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Abstract. Ulysses, launched in October 1990, began in itsliographic equator is embedded in slow solar wind polar re-
second out-of-ecliptic orbit in September 1997 and its sec-gions are dominated by the high speed solar wind, originat-
ond fast latitude scan in November 2000. In contrast to theing from the polar coronal holes. 2) The heliospheric current
first orbit with the Sun declining to low activity, we are now sheet, the thin layer separating both magnetic polarities of
at solar maximum conditions. The Kiel Electron Telescopethe heliospheric magnetic field (HMF) is embedded in the
(KET) on-board Ulysses measures proton and alpha-particleslow solar wind regime and stable around solar minimum
in the energy range from 5 MeV/n t92 GeV/n. To derive  (McKibben et al., 1998). In an A0 solar magnetic cycle,
radial and latitudinal gradients, data from the Chicago in-like in the 1990’s, the HMF pointed outwards and inwards in
strument on board IMP-8 and the neutron monitor networkthe northern and southern hemisphere, respectively. 3) The
have been used. To determine the time profile-8fGeV/n latitudinal distribution of high energy cosmic rays measured
proton and alpha-particles at Earth further data reduction,aby Ulysses showed the expected behavior at solar minimum
described in our previous work, is necessary.The latitudi-(Paizis et al., 1995; Heber et al., 1998): The count rate of
nal gradient obtained during the time period from 1997 to >2GeV/n protons and helium increased towards high lati-
2001 revealed a big difference between those found duringudes, and was nearly symmetric with respect to the equator
Ulysses’ first latitude scan in 1994 and 1995 during solar(Heber et al., 1997, and Belov et al., 1999). The observed
minimum activity. An approximation by a steady-state cos-time profile at these rigidities during Ulysses’ first fast lati-
mic ray spatial distribution is characterized by a small ra-tude scan in 1994/1995 is dominated by the latitudinal and
dial and large latitudinal gradients, was interchanged with anot by the radial CR distribution (Belov et al., 1999)

highly variable one with a large radial and a small - consis- 6 years and two months later Ulysses came back to the
tent with zero - latitudinal gradient. same heliographic latitudes and distances and found itself
under different heliospheric conditions: There are no po-
lar coronal holes. Short living and highly variable coronal
holes at low latitudes were observed. The heliospheric cur-
rent sheet was much more complex around solar maximum

Cosmic ray (CR) measurements within a wide range of heIi—and reached latitudes of70> (Forsyth, 2001, private com-

ographic latitudes were performed by detectors on-board thgwunlcatlon). Thls_snuatlo_n got even more complicated c_Jue
Ulysses spacecraft in 1994-1996. This time period was char® the fact of the Increasing number of coror_1al mass ejec-
acterized by low solar activity and weak modulation of CR. tions (CMEs) anq their |anL.Jenc.:e on CR. Th|s_wqu IS n-
All large modulation effects in the 22-nd solar cycle during tgnded o determ_me, th_e Iautudmal and radial d|str|but|9n of
the first Ulysses orbit occurred while the spacecraft was ap'gh energy ,CR n th? |n.ner.hel|ospher.e. The rgsult W'".be
relatively low latitudes in 1990 to 1993. Ulysses was againComparecj W'th the d|st_r|l_)ut|on determme_d durmg_the first
close to the heliographic equator by the time of the onset 0%lesses orbit, characterizing the solar minimum heliosphere.
solar activity in solar cycle 23, at the end of 1997and begin-
ning of 1998. )

Around solar minimum there is a clear separation between2 Data Analysis
low and high latitudes: 1) While the region close to the he-

1 Introduction

Fig. 1 displays daily averaged count ratessdf GeV/n pro-
Correspondence tov. G. Yanke (yanke@izmiran.troitsk.ru) tons andx-particles from the Kiel Electron Telescope (KET)
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latitude range from the heliographic equator to southern po-
lar regions we assume thaf(t, 6) = exp(gj(t) - (6 — 6p)).
Herein isg,(¢) the time dependent latitudinal gradient. It is
common to relatg (¢) with the depth of modulation’():
gi(t) = g6, + 91 ,.0'(t) whereg] ,. describes the radial gra-
dient at solar minimum angi ,. its changes within the solar
cycle. Unfortunately, there are no identical baseline instru-
ments for KET CR measurements available. Therefor the
time variationZ}(to, ro, 6p) has to be estimated by observa-
tions of high energy particles by the neutron monitors (NM)
from the world wide network on the Earth. From these data
a rigidity spectrum of the CR density variations for every
. day can be derived (Heber et al., 1997; Belov et al., 1999)
Fie 2 Geuny, Smoothed M for quiet time periods - periods when no particles of solar or
25 V interplanetary origin contaminates the CR fluxes. In those
papers the obtained rigidity spectra have been used to cal-
culate the expected variations of th& GeV/n protons and
a-particles at Earth. The determination of the temporal varia-
tion of >2 GeV/n particles from the neutron monitor network
relies on the exact determination of the temporal variation
2 106V Earth) at higher rigidities (typically 10 to 20 GV) and its extrap-
0.5t shited st smushed) ' olation to lower rigidities £6 GV). While such an Ansatz
is useful during solar minimum it is not reliable around so-
1995 1996 997 Qegfi 1999 2000 2001 lar maximum because of the large uncertainties due to the
extrapolation. In order to determine the temporal modula-
tion for >2 GeV/n protons andv-particles we assume that
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Fig. 1. Variations of Ulysses’ heliospheric latitude and distance - PN . .
from the Sun along from 1994 to 2001 (upper panel): daily and 26_the modulation depth(¢) is proportional to the modulation

day running mean averaged variations of Ulyss@&eV/n protons depthdio(t) at 10 GV. The Iat.ter Ca_n be, determined from
and helium (mid panel); variation of 10 GV CR at Earth, inferred € neutron network observations with high accuracy. Tak-
from the neutron monitor network. 26-day running mean averagednd into account all the assumptions listed above and intro-
have been shifted in time to take into account the propagation timeducingl;, ., = In(I*(t,r,¢)), we can rewrite equation (1) as
of a disturbance from Earth to Ulysses (lowest panel). following:

on board Ulysses in the time period from 1994 to 2001. In-lmd L', 6)) = o+ Bsio + 600 + G +61.,0'(2)
spection of Fig. 1 clearly show the differences between theHerein the explicit time dependence of the five parameters
first (solar minimum) and the second (solar maximum) orbit. put especially foryy have been neglected. We used the “Is-
While the spatial variation dominates the temporal variationmethod” to obtain the five unknown parameters in eq. (2)
during Ulysses first orbit from 1994 to fall of 1997, the ob- from the observations. It is important to note, that the CR
served count rate variation from 1998 to 2001 is determinedspace distribution during high solar activity is more com-
by the changing temporal modulation conditions in the innerplicated than at solar minimum. E.g. during Ulysses’ fast
heliosphere. Under such conditions Ulysses measurementgtitude scan in 1994/1995 the CR observations were dom-
alone are not sufficient to infer a concept about the CR spacéhated by 1) the latitudinal, 2) radial, and 3) temporal vari-
distribution and its time variations. However, it is possible to ation. Therefore we could determine a) the latitudinal gra-
compare the observations with theoretical distributions anddient, when Ulysses was at high heliographic latitudes and
check for it consistency. In our model we assume that tempoduring its fast latitude scan, and b) the radial gradient, when
ral, radial and latitudinal dependencies of the CR intensitiesUlysses was back to the heliographic equator in 1997 with
are separable: high precision (Belov et al., 1999). When going from solar
i i i i i minimum to solar maximum conditions one should take into
'(t,7,6) = Iy(to, mo, 60) - (14 0°(4) - £r(t:7) - fo(2,0) (1) consideration that the parameters in eq. (2) might become
wherel(to, 0, 0) is the particle intensity attimg atadis-  dependent on time, radial distance and heliographic latitude
tancer, from the Sun and at a heliographic latituie ¢°(¢) too. The CR time variation, which is not related to Ulysses
is the intensity variation at a timg). Note thaté’(¢) < 1. spatial position, correlates occasionally with the spacecraft
The index: is used for the type of particle (p for protons and distance and latitude. Such a correlation can be essentially
h for a-particles). Since Ulysses’ radial variation is small, we high on relatively small time interval’s (less than a year). To
canwritefi(t,r) = exp(gi(t)-(r—ro)) with g% (¢t) atime de-  obtain reliable and stable approximations of eq. (2) to the
pendent radial gradient. Although Ulysses covers the wholedata and with it a mean radial and latitudinal gradient, we
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Fig. 2. Daily averaged variation a2 GeV Ulysses protons (dots) and its approximation by eq. (2). For the parameters in eq. (2) see text.

need to analyze both (Ulysses and 10 GV particle) data setto 3.8%/AU, respectively. The latitudinal gradients found
for a long time period. are consistent with zero, indicating that the CR distribution
is in contrast to solar minimum nearly spherical symmet-

) . ric around solar maximum. The temporal variation >of
3 Results and Discussion 2 GeV/n protons andw-particles exceeded the CR modula-

To determine the mean latitudinal gradients we analyzed théIon depth of 10 GV particles by a factor of 1.6 and 1.17,

time period from January 1998 to March 2001. This period respectively. At this point we would like to emphasize, that

. . : R, we have not taken into account a temporal or spatial depen-
was characterized by high high solar activity, including max- . .
imum activity of solar cycle 23, as well as the reversal of dence of all parameters in eq. (2). Therefore the uncertainty
the HMF, leading to a significan,t CR modulation from April of each value is larger than the statistical one, given abov_e.
1998 to iis maximum in July 2000: the daily averaged 10 GV Nevertheless, we argue that the second Ulysses out-off eclip-
variation at Earth exceeded 30%‘ During this time Ulyssestic orbit is characterized by large radial and small latitudinal

. H i 0,

was in the southern hemisphere,starting frorh 8 January g;adlents. In C(zntorast the g_rad|ents wg??e: (.)"M’/AU and
1998), reaching it's maximum southern latitude of &in 9p = 0194 02%/ for the first Ulysses’ orbit (Belov et al.,

November 2000, and returning 80 in March 2001, while 1999 and Heber et al., 1997). The latitudinal gradient was

its distance to Sun was gradually decreasing from 5.4 to 1.§e T;” iglggw;t:énéggra;o;lv bfgltsg)the streamer belt (Belov
AU. Although Ulysses scanned the whole latitude range the™ "’ v '

CR measurements are dominated by the large temporal vari- 10 Visualize the differences between the mean CR distri-
ation, leading to a high correlation in CR behavior measuredPution obtained by Ulysses and the neutron monitor network
at Earth and on-board Ulysses over the last two years. [t Solar minimum in 1994 to 1996 and around solar maxi-
we take into account a propagation speed of 400 km/s foffum from 1998 to 2001, Fig. 3 (a) and Fig. 3 (b) display
a disturbance moving from 1 AU to Ulysses at a radial dis- these distributions within a sphere of 5 AU around solar min-
tancer, the time profiles at Earth and at Ulysses are eveniMum and solar maximum, respectively. To obtain the solar
better correlated. Due to the different heliographic latitudesMinimum distribution in Fig. 3 (a) we usegl = 0.5 %/AU,

and longitudes of both spacecraft, not all short term CR deg¢ = 0 for 152 S < 6 < 157 N, go = 0.19 %/°, gradu-
creases caused by e.g. CMEs or corotating interaction redlly decreasing to zero above’Z0n Fig. 3 (b) we displayed
gions are seen at Earth and at Ulysses. The influence of thedB€ corresponding proton distribution around solar maximum
short term decreases can be minimized when using solar rdfom 1998 to 2001. For the radial gradient a constant value
tation (26 day) averaged running mean averages. These a@f 4-4%/AU has been applied. A simple inspection of Fig. 3
erages are determined by also taking into account the timé®) and Fig. 3 (b) show the differences of both distributions
lag due to the propagation of the solar wind from Earth to clearly. In contrast to solar minimum our analysis indicates
Ulysses and are displayed in Fig. 1. Ee2 GeV/n protons & spherical symmetric distribution of CR around solar max-
anda-particles the best approximation of eq. (2) to the ob- imum. The intensities in the inner heliosphere are depend-

servations are obtained when using the following parameing on the radial distance from the sun only, while in 1994
ter: gf = 4.1+ 0.2 %/AU, ¢' . = —0.07 +£0.02 %/AU, 1O 1996 the latitude dependence outside of the streamer belt

g0 = —0.01 £ 0.01 %P, b2 = 1.60 + 0.07 %/AU and (~15°) 'domina.tes the qbserva’Fiong at solar minimum. Since
gy, = 2.6 £0.4%IAU, g¥ = —0.07 + 0.04 %/AU, g} = the radial gradient was increasing in 1998 (Belov et al., 1999)

—0.05 4 0.02 %/°, ¥ = 1.17 + 0.14 %/AU. The result ~We suggest that the transformation from the minimum to the
of these approximation is displayed fo2 GeV protons in ~ Maximum distribution must have occurred before mid 1999,
Fig. 2 left. Fig. 2 right shows the correlation of the calcu- When the spacecraft was well below the heliographic equator,
lated and measurefl, ,. The corresponding correlation co- allowing a good determination of latitudinal effects.
efficient is 0.974, indicating that our approximation by eq. 2  Another important conclusion can be made by the com-
is a good fit to the observations. parison of the spatial distribution displayed in Fig. 3 (a) and
As a result the radial gradient of2 GeV protons and- Fig. 3 (b). Since latitudinal gradients were positive at solar
particles is increasing from 4.0%/AU to 5.3%/AU and 2.5%/Athinimum in the last cycle and vanishing to zero, the total
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1994 - 1996 fast solar wind stream of the polar coronal hole. In con-
(a) trast the plasma instruments measured slow highly variable
solar wind during the second orbit only (McComas et al,
2001). In Heber et al. (1998) and Belov et al. (1999) we
showed that latitudinal gradients are small in the streamer
belt dominated region. Therefore we argue here that the ex-
pansion of the streamer belt to high heliographic latitudes
lead to a strong increase in modulation at heliographic lat-
itudes below the maximum extend (tilt) of the heliospheric
current sheet. The latter increases simultaneously with the
expansion of the streamer belt towards higher latitudes. In-
deed, monthly averaged tilt angles of the heliospheric cur-
(b) 1998 - 2001 rent sheet increased frorml5° in 1997 to above 50in the

e beginning of 1998 (http://quake.stanford.edu:8@50), in-
dicating the importance of the heliospheric current sheet tilt
for CR modulation. Both the modulation depth and form of
the CR space distribution in the inner heliosphere are related
to its changing configuration. It is interesting to note that as
consequences of the global reconstruction for CR the mag-
nitude of the 11-year CR cycle is essentially bigger at polar
regions than close to the heliospheric equator, in particular
near Earth. Since the tilt angle is now decreasing again to-
wards the solar minimum our concept of a close correlation
of the CR modulation with the HMF configuration can be
Fig. 3. Meriodinal cut of the>2 GeV/n protons spatial distribution tested in the near future.
in a sphere of 5 AU during solar minimum (a) and solar maximum
(b). Dark and light regions corresponds to low and high intensities,AcknowledgementsThis work is supported by RFFR, grants 99-
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tions. We could show that the mean spatial distribution at

solar minimum from 1994 to 1996 is remarkably different

from the one at solar maximum from 1998 to 2001. While

the positive latitudinal gradient dominates the picture at so-

lar minimum this distribution is spherical symmetric around

solar maximum, with large radial gradients in the inner he-

liosphere. The increase of solar activity is accompanied by

an increase of the radial gradient. When Ulysses was at

high heliographic latitudes above 38 from mid 1999 on,

no significant latitudinal structure could be found. As men-

tioned above the heliospheric conditions were very different

for Ulysses during the first and second out-off ecliptic or-

bit. During the first one the spacecraft was embedded in the

4 Summary and Conclusion



