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Abstract. During solar cycle 22, the modulation of several
hundred MeV galactic cosmic rays (GCRs) by recurrent and
transient cosmic ray decreases was observed by the Ulysses
spacecraft on its descent towards the solar south pole. In so-
lar cycle 23, Ulysses repeated this trajectory segment during
a similar phase of the solar cycle, but with opposite helio-
spheric magnetic field polarity. Since cosmic ray propagation
in the heliosphere should depend on drift effects, we deter-
mine in this study the latitudinal distribution of the amplitude
of recurrent cosmic ray decreases in solar cycles 22 and 23.
As long as we measure the recurrent plasma structures in situ,
we find that these decreases behave nearly the same in both
cycles. Measurements in the fast solar wind, however, show
differences: in cycle 22 (A>0) the recurrent cosmic ray de-
creases show a clear maximum near 25◦ and are still present
beyond 40◦, whereas we see in cycle 23 (A<0) neither such
a pronounced maximum nor significant decreases above 40◦.
In other words: the periodicity in the cosmic ray intensity,
which can be clearly seen in the slow solar wind, appears
to vanish there. Theoretical models for drift effects, how-
ever, predict quite the opposite behaviour for the two solar
cycles. To closer investigate this apparent contradiction, we
first put the visual inspection of the data onto a more solid
basis by performing a detailed Lomb (spectral) analysis. The
next step consists of an analysis of the resulting periodici-
ties at 1 AU in order to distinguish between spatial and tem-
poral variations, so that we can obtain statements about the
question in how far there is a correlation between the in-situ
data at 1 AU and those measured by Ulysses at larger lati-
tudes. We find a good correlation being present during cycle
22, but not for cycle 23. As one potential explanation for
this behaviour, we suggest the difference in the coronal hole
structures between the cycles 22 and 23 due to a large, sta-
ble coronal hole structure, which is present during cycle 22,
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but not in cycle 23. We support this possibility by comparing
Yohkoh SXT and SOHO EIT maps.

Keywords. Interplanetary physics (Cosmic rays)

1 Introduction

During a magnetic stormForbush(1937) discovered that the
cosmic ray intensity measured simultaneously at two stations
went down by several percent and showed a characteristic
profile on a time scale of 2–3 days. These short term de-
creases in the GCR flux were first thought to be of Terrestrial
origin, but the observation of a second type of decreases, re-
curring with a period of 27 days (cf.Simpson, 1954), also
suggested an influence of the solar dipole field. In his de-
tailed analysisSimpson(1954), however, could show that
both types of cosmic ray decreases are caused by processes
in the interplanetary medium: the first type of decreases is
stronger, show a more irregular structure and occur more or
less as singular events as mentioned above. These so-called
transient or Forbush decreases are caused by interplanetary
coronal mass ejections (ICMEs). The cosmic ray decreases
of the second type have their origin in corotating interaction
regions (CIRs), which are generated by a fast solar wind ram-
ming into a slower flowing one ahead, leading to a structure
being stable for several solar rotations. Cosmic ray decreases
that are caused by CIRs can hence repeatedly be observed in
space, so that they appear as groups with a periodicity of 27
days (see for exampleHeber et al., 1999; Richardson, 2004,
and references therein). They are, thus, referred to as re-
current decreases, reflecting also their more regular, almost
periodic structure

In this study, we concentrate on recurrent cosmic ray de-
creases and their periodic nature. On the one hand, they
have been observed in situ near 1 AU in the ecliptic plane
by spacecraft like ACE or SOHO (cf.Kunow et al., 1995;
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Fig. 1. The drift motion of positively charged cosmic ray particles
in the heliosphere for solar cycles withA>0 (left panel) andA<0
(right panel). The Sun (not to scale), the solar magnetic field, and
its polarity are indicated in the background image.

Richardson et al., 1999). On the other hand the out-of-plane
orbit of Ulysses offers the opportunity to observe such struc-
tures not only farther away from the Sun, but also at higher
latitudes. As the measurement of cosmic ray decreases at
higher latitudes, however, can happen only remotely (e.g.
Fisk and Jokipii, 1999), because the modulating structure
is no longer present locally, the question of the transport of
charged particles within the heliosphere becomes important.

In order to address this question, we can also make use of
results for Forbush decreases as far as only the propagation
of these perturbations through the interplanetary medium
is concerned:Le Roux and Potgieter(1991) used a time-
dependent particle-transport code in order to simulate For-
bush decreases. Their finding that amplitude and recovery
phase depend on the polarity of the heliospheric magnetic
field point out the importance of drift effects. During an
A>0 solar magnetic epoch, i.e. when the solar magnetic field
is pointing out over the solar north pole (cf. Fig.1), drift
models predict that positively charged particles drift predom-
inantly inward through the solar polar regions and then out-
ward through the equatorial regions along the heliospheric
current sheet (Jokipii et al., 1977). In an A<0 solar mag-
netic epoch, these particles drift mainly into the inner helio-
sphere along the heliospheric current sheet and then outward
through the polar regions (Potgieter and Moraal, 1985) as
sketched in Fig.1.

The first opportunity to verify the model ofLe Roux and
Potgieter(1991) by observing the cosmic ray modulation at
higher latitudes was the initial descent of the Ulysses space-
craft in 1992 to 1994 from the equatorial plane towards the
solar south pole, i.e. during theA>0 solar cycle 22. A well-
defined temporal intensity variation of cosmic rays in con-
nection with CIRs was observed (Kunow et al., 1995). Ac-
cording to the drift motion shown in the left panel of Fig.1,
this variation should decease at higher latitudes. Moreover,
CIRs are limited to latitudes where the slow solar wind has
been observed (in the range 30◦–40◦ (Paizis et al., 1999)
or perhaps smaller, cf.Phillips et al., 1995). Surprisingly,

however, Ulysses still observed a periodic modulation with a
roughly 26-day recurrence even beyond these latitudes.

In order to solve this puzzle as well as in consideration
of the observed small latitudinal gradients,Jokipii and Ḱota
(1995) andFisk (1996) proposed a large perpendicular par-
ticle transport by diffusion or magnetic connection to take
place. Thus, longitudinal intensity variations can actually be
transported to high latitudes.

According to cosmic ray transport models (Alania et al.,
2005; Gil et al., 2005), the amplitudes of the recurrent de-
creases are expected to be larger for cycles withA<0 than
for those withA>0. In contrast to this expectation the com-
parison of galactic cosmic ray data close to 1 AU for differ-
ent solar cycles (Richardson et al., 1999; Alania et al., 2005;
Richardson, 2004), however, showed quite the opposite: the
amplitudes observed during theA<0 cycles 21 and 23 turned
out to be smaller than those observed during theA>0 cy-
cles 20 and 22.

Since Ulysses is the only spacecraft, which has measured
the GCR decreases both in anA>0 and anA<0 magnetic
epoch in situ as well as remotely, it will add important infor-
mations on these contradictions. Furthermore, the amplitude
provides also informations about the spatial distribution of
the cosmic rays:Paizis et al.(1999) andZhang(1997) found
a close correlation of the amplitude with the radial and latitu-
dinal gradients, where it is important to note that they found
a maximum intensity at latitudes around 25◦–30◦.

Based on the new Ulysses results for solar cycle 23,
our study is arranged in the following way: in Sect. 2 we
briefly describe the trajectory and the instruments on board
of Ulysses, followed by a report of the data in Sect. 3. Sec-
tion 4 is devoted to the analysis of the data and their possible
conclusions: Sect. 4.1 presents a comparison of the ampli-
tudes for both solar cycles and their latitudinal dependencies.
A detailed mathematical analysis of the observed periodici-
ties is given in Sect. 4.2. In order to properly classify our
observations, we must separate temporal from spatial varia-
tions. This is done in Sect. 4.3 by comparing the Ulysses data
with those obtained with SOHO and ACE at 1 AU, keeping
in mind that CIRs (as the main cause for recurrent decreases)
do not become fully developed until 1 AU, so that the Ulysses
measurements between 2 and 5 AU are crucial to investigate
local CIR effects, whereas the SOHO and ACE data provide
the heliospheric background conditions. A possible expla-
nation is suggested in Sect. 5, where perpendicular diffusion
of the particles within coronal hole structures is taken into
account. Finally, we summarise and discuss our findings in
Sect. 6.

2 Ulysses – trajectory and instrumentation

Ulysses was launched on 6 October 1990 and followed an
in-ecliptic path towards Jupiter in order to be deflected in
February 1992 by the gravitational field of the planet to its
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Table 1. Definition of time periods used in this study.

P1 P2

C22 1992.60–1993.50 1993.80–1994.60
C23 2004.80–2006.00 2006.15–2007.00

final out-of-ecliptic orbit with a period of 6.2 years. The
spacecraft reached its maximum latitude of−80.2◦ in mid-
1994 during the declining phase of solar cycle 22. The two
upper panels in Fig.2 display the radial distance and helio-
graphic latitude of Ulysses. The shaded areas C22 and C23
indicate the two time intervals of almost identical trajectories
analysed in this study, referring to the solar cycles 22 (A>0)
and 23 (A<0). Both intervals are further divided into a pe-
riod P1, when Ulysses was sampling both the slow and fast
solar wind and a period P2, where Ulysses was exposed to
only the fast solar wind1. In the following we refer, thus, to
the four periods of time displayed in Table1.

The third panel displays the main difference between the
two intervals, the oppositely directed solar polar magnetic
fields. It shows the field strength in the southern as well as in
the northern polar regions, taken fromhttp://quake.stanford.
edu/∼wso/. In addition to the sign, the data also show a lower
absolute value of the magnetic field strength during C23 than
during C22. The fourth panel is dealing with the solar ac-
tivity and shows again more similarities than differences:
while the sunspot number (black line) is lower in C23 than in
C22, the tilt angle of the solar magnetic field (red line) was
somewhat higher in the second epoch, so that we may con-
clude that the two periods, C22 and C23, are characterised
not only by almost identical trajectory segments, but also by
nearly the same heliospheric conditions. With the polarity
of the solar magnetic field being the only real differerence,
the data analysis of these two intervals offer an almost ideal
opportunity to study drift effects isolated from other influ-
ences. The Ulysses data used in this study were obtained
with the Kiel Electron Telescope (KET), which is part of
the Cosmic Ray and Solar Particle Investigation (COSPIN)
(Simpson et al., 1992), the Solar Wind Observations Over
the Poles of the Sun (SWOOPS) (Bame et al., 1992) and the
Vector Helium Magnetometer (VHM) (Balogh et al., 1992)
on board Ulysses. As mentioned in the introduction, we com-
pare the Ulysses data with those obtained close to Earth. The
data used for this analysis were obtained from the Solar Wind
Electron, Proton & Alpha Monitor (SWEPAM) (McComas
et al., 1998), the Magnetic Field Experiment (MAG,Smith
et al., 1998) on board the ACE spacecraft (Stone et al., 1998),
the Electron Proton Helium Instrument (EPHIN) (Müller-

1In order to avoid ambiguities we will call P1 and P2 in the
following simply the periods of the “slow” (i.e. slow and fast) and
“fast” (i.e. only fast) solar wind, respectively, keeping in mind that
this is strictly speaking an incorrect simplification.
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Fig. 2. From top to bottom: radial distance (in AU, first panel) and
heliographic latitude (second panel) of the Ulysses orbit, solar mag-
netic field strength of the southern (red line) and northern (blue line)
polar regions (taken fromhttp://quake.stanford.edu/∼wso/) (third
panel), as well as sunspot number (black, left hand axis) and the
tilt angle (red, right hand axis) of the solar magnetic field (fourth
panel). Marked by colour shading are the two periods C22 (A>0)
and C23 (A<0) compared in this study, when Ulysses was at high
southern heliographic latitudes during the solar cycles 22 and 23,
respectively. The two subsections P1 (light blue) and P2 (yellow-
green) within both time intervals indicate whether Ulysses was ex-
posed to the slow (P1) and fast (P2) solar wind, respectively.

Mellin et al., 1995) on board SOHO, and the ground based
Kiel and Moscow Neutron Monitors (Clem and Dorman,
2000).

3 Observations

An overview of the Ulysses measurements made in C22 and
C23 is displayed in the left and right panels of Fig.3, respec-
tively. Both plots show, from top to bottom, the solar wind
speed (SWOOPS), the magnetic field strength (VHM), 250–
2000 MeV protons (with the smoothed count rate plotted in
red) and the detrended count rate of the cosmic ray protons,
1C/C (given in %). In addition, the radial distance and lati-
tude of Ulysses are displayed on top of the plots. The dashed
vertical lines mark periods of 26 days (C22, left) and 24.5
days (C23, right). From these observations, it becomes ev-
ident that the solar wind speed, the magnetic field strength
and the GCRs vary on time-scales close to the solar rota-
tion period in the time intervals C22/P1 and C23/P1, caused
by CIRs. When the spacecraft enters the region of the fast
solar wind (i.e. the sub-periods P2 in our nomenclature) at
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Fig. 3. Ulysses measurements during the intervals C22 (left panel) and C23 (right panel). The panels display from top to bottom hourly
averages of the solar wind speed (green), the magnetic field strength (red), daily (blue) and 26-day-running mean-averaged (red) count rates
of 250–2000 MeV protons as well as the long-term detrended galactic cosmic ray variation at Ulysses (blue). The labels on top of both
panels give the radial distance and latitude of Ulysses’ orbit. The dashed vertical lines indicate periodicities of 26 days for C22 and 24.5
days for C23 with the second value resulting from the Lomb analysis shown below. The letters (A) to (D) indicate four prominent transient
decreases in C23, whereas only one prominent event (at about 20◦) can be seen in C22. The insert in the right panel illustrates the procedure
to determine the amplitudes of the GCR decreases, cf. Sect.4.1.

about <
∼ 40◦ S, the variation seems to vanish both in the so-

lar wind speed and the magnetic field strength in both solar
cycles. The cosmic ray intensity, however, continues to be
modulated in C22/P2 (cf.Kunow et al., 1995), whereas it al-
most vanishes in C23/P2.Lario and Roelof(2007) analysed
Ulysses HISCALE data (Lanzerotti et al., 1992) and found
recurrent energetic particle events for both cycles at all lati-
tudes. While the observations in C22 are in good agreement
with our results, they do not correspond for C23.

With respect to drift-dominated transport models like
Jokipii et al.(1977), our new observation is, on the one hand,
consistent with the theory insofar that different polarities of
the solar magnetic field should also lead to different features
in the GCR decreases, but on the other hand, the second ob-
servation is as surprising as already the first one was, i.e. we
should have seen quite the opposite in both cases.

4 Analysis of the data

The Ulysses observations both for C22/P2 and C23/P2 seem
to be in apparent contradiction with drift-dominated propa-
gation models. Before studying the periodicities by using a
detailed mathematical (Lomb) analysis, we will first investi-
gate the amplitudes of the GCR decreases. The purpose is

twofold: we can investigate in how far these are consistent
with the theory and we can discriminate transient decreases
from recurrent ones to eliminate the transient decreases from
our analysis of the periodicities.

4.1 Amplitudes

During C23 Ulysses observed more transient and fewer re-
current cosmic ray decreases than during C22, as the third
and fourth panels of Fig.3 show, indicating that the solar ac-
tivity in 2004 was larger than that in 1992. From the sunspot
number, displayed in Fig.2, we would expect the opposite,
so that the essential role is obviously played here by the tilt
angle, which was larger during C23 than during C22. Four
outstanding transient events are marked by (A) to (D) in the
right panels of in Fig.3. They are correlated with periods of
larger solar activity in January, August, September 2005, and
December 2006 (Struminsky, 2007; Malandraki et al., 2007)
and several ICMEs and solar energetic particle (SEP) events
Lario and Roelof(2007) that have been observed in partic-
ular up to 2005.6, i.e. during C23/P1. The prominent event
occuring close to 20◦ in C22 may also be related to a SEP
eventLario and Roelof(2007).
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Fig. 4. Evolution of the amplitude,1c, of recurrent GCR de-
creases for daily averaged 250-2000 MeV COSPIN/KET protons.
The filled and open triangles represent the variations during the time
intervals C22/P1+P2 and C23/P1+P2, respectively.

In order to determine the amplitudes of the recurrent GCR
decreases we adapt the procedure suggested byPaizis et al.
(1999) as illustrated in the small insert of Fig.3: we first
determine three values: the counting rate,cs , at the pos-
itive peak in the centre of the decrease and the two nega-
tive peaks,c1 andc2, preceding and succeeding the positive
peak, respectively. The amplitude,1c, is then defined as
the difference betweencs and the mean value ofc1 andc2,
i.e. 1c=cs−(c1+c2)/2. Figure4 shows1c as a function
of Ulysses latitude for the complete time intervals C22 and
C23, indicated by filled and open triangles, respectively. For
C22, we find a good agreement with the values determined
by Paizis et al.(1999). In particular, our analysis confirms
their latitude dependence, with a clear maximum around 25◦.
The results for C23 show smaller count rates due to the en-
hanced solar activity and a less pronounced maximum, if any.
Both data sets appear to be somewhat distorted around the
transition from the slow (P1) to the fast (P2) solar wind at
about 35◦–40◦.

While the absolute values,1c, of the amplitudes in Fig.4,
are considerably lower in C23 than in C22, the relative val-
ues,1c/c in the slow solar wind (periods P1 of each cycle),
are comparable, as Fig.5 shows. Here, the relative amplitude
is plotted as a function of the reduced solar wind speed. The
latter has been calculated by subtracting 380 km/s (C22) and
300 km/s (C23) from the measured values. In both cycles a
negative slope can be seen with the gradient being somewhat
stronger for reduced solar wind speeds below 200 km/s.

Fig. 5. Daily averages of the relative galactic cosmic ray variation
as a function of the reduced solar wind speed for cycles C22/P1
(red) and C23/P1 (blue).

From this observation we may conclude the following:
during C23, the GCRs were exposed to a more active Sun
than during C22, causing the amplitudes of the GCR recur-
rent decreases to be smaller (Fig.4). Eliminating these ef-
fects by considering the relative amplitude and the reduced
solar wind speed, the data for the slow solar wind (P1) do
not show significant differences between both cycles, so that
the influence of the CIRs on the GCR modulation is (almost)
the same at the position of Ulysses as long as the CIRs can
be measured in situ.

4.2 Periodicities

In the fast solar wind (P2), however, we see much larger dif-
ferences between C22 and C23 with the most remarkable one
being the fact that the periodicity in the GCR modulation ap-
pears to vanish in C23/P2. In order not to be limited to a
simple visual inspection and a manual determination of local
minima and maxima and their periodicities, we set the de-
termination of the latter onto a solid mathematical base by
applying the Lomb algorithm for being able to search also
for smaller amplitude variations (Lomb, 1976).

Figure 6 shows the Lomb periodograms for the Ulysses
measurements in the interval C22. The first panel shows the
results for the solar wind velocity (green), the second one
those for magnetic field (red), and the third one the cosmic
ray flux (blue). In each panel the values for the periods P1
(slow solar wind) and P2 (fast solar wind) are displayed with
dark and light colours, respectively. The results for C23 are
shown in the same way in Fig.7. The 26-day sidereal pe-
riod of the Sun is highlighted by the vertical line, whereas
the horizontal line marks a significance of∼99%. In order
to avoid a over-plotting of two close lines, this level, which
is always very close to a value of 10, has been set to 10 in
the plots. Note that the transient events (A)-(D) have been
removed from the periodicity analysis for C23/P2.

The periodograms for both cycles confirm the visual im-
pression of the data displayed in Fig.3: all three quantities
show during cycle C22 a significant periodicity of 26 days as
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Fig. 6. Lomb periodograms for Ulysses measurements of the solar wind speed (green), the magnetic field strength (red) and the detrended
galactic cosmic ray flux (blue) for the time interval C22. The light colours indicate the values for measurements in the slow solar wind (P1),
light colours those in the fast solar wind (P2). The power, i.e. the spectral function normalised to the interval [0,100] (also called the Lomb
values), is plotted as a function of the periodicity in days. The vertical dotted line marks a period of 26 days, the horizontal line corresponds
to a significance level of 99%.

Fig. 7. Lomb periodograms for Ulysses measurements in the time interval C23 in the same representation as in Fig.6.

long as Ulysses is located in the slow solar wind (P1, dark
lines in Fig. 6). In the fast solar wind (P2, light lines) a
clear periodicity is still present only in the solar wind ve-
locity, whereas a periodicity in the magnetic field and GCR
data may also be present, but is by far less obvious. These
periodicities have already been discussed extensively in the
literature (cf.Paizis et al., 1999; Zhang, 1997) and could be
used to validate our analysis.

The picture for cycle 23 (Fig.7) is quite different: for
Ulysses flying through the slow solar wind, we can also see a
periodicity, but only in the solar wind velocity and the mag-
netic field, and with a somewhat shorter time period of 24.5
days. The GCR variation does not show a clear periodicity,
but this may be owed to the disturbing influence of transient
decreases like the events (A) to (D). A period of 24.5 days
may, thus, be present, too. In the fast solar wind, however,
no periodicity can be seen at all.

In both cycles, we see clear periodicities, although with
slightly different periods, as long as Ulysses can measure the
effects of CIRs in situ, i.e. in the slow solar wind. In the fast

solar wind, where in particular the GCR modulation can only
be observed remotely, we see, as already suggested by Fig.3,
a different behaviour in both cycles. The result, however,
is that both data sets consequently contradict the transport
models, so that further analysis is necessary.

4.3 Comparison with 1 AU data

The observations discussed so far raise the question of how
the transport of charged particles in the inner heliosphere
could take place. In order to get an idea about the large-scale
processes we try to distinguish spatial from temporal vari-
ations by investigating also data measured in situ at 1 AU,
keeping, however, in mind that CIRs usually only fully de-
velop beyond the Earth orbit.

For the time interval C22 we could only make use of
the Moscow Neutron monitor, because 1 AU plasma data
were measured during that period only by the IMP-8 space-
craft, which, however, stayed for significant times within the
Earth’s magnetosphere. Thus, CIR plasma parameters are
measured with a bad coverage, making a reasonable spectral
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analysis impossible. For C23 we can resort to data for all
three quantities studied in the previous sections: the solar
wind speed and the magnetic field were measured by the in-
struments SWEPAM and MAG on the ACE spacecraft, while
intensity of>50 MeV GCRs was measured by the EPHIN
instruments on-board SOHO. The latter were complemented
here by the count rates of the Kiel Electron Monitor.

A first impression of the data (Fig.8) shows no significant
change in the GCR modulation in cycle C22, whereas in C23
a transition to a more quiet phase appear to take place around
2005.7, i.e. towards the end of time period C23/P1. More
profound statements, however, also require a Lomb analysis,
the results of which are shown in Figs.9 (GCRs only) and10
for the time intervals C22 and C23, respectively. Again, dark
and light colours refer to the periods P1 and P2, respectively.
While Ulysses was located in P1 in the slow solar wind and
in P2 in the fast one, the measurements discussed in the fol-
lowing were all obtained in situ at the same position, so that a
comparison of the periodicities at 1 AU with those along the
Ulysses trajectory should shed light on the question whether
we see temporal or spatial variations.

The data at 1 AU behave thoroughly different from the
Ulysses data. For C22, where only GCR data can be used, a
clear periodicity of about 29 days (with a second one of∼34)
observed during P1 becomes weaker and shifted to about 30
days in P2, the second peak vanishes. In contrast, three clear
peaks arise at 13, 14, and 15 days, i.e. with about half the
period as before. Such a behaviour can be expected for a
northern solar coronal hole extending to the solar equator,
indicating, thus, a reconfiguration of coronal structures from
a one-stream to a two-stream structure.

For the time interval C23, a clear periodicity has been
found only in the solar wind speed during P1 with a pe-
riod of 27 days, corresponding to the synodic rotation of
the Sun. The magnetic field data and the solar wind speed
during P2 do not show a pronounced periodicity, but we see
at least a low peak in the periodogram near 27 days, which
comes close to the level of significance only for the solar
wind speed. In addition, we see a clear periodicity of 9 days
of both quantities and in both sub-periods P1 and P2. The
peaks at 9 days are plotted enlarged in Fig.11. If comparing
them we see different tendencies: while the peak at 9 days
is more distinct in P1 than in P2, i.e. diminishes from P1 to
P2, the periodicity of 27 days appears to evolve from P1 to
P2. In contrast, the GCR modulation does not show any clear
periodicity at all.

Our results concerning the significance of periodicities
close to that of the solar rotation (with the sidereal period
for Ulysses, the synoptic one for ACE and SOHO) are sum-
marised in Table2. Comparing for both solar cycles the re-
sults of period P1 with that of P2 as well as the 1 AU data
with that by Ulysses, we come to the following conclusions:

– C22: At 1 AU we see a more or less stable configuration
rotating with the Sun, although some reconfiguration of

Table 2. Periodicities in the solar wind velocity (vsw) and magnetic
field (B) as well as for the detrended cosmic ray flux (1c/c) for the
different time intervals as measured by Ulysses (upper half) and
by various spacecraft (cf. text) at 1 AU in the ecliptic plane (lower
half). Plus and minus signs refer to a peak clearly above and below
the line of significance in the Lomb analysis, respectively. Peaks
close to this line are shown by an open circle. The brackets indicate
a periodicity with a slightly (>∼ 1 day) deviating periodicity.

Ulysses C22/P1 C22/P2 C23/P1 C23/P2

vsw + + (+) –
B + (◦) (+) –

1c/c + (◦) (o) –

1 AU C22/P1 C22/P2 C23/P1 C23/P2

vsw (o) (+)
B – –

1c/c (+) (+) – –

the corona seems to affect the results. As the analysis
for the Ulysses data shows a quite similar behaviour,
we can state that the variations we see in the data can
be explained by spatial variations and that there seems
to exist some kind of correlation between the regions of
low and high latitudes.

– C23: In addition to a periodicity of 27 days, we also
observe one with 9 days in the 1 AU data. These two
periodicities, however, evolve differently in time: while
the significance of 27-day periodicity increases, the 9
day one decreases from P1 to P2. In addition, the so-
lar wind structure changes around 2005.7, so that the
variations observed at 1 AU are temporal.

At Ulysses we see the opposite temporal evolution: the
29 day period is vanishing from P1 to P2 in C23. Since
the temporal evolutions are not correlated with each
other and the Earth is a “fixed” point with respect to lat-
itude, we conclude Ulysses is entering a different region
in space being linked at best loosely to lower latitudes.
Thus, again the observations are caused by the spatial
variation of the Ulysses spacecraft. The conclusion is
that there is no obvious correlation between the two lo-
cations by drift, diffusion or similar effects.

5 A possible interpretation

The analysis in the previous section could reduce the contra-
diction between observations and drift-based transport mod-
els to the question of why there exists a correlation between
processes taking place near the equatorial plane at 1 AU and
those at higher latitudes in cycle C22, but not in C23. Drift
effects play obviously only a minor role, so that we must look
for alternative explanations.
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Fig. 8. The left panel the count rates of the Moscow Neutron Monitor in C22, the right panel shows the data displayed similar to Fig.3
for the interval C23: from top to bottom the solar wind speed (SWEPAM), the magnetic field strength (MAG), the cosmic ray variation of
>51 MeV particles (EPHAN), and the count rates of the Kiel Neutron Monitor.

Fig. 9. Lomb periodograms for GCR measurements of the Moscow
Neutron Monitor in the time interval C22. The representation is the
same as in (the right panel of) Fig.6. The vertical line indicates
here the 27-day synodic period of the Sun.

The main component of the solar magnetic field beyond
the source surface is, at least up to a first approximation, the
radial component and further out also a longitudinal compo-
nent, perpendicular to which the GCRs have to be transported
into the polar direction. As drift effects are apparently not
sufficiently effective, we suggest perpendicular transport to
be provided by diffusion instead (cf.Jokipii and Ḱota, 1995;
Fisk, 1996). The question remains, however, why this trans-
port works in C22, but not in C23.

Two facts may help to find an answer to this question: on
the one hand (Jokipii and Ḱota, 1995) discovered that per-
pendicular diffusion in the latitudinal direction is by a factor
of 3–4 (Ferreira et al., 2001) more effective in the fast solar
wind of a polar coronal hole than in the slow wind, provided
there are stable structures much larger that the particles’ gyro
radius. The regions of fast solar wind are, as Helios measure-
ments show (Schwenn, 1990), separated by sharp boundaries
from those of the slow solar wind. Such boundaries occur-
ring in the longitudinal direction generate strong gradients
in the solar wind speed and finally lead to the formation of
CIRs.

As CIRs are known to represent effective “barriers” for
particle propagation, the idea is now to investigate such
boundaries also in the latitudinal direction. The purpose is
again twofold: Are there actually large and stable regions of
fast solar wind, i.e. coronal holes, where effective perpen-
dicular diffusion can take place? And: do we possibly see
boundaries, which can be regarded as “barriers” for the lati-
tudinal particle transport?

These questions are addressed by investigating the coro-
nal hole evolution deduced from Carrington maps of the
YOHKOH Soft X-ray Telescope (SXT) in C22 and the
SOHO Extreme ultraviolet Imaging Telescope (EIT) in C23.
The left panel of Fig.12shows the SXT maps for Carrington
rotations 1868 (April/May 1993), 1874 (September/October
1993), and 1880 (March 1994), whereas the right panel
shows EIT maps. Displayed are the Carrington rotations
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Fig. 10. Lomb periodograms for the solar wind speed (SWEPAM) and magnetic field (MAG), measured on the ACE spacecraft as well as
the GCR flux (EPHIN instrument on SOHO), the representation is the same as in Fig.6, the vertical line shows again 27 days.

2025 (January 2005), 2039 (January/February 2006), and
2045 (July 2006). In both solar cycles, the upper and lower
maps represent the periods P1 and P2 respectively, while
both maps in the middle show the transition between them.

The maps for C22 (Yohkoh SXT) show an extended coro-
nal hole structure reaching from southern polar regions to the
equator. Although this coronal hole moves slowly, i.e. within
one year, from about 45◦ in CR 1868 to about 0◦ in CR 1880,
its form remains almost the same, so that we see an extended,
stable structure, within which effective perpendicular diffu-
sion can take place. For C23 (SOHO EIT) we see, in contrast,
only small and variable equatorial coronal holes, which do
not extend to higher latitudes. Therefore, we conclude ten-
tatively that the modulation of GCRs is correlated with the
spatial extensions of these holes. In C23 the holes are large
enough to allow the acceleration of low-energy particles, but
too small for an efficient acceleration of high-energy parti-
cles (Lario and Roelof, 2007) or modulation of GCRs.

The Carrington maps, thus, suggest the following interpre-
tation: during C22 a large southern coronal hole extending
up to equatorial regions allows the transport of charged par-
ticles in the latitudinal direction by perpendicular diffusion,
while in C23 no such structure is present. Instead, small hole
structures with in part sharp boundaries do not permit effec-
tive perpendicular diffusion as was present in C22. Thus,
we may conclude that drift effects are in both solar cycles of
minor importance.

6 Summary and conclusion

Decreases in the intensity of galactic cosmic rays can be di-
vided into two groups: while transient decreases are caused
by more or less isolated events like interplanetary coronal
mass ejections, recurrent decreases are caused by corotating
interaction regions (CIRs). The periodic nature of the latter
make recurrent decreases a useful tool for studying the trans-
port of charged particles in the heliosphere.

Fig. 11. Lomb periodograms the solar wind speed (green) and the
magnetic field (red) in C23, detail of Fig.10around a periodicity of
9 days.

Of particular interest is the transport in the latitudinal di-
rection, i.e. from the equatorial plane to the polar regions of
the heliosphere and vice versa: while the corotating interac-
tion regions occur usually only at low latitudes, observations
at higher latitudes can reflect the CIR modulation only re-
motely and provide, thus, valuable informations about the
latitudinal transport of galactic cosmic rays, i.e. perpendicu-
lar to the heliospheric magnetic field.

The inclined trajectory of the Ulysses spacecraft provided
for the first time the opportunity not only to measure the cos-
mic ray intensity, but also the solar wind speed and the mag-
netic field. The perpendicular transport of charged particles
should essentially be provided by diffusion and, in particu-
lar, by drift effects. Analytical as well as numerical models
have been developed in order to model the drift motion in the
heliosphere, which depends on the sign of the solar magnetic
field.

The data obtained during the first descent of the Ulysses
spacecraft in theA>0 solar cycle 22, however, did not show
the expected result: the periodicity in the cosmic ray intensity
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CR 1868

CR 1874

CR 1880 CR 2045

CR 2039

CR 2025

Carrington Longitude

2005−20061992−1995

Fig. 12.Left panel: Yohkoh SXT Carrington maps for rotations number 1868, 1874, and 1880, standing for the periods C22/P1, the transition
and C22/P2. Right panel: SOHO EIT Carrington maps at 284Å for rotations number 2025, 2039, and 2045, resprenting the time intervals
C23/P1, the transition and C23/P2.

observed in the slow solar wind (period P1) was still present
at high latitudes, i.e. in the fast solar wind (period P2). The
second Ulysses flyby about 12 years later offered the oppor-
tunity to repeat the measurements along the same trajectory
and in similar solar wind conditions, but with reversed solar
magnetic field polarity during theA<0 solar cycle 23.

These second observations, however, were as surprising
as the first ones were: the periodicity observed in P1 almost
vanishes in P2, a result that was expected, however, for the
opposite polarity of the solar magnetic field, i.e. during cy-
cle 22. In order to get an idea how this apparently opposing
behaviour in both solar cycles arises, we performed a detailed
analysis of the data by investigating (1) the amplitudes and
(2) the periodicities of the cosmic ray decreases and compar-
ing (3) the Ulysses data with those obtained along the Earth
orbit in order to distinguish spatial and temporal variations.
The results can be summarised as follows:

– During solar cycle 23 the amplitudes of the cosmic ray
decreases were lower than in cycle 22, indicating an
increased solar activity. The dominating criterion for

the latter is obviously the tilt angle of the solar mag-
netic field rather than the sunspot number. The relative
amplitudes in the slow solar wind (P1) are, however,
quite similar in both cycles, so that we can conclude in
agreement with the measurements byLario and Roelof
(2007) that the cosmic ray modulation by CIRs is more
or less the same.

– The Lomb analysis shows for both cycles a clear peri-
odicity in the slow solar wind. While that of 26 days in
cycle 22 clearly reflects the sidereal rotation of the Sun,
that of 24.5 days in cycle 23 cannot be explained so far.
The results for the fast solar wind confirm the first im-
pression: while the modulation in cycle 22 continues to
be periodic, there is almost no periodicity in cycle 23.

– The comparison of the periodicity analysis for Ulysses
data and those measured at 1 AU are compiled in Ta-
ble 2. Our interpretation is that we see in cycle 22
spatial variations of a stable structure at both locations,
so that a correlation can be established. In cycle 23,
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however, we see temporal variations at 1 AU, but spa-
tial variations along the Ulysses trajectory, i.e. neither a
stable configuration nor a correlation between the slow
and fast solar wind regions.

Drift-dominated particle-transport models obviously fail, on
the one hand, to explain our measurements, but on the other
hand, the large-scale stable structures seen in cycle 22 sug-
gest latitudinal diffusion to take place instead. This process
can work much more efficient in extended regions within the
fast solar wind, so that we investigated in addition the coro-
nal hole structures for the respective time intervals by using
Carrington maps by Yohkoh SXT (cycle 22) and SOHO EIT
(cycle 23). The maps actually show a large and (almost) sta-
ble coronal hole extending from the south pole into equato-
rial regions in cycle 22, but only small-scale structures with
boundaries, which can be regarded as “barriers” for the par-
ticle transport in cycle 23.

As a possible explanation, which certainly must be criti-
cally inspected by further studies, we suggest that the modu-
lation processes are almost the same, so that different coronal
hole structures leading to different CIR structures rather than
drift effects are the reason for the opposing behaviour in both
cycles. This conclusion is supported byLario and Roelof
(2007) showing that CIRs in cycle 23 were, in contrast to cy-
cle 22, only able to accelerate low energy particles. While
a large and stable coronal hole allows an effective latitudinal
transport in cycle 22, small-scale structures and boundaries
allow almost no correlation between slow and fast solar wind
regions in cycle 23.
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