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Abstract. In this paper we present fluxes of galactic cosmic

ray nuclei with energies above 40 MeV/n observed by the Kiel

Electron Telescope on board the Ulysses spacecraft during the

fast scan from the South Pole (September 1994) to the North

Pole (July 1995). This part of the Ulysses orbit gives us the

unique opportunity to investigate spatial modulation of cosmic

rays under solar minimum conditions. We show that during this

time period temporal variations are well ordered with particle

rigidity using 1 AU data from the University of Chicago particle

instrument on board IMP8. The latitudinal variation is partic-

ularly strong for 38–125 MeV/n helium nuclei and decreases

with increasing energy. In contrast, the spatial variation for pro-

tons is most dominant in the energy range of a few hundred

MeV. Spatial effects are very small for some ten to one hundred

MeV protons. The proton results are compared with predictions

of a steady-state modulation model which takes into account

modifications of the large scale heliospheric magnetic field and

an increased level of cosmic ray scattering over the poles. We

find that the model is in excellent agreement with the latitudinal

variations of >2 GeV protons, whereas it does not reproduce

the behaviour at low rigidities. We conclude that either the as-

sumed rigidity dependence for the diffusion coefficients at low

energies has to be modified or that time-dependent modulation

effects dominate at low energies.

Key words: cosmic rays – Sun: particle emission – interplane-

tary medium

1. Introduction

A full understanding of solar modulation of galactic cosmic

rays and the anomalous component requires knowledge of the

Send offprint requests to: B. Heber

3-dimensional structure of the heliosphere. The Pioneer and

Voyager spacecraft have probed the heliosphere to beyond 60

AU, but no spacecraft prior to Ulysses has provided direct obser-

vations from latitudes higher than ∼34◦ from the ecliptic plane.

The basic physical processes that lead to the long-term modu-

lation of cosmic rays in the heliosphere have been known for

many years. Models have been developed incorporating effects

of diffusion, gradient and curvature drifts in the heliospheric

magnetic field, and convection and adiabatic deceleration in

the solar wind (for an overview see Burger & Hattingh 1995,

Potgieter 1995 and references therein). These are all subject

to spatial and temporal variations in the dynamic heliosphere.

However, our knowledge of the relative importance of the var-

ious processes is still incomplete. Observations of cosmic rays

at high latitudes can be used to improve our understanding of

modulation processes.

The Ulysses spacecraft was launched on October 6, 1990

in the declining phase of solar cycle 22. In February 1992 the

spacecraft encountered the planet Jupiter, and began its journey

out of the ecliptic plane using a Jupiter gravity assist. The ma-

noeuvre placed the spacecraft into an orbit inclined by 80◦ with

respect to the Sun’s equator with an eccentricity of 0.6, enabling

it to reach the previously unexplored high-latitude regions of the

heliosphere. In the eleven months from September 1994, when

the spacecraft was at a distance of ∼2.2 AU from the Sun, un-

til August 1995, when the spacecraft was at a distance of 2.0

AU, Ulysses moved from 80◦S to 80◦N and crossed the ecliptic

plane in March 1995 at a radial distance of 1.34 AU. Prior to

the Ulysses mission it was widely believed that in the present

phase of this solar cycle positively charged cosmic rays would

be able to arrive more easily over the poles of the Sun than

at lower latitudes (see McKibben 1989). In the present paper

we investigate this question using data from the Ulysses COs-

mic and Solar Particle INvestigation Kiel Electron Telescope

(COSPIN/KET). In a companion paper (Ferrando et al. 1996)

the modulation of galactic electrons is investigated and com-
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Table 1. KET energy channels

Emin Emax Pmean

particle MeV/n MeV/n MV

proton 38 125 420

proton 125 250 800

proton 250 2000 2200

proton >2000 8000

helium 38 125 800

helium 250 2000 2800

helium >2000 15000

pared with results derived from a time dependent modulation

model.

The KET measures protons and helium nuclei in the en-

ergy range from 6 MeV/n to above 2 GeV/n and electrons in the

energy range from 3 MeV to some GeV (for a complete descrip-

tion of the KET instrument see Simpson et al. 1992). We present

proton and helium nuclei measurements from the KET instru-

ment in different energy channels as listed in Table 1, electron

measurements are analysed in Ferrando et al. (1996). The mean

rigidity Pmean has been calculated using a method described in

Rastoin et al. (1996) for the modulation parameter Φ = 500

MV. In order to separate spatial from temporal variations in the

galactic cosmic ray flux, we compare our results with data from

the University of Chicago instrument (UoC) on board IMP-8

(38–75 MeV and >106 MeV protons, and 25–95 MeV/n he-

lium nuclei) and from the UoC Climax neutron monitor.

2. Observations

The top panel of Fig. 1 shows the daily averaged counting rates

of protons in the energy range of 38–125 MeV registered by

KET from June 1994 to the beginning of 1996. The shaded ar-

eas indicate time periods when Ulysses was below 70◦S (South

Polar Pass) from June to November 1994 and above 70◦N

(North Polar Pass) from June to September 1995. In March 1995

Ulysses crossed the ecliptic plane. During this time period solar

activity was low and the 38–125 MeV proton channel indicates

that the galactic cosmic ray flux was not contaminated by solar

or locally accelerated energetic particles. Even the particle flux

of 5–25 MeV protons (not shown here) increased only once by

more than a factor of 3. The second panel of Fig. 1 shows the

counting rates of >106 MeV protons. The shape of the mea-

sured time profile shows the spatial modulation of protons as

a function of Ulysses’ latitude as discussed in detail in the fol-

lowing section and the periodic decreases of >106 MeV protons

with a time period of ∼26 days. It is known that these decreases

occur almost at all latitudes and reflect the influence of Coro-

tating Interaction Regions (CIR), see for example Dröge et al.

(1995), McKibben et al. (1995) and Sanderson (1995). How-

ever, as evidenced in the top panel, both effects vanish or are

very small compared to the temporal recovery in the proton flux

at some tens of MeV. The differences of the spatial variation as

a function of energy and particle species will be discussed in

more detail below. The third panel shows the 27-day averaged

tilt angle separately for the northern and southern hemispheres,

indicating the evolution of solar activity (Hoeksema, private

communication, 1995). From this evolution it is reasonable to

assume that the heliosphere was almost stationary during the

time period of the Ulysses fast latitude scan.

3. Data analysis

One of the primary goals of the Ulysses mission was to mea-

sure the latitudinal distribution of galactic cosmic rays. For our

analysis we used the KET counting rates of >38 MeV/n protons

and helium nuclei in different energy windows. We assume that

in the present phase of the solar cycle and in the inner solar

system the variation of the cosmic ray flux is separable in time

and space. This means that the time dependence is the same

everywhere and convection corrections can be neglected. To

distinguish between temporal and two-dimensional spatial vari-

ations we ought to compare the fluxes measured with identical

instruments on three spacecraft separated in radial distance and

heliographic latitude. Analyzing data from only two spacecraft

separated in radial distance and heliographic latitude we calcu-

late the temporal and spatial variations under the assumption

that the radial and latitudinal gradients do not vary significantly

in time and space. The UoC instrument on board IMP8 and the

UoC Climax neutron monitor are used to determine the tempo-

ral recovery of galactic cosmic ray fluxes at 1 AU as discussed in

Sect. 3.1. In Sect. 3.2 we calculate under the assumption made

above the latitudinal enhancement of galactic cosmic rays over

the poles of the Sun. In Sect. 4 we describe the model and discuss

its results in comparison with the data. For comparison we also

show results from a “standard” steady-state drift modulation

model (Burger & Potgieter 1989), which calculates the latitudi-

nal variation along the Ulysses trajectory using an Archimedian

spiral heliospheric magnetic field (HMF).

3.1. Temporal variation

The increase of solar activity associated with the onset of solar

cycle 23 is not expected to commence before 1996 or 1997,

and in 1995 the fluxes of galactic cosmic rays are still increas-

ing. Fig. 2 left panel shows the measured 1 AU counting rates

in two different energy channels from September 1994 to Au-

gust 1995. The upper and lower panels show the daily aver-

aged counting rates C of the UoC Climac neutron monitor

and 70–98 MeV protons, respectively. From the counting rate

time profiles it is reasonable to assume that during the time pe-

riod of Ulysses’ fast latitude scan the temporal rate of increase,

γ(Pmean) = 1/C · ∂C/∂t (in %/year) as a function of rigidity

Pmean can be calculated by fitting

C(Pmean, t) = C0 · exp (γ (Pmean) · t) (1)

to the data. The temporal rate of increase γ(Pmean) in %/year as

calculated by Eq. 1 for the different energy channels of the UoC

instrument and the UoC Climax neutron monitor are summa-

rized in Table 2 and shown in Fig. 2 right panel. As expected the

temporal variation of nuclei decreases with increasing rigidity.
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Fig. 1. Daily averaged counting rates from the

KET instrument and 27-day averaged tilt an-

gle for the northern (filled 4) and southern

(4) hemisphere. S.P.P. = southern polar passage,

N.P.P. = northern polar passage.

Table 2. Upper and lower energy limits, weighted mean rigidity (Pmean,

see Rastoin et al. 1996) and temporal rate of increase (γ(Pmean)) for

protons, helium nuclei of the UoC instrument and the UoC Climax

neutron monitor.

Emin Emax Pmean γ(Pmean)

MeV/n MeV/n MV %/year

proton 70 98 420 29.

proton >106 2000 6.1

helium 25 90 600 14

Climax >2200 10000– 0.8

15000

The same result was reported by Heber et al. (1993) for the fast

recovery of galactic cosmic ray fluxes in 1991 and 1992.

In order to determine the temporal variation in every KET

channel we assume that the temporal rate of increase γ(Pmean)

can be approximated by:

γ(Pmean) = γ0 · P β
mean (2)

The solid line on the right panel in Fig. 2 is the result of a

least squares fit to the data. This approximation leads to γ0 =

γ(Pmean = 1GV) = 11.2 ± 0.5%/year and β = −0.99 ± 0.06.

These parameters are used to calculate the temporal variation in

the rigidity range of each KET channel. As an example Fig. 3

shows the temporally detrended counting rates of >106 MeV

protons (upper panel) in comparison with the counting rate ra-

tios of KET to IMP8 UoC (lower panel). This figure shows that

there is a good agreement between the measured counting rate

ratios and the temporally detrended counting rates. The line in

the figure reflect the spatial variation as discussed in detail in

the following section.

3.2. Spatial variation along the Ulysses trajectory

The main goal of this paper is to investigate the spatial varia-

tion of galactic cosmic rays along the Ulysses trajectory as a

function of particle rigidity during solar minimum conditions.

Because KET and the UoC instrument on IMP8 do not measure

particles in the same energy windows we used Eq. 2 to detrend

the counting rates from the longterm recovery of galactic cos-

mic rays, as described in the previous section. As mentioned

above, Fig. 3 shows in the upper panel the normalized, tempo-

rally detrended >106 MeV proton counting rates, which reflects

the spatial variation of galactic cosmic ray protons along the

Ulysses trajectory. The solid line in the upper panel of Fig. 3

shows an approximation of the detrended counting rates by the

following function:

C(t) = C∞

(

1 − A/100 · exp
(

(t − t0)2 /σ2
))

(3)

C∞

(

1 − A/100
)

in Eq. 3 is the normalization factor we used

in Fig. 3 evaluated for t = t0, where t0 corresponds to the time

of minimum fluxes, and σ reflects the time scales of spatial

variation along the Ulysses trajectory. In the special case of

>106 MeV protons the fit leads to the following parameters:
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and UoC Climax neutron monitor and approxi-

mation by Eq. 1. Right: variation γ in %/year of

daily averaged counting rates from the UoC in-
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Fig. 3. Upper panel: temporally detrended daily averaged couting rate

for >106 MeV protons and approximation by Eq. 3. Lower panel: daily

averaged counting rate ratio of >106 MeV protons and same approxi-

mation as in the upper panel.

C∞ = (0.27±0.02) c/s, A = 16.6±1, (t0 = 1878±0.5) days1,

and σ = (67±1) days. It is important to note that t0 corresponds

to a Ulysses heliographic latitude of ∼10◦ S and not to 0◦. In

Heber et al. (1996) we have investigated the spatial variation of

>106 MeV protons in detail and found that the spatial variation

along the Ulysses trajectory is symmetric to a surface with an

angle of 7◦S. In the lower panel of Fig. 3 the daily averaged

counting rate ratio of KET to IMP 8 UoC >106 MeV protons

is shown. Superimposed is the result of the fit to the temporally

detrended counting rates (copy from the upper panel). One can

see how excellent the general trend of the observations — apart

from the superimposed effect by CIRs — is fitted by the simple

1 t0 gives the number of days since 1-Jan.1990

form of Eq. 3. It also reproduces the results found for >106

MeV protons by Heber et al. (1996) and Paizis et al. (1995):

1. The KET to UoC IMP 8 ratio is roughly constant over the

latitude range extending from 30◦S to 10◦N.

2. The latitudinal gradient decreases for latitudes Θ >60◦.

As we show below, latitudinal gradients Gθ can be calculated

from the ratio of the counting rates over the poles Cmpl to the

counting rates at low latitudes C0. The physical ratio Cmpl/C0

is a function of the mathematical fit parameter A. This follows

from the fact that the difference in time between t0 and tmpl

(maximum polar latitude) is ∼150 days or ∼2.3σ. Under this

condition the ratio Cmpl/C0 of the corresponding counting rates

at 80◦ and close to the ecliptic plane is well approximated by

Cmpl/C0 ≈ C∞/C0 = 1/(1 − A/100) (4)

In our subsequent discussion we keep t0 and σ as calculated

above, independent of particle species and energy. The check of

this assumption would require a detailed analysis of every KET

channel as done for >106 MeV protons in Heber et al. (1996).

Such an analysis is not possible for some of the KET channels,

either because of a missing baseline near 1 AU or because of

very low counting rates. Therefore, we do not claim that for

the whole rigidity range covered by KET the spatial variation is

symmetric to 7◦S. But as will be demonstrated below, the usage

of this assumption is consistent with the various data sets, and

in this way we can describe the behaviour of the individual KET

channels simply by variations in the parameters A and C∞.

We show in Fig. 4 for helium nuclei in the energy range

of 38–125 MeV/n and above 2000 MeV/n the fit according to

Eq. 3. Even under the constraints discussed above the fit leads to

a good approximation. However, we see the same general trend

as in Fig. 3, but different ratios Cmpl/C0.

Table 3 summarizes the results of the fit to all KET chan-

nels. Fig. 5 shows the approximate temporally detrended and
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MeV/n and approximation by Eq. 3.

normalized counting rates of all KET channels (apart from 38–

125 MeV protons) as a function of Ulysses heliographic latitude,

with proton channels in the upper panel, helium nuclei in the

lower panel. Fig. 1 had shown that the observed time profile of

38–125 MeV protons is markedly different from the profile of

>106 MeV protons. The counting rate time profile is mostly

dominated by temporal changes. Therefore the proton channel

38–125 MeV is not shown in Fig. 5. Note that the alpha channel

38–125 MeV/n is mainly dominated by the anomalous compo-

nent. For α-particles the spatial excess decreases with increasing

rigidity. However, protons show a different behaviour: the two

lowest curves in the upper panel of Fig. 5 are for 125–250 MeV

(solid line) and for >2000 MeV protons (dashed line). Protons

in the energy range of 250–2000 MeV have the largest polar

flux excess and also the highest absolute fluxes (see Fig. 5 in

Simpson et al. 1995b).

In interpreting this result, one has to take into account that

the spatial variation has two reasons:

1. Radial gradients: during the time period from September

1994 to July 1995 Ulysses moved from 2.3 AU to 1.3 AU

at the ecliptic crossing and back to 2 AU. This point will be

discussed in Sect. 3.3.

2. Latitudinal gradients: during this time period Ulysses

scanned the inner heliosphere very quickly from 80◦S to

80◦N, leading to a true latitudinal variation as discussed in

Sect. 3.4.

3.3. Radial gradients along the Ulysses trajectory

Since the beginning of 1994 solar activity has been low. In the

beginning of 1994 Ulysses was above 50◦S and at a radial dis-

tance of 3.8 AU. The detailed analysis in Heber et al. (1996) and

Paizis et al. (1995) shows that the latitudinal variation above 60◦

heliographic latitude is small. From day 145 to day 197 of 1994

Ulysses moved from 65◦S to 73◦S at a radial distance of ∼2.9

AU. The spacecraft scanned the same latitude range again from

day 296 to day 325 of 1994 at a radial distance of ∼1.9 AU.
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This gives the unique opportunity to calculate radial gradients

at high solar latitudes. In Fig. 6 the 26-day running mean aver-

aged counting rate ratio of >106 MeV protons as a function of

radial distance is shown. Under the assumption made above this

ratio can be approximated by:

CKET /CUoC = N exp (grr) . (5)

For >106 MeV protons the fit of Eq. 5 to the data leads to a

radial gradient of 5.1%/AU. To estimate the uncertainty of gr

we varied the latitude window between 65◦and 78◦ over which

the average is taken. By this method we get values for gr from

3.7–5.1%/AU with a median of 4.4%/AU. Within the error bars

this value is consistent with the radial gradient gr = 3.2 ± 0.8
and 3–3.5%/AU obtained by Heber et al. (1993) and Paizis et al.

(1995) for the in-ecliptic part of the mission in 1991 and 1992

and at higher latitudes in 1993 and 1994.
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Table 3. C∞/C0 from Eq. 5, radial gradients gr , and resulting latitu-

dinal gradient GΘ for the analysed KET channels (see text for details).

Emin Emax C∞/C0 gr GΘ GΘ

part. MeV/n MeV/n %/AU %/◦ %/◦

p 38 125 1.07 7.5c,d 0.03 0.11

p 125 250 1.17 5.5 0.15 0.30

p 250 2000 1.22 4.9c 0.21 0.38

pa 250 450 1.20 4.9c 0.20 0.35

pa 400 1000 1.24 4.9c 0.24 0.40

pa 800 2000 1.22 4.9c 0.18 0.37

p > 106 1.20 4.4c,d 0.19 0.35

p > 2000 1.12 3.3c 0.12 0.22

αb 38 125 1.65 3.0c,d 0.61 0.95

α 250 2000 1.23 4.7c 0.23 0.40

α > 2000 1.09 2.5c,d 0.09 0.16

a PHA selected part of 250–2000 MeV protons, gradients are

assumed to be the same as for 250–2000 MeV protons.
b dominated by the anomalous component.
c measurements in 1991–1994
d measurements from solar cycle 20, see text for details

We use the same procedure to calculate the radial gradients

at high latitudes for 70–98 MeV protons and 38–98 MeV/n

helium nuclei. We find gr = 7.5 ± 1.5%/AU for the proton

channel and gr = 3.0 ± 1.4%/AU for the α-channel. During

the in-ecliptic part of the Ulysses mission the Sun was more

active, so that there were insufficient periods of time to obtain

statistically significant radial gradients for these channels. The

High Energy Telescope on board Ulysses has a 5–10 times larger

geometric factor than the KET. They found for 31–70 MeV/n

helium nuclei a radial gradient of 4.6%/AU (see McKibben et

al. 1995).

It is interesting to compare our results with results from

the Pioneer spaceprobes, which were launched 22 years ago.

At that time the Sun also approached solar minimum condi-

tions and the solar magnetic field had the same configuration

(A > 0). The values for the in-ecliptic radial gradients 22 years

ago (see Fig. 3 in McKibben 1986) are 4–10%/AU for 30–70

MeV protons, 3–5%/AU for >70 MeV protons. This means that

radial gradients at high latitudes are not significantly different

from radial gradients determined in the ecliptic plane, confirm-

ing our assumption introduced above that radial and latitudinal

variations are separable.

In Table 3 we summarize the radial gradients used in the

following analysis. These values are taken from the in-ecliptic

and higher latitude part of the mission (Heber et al. 1993

and Paizis et al. 1995), and from Pioneer and neutron mon-

itor measurements 22 years ago during a comparable phase

of the solar cycle (McKibben 1986, McDonald et al. 1992,

Fujii & McDonald 1995 and Hall et al. 1995).

3.4. Latitudinal gradients

As discussed above, we fixed σ and t0 in the fitting procedure,

so that the temporally corrected counting rate at 80◦N and S

is given by C∞/C0 for all KET channels. Taking into account

the restrictions summarized above we can calculate an averaged

latitudinal gradient by the following equations:

C(r, Θ) = C0 exp (gr · (r − r0) + GΘ(Θ − Θ0)) (6)

From this we obtain:

GΘ =
(

ln
(

C(r, Θ)/C0

)

− gr · (r − r0)
)

/(Θ − Θ0)

and for

Θ = 80◦ we get

GΘ =
(

ln
(

C∞/C0

)

− gr · (r − r0)
)

/(Θ − Θ0) . (7)

Here the values of r range from r0 to rmpl where r0 = 1.34

AU is the closest approach of Ulysses to the Sun during the fast

latitude scan, rmpl = 2.28 AU and 2.01 AU, are the Ulysses

radial distances for the 80◦South and North polar passages, re-

spectively. Θ0 ≈ 7◦ is taken to be independent of particle type

and energy (see the discussion above). In Heber et al. (1996)

we showed for >106 MeV protons that the latitudinal gradi-

ent is a function of latitude. As stated above we do not claim

that the function given in Eq. 3 reproduce the exact latitudinal

profile of each KET channel. However to estimate the variation

of the latitudinal gradient Gθ with latitude, we calculate Gθ

around the turning points of function 3. This can be interpreted

as the maximum value for the latitudinal variation. The latitu-

dinal gradients in Table 3 are the mean values for the northern

and southern hemisphere taking into account the different radial

distances at southern and northern polar regions. The rigidity

dependence of protons in the energy range of 250–2000 MeV is

of particular interest. Therefore, we subdivide this energy range

into three sub-channels using pulse height analysis information.

The rigidity dependence of the averaged latitudinal gradient

GΘ and the maximum latitudinal Gradient GΘ is shown in Fig. 7

left and right, respectively. Errors in the determination of GΘ

and GΘ result from uncertainties in A and in gr. The error bars

in Fig. 7 are based on the following estimates: (1) The temporal

rate of increase γ is known with a certain accuracy. Fitting Eq. 3

to the temporally corrected counting rates according to the cor-

responding limits in γ leads to a smaller parameter A, because

the function described by Eq. 3 is symmetric in time with respect

to t0. The uncertainty in A is for all KET-channels of the order

of 5%. (2) We assume that the radial variation is small compared

to the latitudinal variation. This is true for all channels except

38–125 MeV protons. A radial gradient of ∼10%/AU could ex-

plain the measured C∞/C0. To estimate the uncertainty of GΘ

because of the variation in Gr we calculate GΘ using the values

given in Table 3 and a constant value of 2.5%/AU. This leads

to a total uncertainty of GΘ of ∼10% for all channels analysed,

except the 38–125 MeV protons. For this energy channel we

get an upper value of GΘ of 0.05%/◦ for gr = 2.5%/AU and a

value of 0.01%/◦ for gr = 7.5%/AU resulting in an uncertainty

of about 100%.

Simpson et al. (1995a) determined the latitudinal gradient

using data from the COSPIN High Energy Telescope from the
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Fig. 7. Rigidity dependence of the average lat-

itude gradient < Gθ >= GΘ (left) and the

maximum latitudinal gradient GΘ (right). The

symbols •, 2 and ? mark the results from the

proton, alpha-particle channels, and from the

pulse height analysis of 250–2000 MeV protons.

Marked in the right panel is the value Gθ found

by our analysis in Heber et al. (1996).

southern part of the fast Ulysses latitude scan. They found for

35–70 MeV/n protons and helium nuclei a latitudinal gradient of

−0.08±0.09%/◦ and 0.57±0.1%/◦ and for 70–90 MeV/n pro-

tons and helium nuclei a latitudinal gradient of 0.05 ± 0.06%/◦

and 0.38 ± 0.07%/◦, respectively. These values are within the

errors consistent with the values we found for corresponding

channels (see Table 3). Gθ for >106 MeV protons calculated

at the turning points of function 3 is consistent with the value

found by our previous analysis in Heber et al. (1996). For he-

lium nuclei GΘ decreases with increasing energy, whereas for

protons the behaviour is different. Here we see a clear maximum

in the latitudinal gradient for protons around 1.5 GV.

4. Comparison of observations with modulation models

In this section the results deduced from the KET measurements

are compared to results of modulation models. The advantage of

the fast Ulysses latitude scan is that during this time of the solar

cycle for most particle species and energies variations in time

are small compared to those in space. This gives us a unique data

set to study spatial modulation processes. For a first compari-

son of the observations with model predictions we calculate the

flux variation along the Ulysses trajectory using a steady-state

modulation model.

4.1. Model description

We start with a steady-state drift modulation model as described

in Burger & Potgieter (1989). In this model, the Parker transport

equation (Parker 1965) was solved with a numerical code which

included i) convection in a solar wind varying with latitude, ii)

diffusion due to the irregularities of the HMF, iii) gradient and

curvature drifts in the background HMF and iv) adiabatic en-

ergy losses due to the expanding solar wind. As discussed in

Haasbroek et al. (1995) a parameter set where both κ‖ and κ⊥

vary ∝ 1/B, with B the magnitude of the HMF, led to a lat-

itudinal variation of cosmic-ray intensities along the Ulysses

trajectory which was too large. The basic set of parameters

was also used for the present computations. The rigidity de-

pendence of the diffusion coefficients was conveniently cho-

sen as ∝ P above 0.4 GV and constant below this value. Our

model heliosphere was bounded at 100 AU where an interstel-

lar source spectrum was assumed. For this study we used i)

an Archimedean spiral HMF (Parker geometry), until recently

assumed to represent the global structure of the HMF and ii)

a modified HMF according to the spiral angle modification

proposed by Smith & Bieber (1991). This modification leads

to qualitatively similar results as the one proposed earlier by

Jokipii & Kota (1989) (see Haasbroek & Potgieter 1995).

4.2. Model results and discussion

For our analysis we used the normalised counting rates from

Sect. 3 for protons in different energy windows. Fig. 8 shows

in the left panels the model results (solid lines) and the data as

approximated by Eq. 3 (dashed lines). The model results with

the Parker HMF are indicated by (a), with the Smith and Bieber

modification by (b). It is obvious that in all cases the variation of

the galactic cosmic ray flux is lower than the variation predicted

by the Parker HMF model. Results from the magnetic field ex-

periment on Ulysses show that the description of the large scale

magnetic field by the Parker spiral geometry is too simplified.

In addition, large fluctuations of the magnetic field are observed

at high latitudes (see e.g. Balogh et al. 1995, and Horbury et al.

1995). Jokipii & Kota (1989) had already suggested the exis-

tence of large scale, transverse magnetic field fluctuations in

the heliographic polar regions. This would impede the access

of cosmic rays from the polar regions, particularly during an

A > 0 magnetic solar cycle.

With the Smith & Bieber (1991) modified HMF the model

describes the observation for >2000 MeV protons very well.

For lower energy protons the predicted fluxes at polar latitudes

are too high for both magnetic field models.

Fig. 8 on the right shows the rigidity dependence of the polar

flux enhancement C∞/C0 with respect to the equatorial plane

(for definition see Eq. 3, values are summarized in Table 3).

We restrict our comparison to proton measurements because of

simplicity. Symbols denote measurements, lines denote model

results. In the model calculations all energies were integrated

for the >2000 MeV and >106 MeV proton channels. As stated
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above we found a good agreement for >2000 MeV protons.

Therefore we put this channel (indicated by an open box) on

top of the dashed curve.

It is obvious that measurements are not reproduced by the

model calculations at low rigidities, and the discrepancies in-

crease with decreasing rigidity. Apart from allowing too lit-

tle modulation over the poles in our model, this indicates that

the assumed rigidity dependence for the diffusion coefficients

was too simple. Computations in Ferrando et al. (1996) showed

that a rigidity dependence ∝ P 0.3 gave better compatibility

with observations for the range 0.9–2.5 GV. Alternatively, time-

dependent modulation effects might still have a strong effect

at these low energies, see the results in Fig. 1 where the pro-

tons below 125 MeV are still recovering fast. Examples of

time-dependent effects are: the extent to which drift effects

are operating as a function of time, the amount of perpendicu-

lar diffusion, especially in the polar direction, with respect to

parallel diffusion, the temporal evolution of turbulence in the

polar regions with respect to the equatorial plane and the re-

covery of low rigidity particles with respect to high rigidity

particles (Le Roux & Potgieter 1992 and Potgieter & Le Roux

1992). We will discuss these features in more detail in subse-

quent papers. In particular, the relative importance of different

effects causing the modulation will be analysed.

5. Summary

We have analysed KET measurements of >40 MeV/n nuclei

over the time period from mid 1994 to mid 1995 and compared

them with results from a steady state modulation model calcu-

lation. In spite of the relatively short time period of the Ulysses’

fast latitude scan temporal variations have been taken into ac-

count. The analysis leads to the following results:

– The flux enhancement of ∼10–60% observed at high lati-

tudes are caused by latitudinal variation.

– For α-particles the latitudinal gradient is increasing from

0.16%/◦ for >2 GeV/n to 0.95%/◦ for 38–125 MeV/n α-

particles.

– For protons the magnitude of the latitudinal gradient varies

between 0.11%/◦ and 0.4%/◦ with a maximum for 1.5 GV

protons.

– We used a two-dimensional steady-state modulation model

which describes the variation of >2 GeV very well, but can-

not reproduce the measured rigidity dependence of the lat-

itudinal enhancement of proton intensities. This indicates

that the assumed rigidity dependence for the diffusion co-

efficients in our model was too simple and/or that time-

dependent modulation effects should also be taken into ac-

count.
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Heber B., Dröge W., Kunow H., et al., 1996, Geophys. Res. Lett., in

press

Horbury, T.S., Balogh, A., Forsyth, R.J., et al., 1995, Geophys. Res.

Lett. 22, 3401
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