Richardson et al., 1994). Studyby diffusion is somewhat closer in towards the Sun.
of the time-lag for peak correlation between the open solar It should be noted that the strong IMF-GCR correlations
flux and cosmic ray counts at Earth can be used to infepresented by Cane et al. (1999) and Belov (2000) were for
roughly the locations of main modulation mechanisms as-zero lag.
sociated with the diffusion tensor in the adopted paradigm The upper limit toAr for the filtered data places an esti-
where changes in the open solar flux are propagated outwanshate of the outer limit on the location of high energy GCR
at the solar wind speed. A simple look at the size of the errorscattering processes. Figures 9c and 10c show that this upper
bars in Figs. 7, 8, 9 and 10 shows that the following anal-limit decreased from about 0.3 yr around 1980 to less than
ysis does not claim to be an exact study of lags; moreoverQ.1yr around 1995, the subsequent sunspot minimum with
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A>0. This suggests that scattering processes of the inflowA spectral analysis of the cosmic ray counts’ time series pre-
thought to occur mainly over the poles fa-0, might have  dicted by the various models which make use of the HCS tilt
moved inward from within 50 AU to within 10 AU. The rea- angle (Ferreira et al., 2003) in the period 1980-1986 would
sons for this change are not understood. Bdth]laa and  perhaps clarify this point.
[FsTimr (Fig. 1) are of the order of 15% lower for the second  Following the submission of this paper, a paper by Kato et
of these sunspot minima. This may allow the GCRs to reachal. (2003) has been published in the Journal of Geophysical
closer to the centre of the heliosphere before they are signifResearch (108, A10, 1367) showing the presence of the 1.68-
icantly scattered. The study of these lags will be the subjectear variation in the Voyager cosmic ray data on its way to
of following papers. For more information on lags we re- the outer Heliosphere, with peaks in the power spectral den-
fer the readers to the extensive work of Dorman et al. (1997 sity around the period of 1.68 years also occurring in 1983
1999, 2001), who have studied lags between features on thend 1992 (Fig. 8 of their paper), thereby demonstrating the
Sun and GCRs by assuming the full integral nature of GCRglobal heliospheric nature of these particle flux variations at
modulation. this time. Their contour map of wavelet power for IMF vari-
ations at 1 AU is slightly different from ours, with a single
broader enhancement peaking in 1991 (Fig. 9 of their paper).
6 Summary and conclusions We are currently investigating the origin of these differences
(occurring here for different spectral methods).
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