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Abstract. The ESA/NASA spacecraft Ulysses is making, for the first time, direct measurements 
in the solar wind originating from virtually all places where the corona expands. Since the initial 
two polar passes of Ulysses occur during relatively quiet solar conditions, we discuss here the 
three main regimes of quasi-stationary solar wind flow: the high speed streams (HSSTs) coming 
out of the polar coronal holes, the slow solar wind surrounding the HSSTs, and the streamers 
which occur at B-field reversals. Comparisons between H-a maps and data taken by Ulysses 
demonstrate that as a result of super-radial expansion, the HSSTs occupy a much larger solid angle 
than that derived from radial projections of coronal holes. Data obtained with SWICS-Ulysses 
confirm that the strength of the FIP effect is much reduced in the HSSTs. The systematics in the 
variations of elemental abundances becomes particularly clear, if these are plotted against the time 
of ionisation (at the solar surface) rather than against the first ionisation potential (FIP). We have 
used a superposed-epoch method to investigate the changes in solar wind speed and composition 
measured during the 9-month period in 1992/93 when Ulysses regularly passed into and out of 
the southern HSST. We find that the patterns in the variations of the Mg/O and 07*/06§ ratios are 
virtually identical and that their transition from high to low values is very steep. Since the Mg/O 
ratio is controlled by the FIP effect and the 07*/06* ratio reflects the coronal temperature, this 
finding points to a connection between chromospheric and coronal conditions. 

1. Introduction 

The source of the solar wind (SW) is the outer convective zone (OCZ) of the 
sun which is a large and well-mixed reservoir with a composition that remains 
stable over millions of  years. Significant changes in composition are produced 
in the transport of solar matter from the OCZ to the corona, and in the process 
of lifting the coronal plasma out of the Sun's gravitational field. The question 
of  the "origin of the solar wind" would be solved, if the ways and means of 
supplying matter, momentum and energy to corona and SW were quantitatively 
specified. Since Parker (1960, 1963) showed that under a broad range of physical 
conditions the solar corona expands into a supersonic outflow, the solar wind and 
- to a lesser extend - its composition have been experimentally investigated in 
considerable depth, leading to an understanding of many aspects of the dynamics 
of coronal expansion. However, we do not yet have a self consistent theory of 
material transport, coronal heating and solar wind acceleration, which reproduces 
the major observations of the flow of matter, momentum and energy, explaining 
at the same time the observed ion composition. 
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Fig. 1. Sketch of steady 
state solar wind expansion with 
dipole-type geometry. 

Transient phenomena in the solar wind are often the rule rather than the 
exception. Is it then that the picture of a quiet SW is inappropriate and steady state 
theories are of questionable use even as an approximation? Observations show us 
that this is not the case: The solar wind never disappeared during the three decades 
it has been observed, and the flux variations were limited in range. In particular, 
in the 1970s the coronal holes were shown to emit high speed streams (HSSTs) 
(cf. Krieger et al., 1973) that were remarkably steady in their bulk properties 
and helium abundance (Brahe et al., 1977). Since we approach now the solar 
minimum and since Ulysses' trajectory gives us the unique opportunity to study 
the solar wind at the high latitudes including the large HSSTs, we shall focus 
in this paper on the basic features of steady solar wind flow: The polar HSSTs, 
the slow SW surrounding it, and the streamers which occur at B-field reversals. 
More general and detailed accounts of the results of solar wind composition 
research are found in Neugebauer (1981), Schwenn and Marsch (1990), Geiss 
(1985), Bochsler and Geiss (1989), Gloeckler and Geiss (1989), and yon Steiger 
and Geiss (1994). 

A solar dipole field stretched out by the supersonic outflow (Fig. 1) is the 
simplest geometric configuration in which the three basic features of a steady SW 
flow can be described (cf. Hundhausen, 1972; Geiss and Bochsler, 1986). More 
complex geometries are often required for a realistic picture of the expansion 
(cf. Wang et al., 1993). However, for our discussion, the simple steady-state 
geometry we shown in Fig. 1 is a useful guide. 

Models of coronal structure carmot be brought into agreement with the obser- 
vations, unless the finite abundance of helium is taken into account (Noci and 
Porri, 1983). Thus a three-component plasma consisting of protons, alphas and 
electrons has to be used in corona expansion models, with the other ions treated 
as minor components (Btirgi and Geiss, 1986). Even before it enters the corona, 
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Fig. 2. Superposed epoch plots for 74 sector boundaries, showing a significant drop in the He/H 
ratio at the sector boundary, along with the characteristic changes of other solar wind parameters 
(from Borrini et al., 1981). 

the solar gas is fractionated: Transport through the chromosphere into the coro- 
na causes an overabundance of elements with low first ionisation potential, the 
so called FIP-effect. Sofar, fractionation in the chromosphere has been conside- 
red independently from coronal heating and expansion. In this paper we present 
evidence for a causal connection. 

2. The Slow Solar Wind in Streamers  

There is a characteristic signature of the solar wind flow in the streamers, as has 
been demonstrated by Borrini et al. (1981) using the superposed epoch method 
(Fig. 2). Speed, kinetic temperature and He/H ratio have a minimum at the 
center of the current sheet which is identified by the B-field reversal. Schmid et 
al. (1988) found that also the iron abundance decreases near the B-field reversals. 
Although iron is much heavier than helium, the decrease for iron was not more 
pronounced than it was for helium. The reduced abundance of the heavier ions is 
- at least in part - due to the special B-field geometry: Near the sun, the expansion 
in streamers is probably supra-radial as Fig. 1 indicates, and consequently the 
SW speed there is exceptionally low allowing for gravitational de-mixing of  
helium and heavier ions from hydrogen. BiJrgi (1992) has developed a model for 
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the expansion of a three-fluid (p-s-e) plasma and shows that in streamer-type 
geometries strong depletions of helium are indeed to be expected. It would be 
worthwhile to resume the studies pioneered by Borrini et al. (1981) and include 
some more solar wind parameters. If, for instance, the 06+ and 07+ abundances 
could be measured as a function of the distance from the field reversal, modelling 
of the streamer would be strongly constrained. The 07+/06+ would narrow the 
choice for the coronal temperature, and the O/He/H abundance ratio would give 
direct information on the expansion kinematics, as may be demonstrated by the 
following simple estimates. 

The degree of demixing is governed by a competition between the speed of 
settling and the expansion speed (or a turbulent mixing parameter, as in the 
Earth's atmosphere). In an isothermal proton-electron plasma Vs, the speed of 
settling of a heavier ion (A, Z) under the influence of the solar gravity, the electric 
field and non-resonant momentum transfer from waves is given approximately 
as (cf. Geiss et al., 1970) 

2 A - Z -  1 
Vs = const. Z2 (1) 

For the main ions of He and O, we obtain V~(HeZ+)/V~(O 6+) = 1.8. Thus if 
the settling speeds barely overcome the expansion speed, oxygen would be less 
depleted than helium. 

The opposite is expected if expansion speed and/or turbulent mixing are so 
slow that a real gravitational stratification takes place. This can be seen from 
comparing the scale heights of the heavy ions (again for an isothermal proton- 
electron plasma) 

kT 
H - - -  (2) 

m'g* 

where g* is the local gravitational acceleration reduced by the acceleration due 
to non-resonant wave interactions and ra* = (A - Z/2)m0 is the effective mass. 
Equation (2) gives H(O6+)/H(He 2+) = 0.23. The difference in the numerical fac- 
tors in Eqs. (1) and (2) shows that the two different kinematic situations, which 
have been called "dynamic fractionation" and "static stratification" (Geiss, 1982), 
could be distinguished by H/He/O measurements at the B-field reversals. Accele- 
ration and expansion in the streamers may well be more complex than indicated 
in Fig. 1. However, in any case, as shown by our simple estimates, measuring 
oxygen ions and perhaps other species would not simply provide redundancy, 
but would add additional, independent constraints on streamer models. 

The dynamic fractionation and the static stratification mechanisms both predict 
local overabundances at some altitude in the corona. In fact, SW expansion 
models generally lead to low speeds and local enrichment of heavier species in 
the subsonic regime, quite independent of geometry and model assumptions (cf. 
Geiss et al., 1970; Biirgi and Geiss, 1986). The exismnce of such enrichments in 
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the low corona is confirmed by the high abundances of helium and heavier ions 
in the "driver gas" that follows flare-generated interplanetary shocks (Hirshberg 
et al., 1970; Hundhausen, 1972; Galvin et al., 1987, 1993; Ipavich et al., 1986, 
1992). 

3. Corona Expansion at High Latitude 

Extensions of the southern polar coronal hole regularly reached the ecliptic plane 
during the solar minimum in the 1970s, and thus important characteristics of the 
SW in HSSTs were established at that time. It was shown, for instance (Bame et 
al., 1977), that the He/H ratio in the HSSTs, though less less variable than in the 
slow SW, was still a factor of two below the solar ratio of 0.1. This important 
finding led to the suggestion that the systematic helium deficit in the SW is to 
a large part produced in the chromosphere (Geiss 1982). Measurements in flare 
particle populations by Reames (1994) and others have indirectly shown that the 
He/O ratio in the low-latitude corona is indeed lower than the solar ratio, which 
places a further constraint on mechanisms that produce the FIP effect (Sect. 4.). 

In 1992 Ulysses, with the Solar Wind Plasma Experiment "SWOOPS" (Bame 
et al., 1992) and the Solar Wind Ion Spectrometer "SWICS" (Gloeckler et al., 
1992) on board, began to pass regularly into and out of the HSST that originates 
in the Sun's southern coronal hole. In Fig. 3 we present SWICS data for the 13- 
month period of transition from the slow SW to the HSST, beginning with short 
excursions into the coronal hole stream and ending with permanent residency 
in the HSST. An anticorrelation between T(O7+/O 6+) and solar wind speed is 
found, confirming that the high speed stream comes from a low-temperature 
region in the corona, i.e. the southern coronal hole. In Fig. 4 we have drawn 
the Ulysses trajectory into a sketch that is based on the H-c~ chart of Carrington 
rotation 1859, distinguishing times with I~ above or below 600 km/s. 

Whereas Fig. 3 shows, by the relatively close correlation between solar wind 
velocity and T(O7+/O6+), that the source region of the HSST is coincident with 
the coronal hole, Fig. 4 demonstrates - as an example - that the solid angle 
filled by the HSST in interplanetary space is much larger than the solid angle 
occupied by the coronal hole right above the solar surface. This has been inferred 
some time ago from in-ecliptic HSST observations (cf. Kopp and Holzer 1976, 
Bame 1977, Geiss and Bochsler 1986), but a comparison of the Ulysses data with 
coronal maps should allow a rather direct estimate of the degree of super-radial 
expansion which is important for the modelling of high velocity streams. B~irgi 
and Geiss (1986) solved the momentum equation for a three-fluid plasma with 
heavier ions as minor components, allowing for super-radial expansion. Using 
their calculations of solar wind speed and freeze-in temperatures, they confirmed 
earlier conclusions (e. g. Hollweg 1978) that significant (non-resonant) momen- 
tum transfer from waves is needed to bring the low temperature and density 
conditions in coronal holes into agreement with the high velocities observed in 
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Fig. 3. Recurring transitions of Ulysses between the region with slow SW and the HSST originating 
in the southern polar corona hole. The SW speed is represented here by the a-speed. To, the O7+/O 6+ 
freezing-in temperature is drawn inversely for better visualizing the anticorrelation between Va and 
To. Two periods are marked to indicate CIVIEs. 
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Fig. 4. Ulysses' trajectory (16 ~ to 18 ~ southern latitude) is drawn into the (simplified) H-c~ map for 
Carrington Rotation 1859 (NOAA 1992), distinguishing times with ~-speed above (solid line) and 
below (dashed line) 600 km/s. The spacecraft event time was corrected for the difference between 
the Earth's and Ulysses' solar longitude, as well as for the SW travelling time. The extensions of 
the large polar coronal holes and some smaller ones are given. The solar activity is increased in 
the area marked by the dotted line as compared to other areas shown on this map. 

the HSSTs. 
There is an indication in Fig. 4 of an influence of active regions on the expan- 

sion of the coronal hole plasma into interplanetary space: A low SW velocity 
and high T(O7+/O 6+) are observed by Ulysses relatively close to the edge of 
the coronal hole when there is significant activity at mid-latitude (250 ~ to 390 ~ 
longitude in Fig. 4). On the other hand, a high SW velocity and low T(07+/O 6+) 
are observed at latitudes far away from the edge of the coronal hole when there 
is no significant activity in the neighbourhood (130 ~ to 240 ~ longitude in Fig. 4). 
Thorough comparisons of this kind ought to be useful to understand the effects 
of lateral pressure gradients on the three-dimensional expansion of the corona. 

4. Element  Fractionation in the Chromosphere:  
Variation in the FIP Effect 

Remote observations and measurements of the SW and of flare particles give 
a consistent picture of an overabundance of elements with low first ionisation 
potential (FIP), cf. Meyer (1992): Although there are some significant variations, 
a basic pattern of this FIP effect has been established: Elements with FIP roughly 
below 10 eV are overabundant by a factor of about 4 relative to the elements 
with FIP between ~-, 11 eV and 24eV (cf. Garrard and Stone, 1993; Reames, 
1994; Bochsler and Geiss, 1989). On the other hand, helium is underabundant 
(by a factor of ,,, 2) relative to these elements (cf. Geiss, 1982; Meyer, 1992; 
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Fig. 5. Elemental abundances in the solar wind as a function of their "first ionisation time" (cf. 
text). Average patterns in the slow SW and in the HSST are indicated by dashed lines. 

Reames, 1994). It was first discovered by investigations of the solar wind plasma 
in the magnetosheath with the CHEM instrument on AMPTE/CCE that the FIP 
effect is strongly reduced in fast solar wind streams (Gloeckler et al., 1989; von 
Steiger et al., 1992; see also the ICI/ISEE-3 results given by Ogilvie et al., 1992). 
This has been fully confirmed by the SWICS-Ulysses measurements (Galvin et 
al., 1992; Sharer et al., 1993; von Steiger and Geiss, 1993). It is now evident 
that the systematic differences between solar abundance and slow SW abundance 
are largely due to the FIP effect. Temporal or local SW abundance variations are 
caused in the corona (well documented for the He/H ratio, cf. Neugebauer, 1981), 
but systematic fractionations produced in the corona are less pronounced than 
those caused by the FIP effect which operates in the chromosphere. Since the 
FIP effect is much reduced in the HSSTs, the abundances there are relatively 
close to the solar abundances (cf. Gloeckler et al., 1989; yon Steiger and Geiss, 
1994), except probably for helium. Figure 5 shows the difference in the strength 
of the FIP effect between slow SW and HSST. The FIP effect does not pro- 
duce a simple, monotonic relation of element abundances versus first ionisation 
potential which is most explicitly evident from the solar wind abundances of Kr 
and Xe derived from the gases trapped in lunar soils (Wieler et al., 1993). Geiss 
and Bochsler (1985) and von Steiger and Geiss (1989) have calculated ionisation 
times of various elements for zero optical depth at the solar surface. If we plot 
the elemental abundances as a function of these "first ionisation times (FIT)", 
we obtain rather well defined, nearly monotonous relationships clearly showing 
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the difference between slow SW and HSST (Fig. 5). These observations consti- 
tute important constraints for mechanisms that are designed to explain the FIP 
effect (cf. the discussions by Meyer, 1992; von Steiger and Geiss, 1994; Geiss, 
Gloeckler and von Steiger, 1994). 

Oxygen and magnesium are a pair of a high- and a low-FIP element that 
can be particularly well studied with SWlCS-Ulysses. The Mg/O ratio is found 
to decrease with increasing SW speed which reflects the weakening of the FIP 
effect in the HSST. However, the correlation is much weaker than the correlation 
between the Mg/O ratio and the freezing-in temperature T(O7+/O 6+) shown in 
Fig. 6. This points to a relationship between coronal conditions and structure 
or processes in the chromosphere, which we shall further explore in the next 
section. 

5. Relation between Chromospheric and Coronal Processes 

We have used a superposed epoch method for studying systemadcs in the varia- 
tions of solar wind properties across the border between the slow solar wind and 
the HSST during the period day 191.1992 to day 098.1993) when Ulysses spent 
similar times in the slow solar wind and in the HSST. One solar rotation (days 
308-334.1992) was omitted, because a CME occurred. Using V~ = 600km/s 
crossings as markers we empirically determined the average period of a full 
cycle (t = 25.8 days) and its increase with time (0.08 days per full cycle). As 
Ulysses flew to higher latitude and solar activity decreased, the partitioning of t 
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Fig. 7. Superposed epoch plot showing the systematic variations during the (effective) solar 
rotation period. The procedure used is outlined in the text. T(O7+/O 6+) and Mg/O vary very steeply 
and trace each other ahnost perfectly, indicating a close relationship between corona temperature 
and chromospheric structure or processes. 

between slow SW and HSST changed with time. Although this change is very 
irregular (cf. Fig. 3), we used a simple linear increase of 0.34 days per full 
cycle for the fraction of time in the HSST (detennined again on the basis of 
the V~ = 600km/s crossings). The data taken were our standard daily avera- 
ges. The systematic changes in period and in fraction of time in and outside the 
HSST were taken into account by omitting or adding days with a random number 
method. Only 6% of the days were affected by this adjustment procedure. We 
have deliberately chosen this crude but straightforward procedure, which uses the 
minimum number of parameters, in order to avoid an inadvertent introduction of 
biases. A more refined procedure might improve, but certainly not destroy the 
systematics we find. 

In Fig. 7 we show the result for three parameters: Plotted are, as a function of 
epoch-time, the solar wind speed (represented by the c~-speed), coronal tempera- 
ture (represented by T(O7+/O6+)) and the strength of the FIP effect (represented 
by the Mg/O ratio). The resulting diagramme shows several remarkable features: 

1. T(O7+/O 6§ and the Mg/O ratio follow each other very closely, their relation 
to V~ is not as tight. This is of course consistent with the correlation shown 
in Fig. 6. 

2. The figure indicates that even the fine variations of T(O7+/O 6+) and Mg/O 
are correlated in the slow SW, but not so much in th HSST. As Ulysses 
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proceeds further into the southem coronal hole we should be able to further 
study variations in HSST abundances (or their absence). 

3. The transition between low and high is very steep for T(O7+/O 6+) and Mg/O. 
Statistical analyses show that it is almost as steep as a step function would 
be, when subjected to our procedure. Thus chromosphere and corona have a 
common, relatively sharp boundary, separating the low- from the high-FIP 
region in the chromosphere and the tow- from the high-temperature region 
in the corona. This points to a causal relationship of the kind that conditions 
inside or even below the chromosphere determine the supply of energy into 
the corona, and underlines that discussions of the origin of the solar wind 
will have to include chromospheric processes. 

4. The SW speed as a function of epoch-time shown in Fig. 7 with the cha- 
racteristically slow decline of the speed in the trailing edge is similar to the 
pattem found by Bame et al. (1977) in the ecliptic during the solar minimum 
in the mid 1970s. When the trailing edge of a high speed stream is mapped 
back to the corona, it becomes clear, as shown by Nolte et al. (1977), that 
the large range of decreasing velocities comes from a relatively restricted 
range in longitude. This implies that the boundary between low and high 
T(O7+/O6+) and Mg/O at the eastern rim of the coronal hole is even sharper 
than is indicated in Fig. 7. 

5. The HSST and the adjacent slow SW are embedded in interplanetary field- 
line configurations which do not seem to be grossly different. What causes 
then the reduction in kinetic energy by a factor of 4? More abundant closed 
magnetic field lines in the lower corona, weaker wave intensities or the 
reduced parallel component of the gravitational tbrce might be factors worth 
exploring. Inclusion of other solar wind paranleters into the superposed epoch 
analysis of Fig. 7 might help to understand why solar wind acceleration 
becomes less effective just outside the coronal holes. 
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