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Abstract. In situ observations indicate that the low-speed wind is highly variable. It 
commonly originates on open field lines that threadcoronal streamers in the vicinity of 
the magnetic equator, but transient ejections are also a source of low-speed flows on 
occasion. Close to the Sun a large flow shear probably is common at the interface 
between low- and high-speed flows. Near solar activity minimum low-speed flows are 
confined to a narrow band40-45" wide centered roughly on the solar equator, but near 
solar maximum low-speed flows may dominate at all heliographic latitudes. 

In the inner heliosphere at low heliographic latitudes the solar wind tends to be 
organized into alternating streams of high- and low-speed flows [ 11. It is well 
established that high-speed flows in the quiescent (i.e., non-transient) wind usually 
originate in coronal holes that extend equatorward from the magnetic poles of the 
Sun [2]. On the other hand, the origin of the low-speed wind is less certain and it 
is not entirely clear that the low-speed wind ever is truly quiescent. The base, or 
minimum, solar wind expansion speed at 1 AU is -280 km s-l ,  and the solar wind 
observed near Earth tends to return towards this base value, although seldom 
actually reaching it, after each excursion to higher speed. The low-speed wind 
usually has a distinctly different physical character from that of the high-speed 
wind, presumably reflecting the fact that it originates from a different region in the 
solar atmosphere. Our purpose here is to provide a brief overview of the physical 
nature of the low-speed wind, primarily as inferred from in situ observations 
obtained near the ecliptic plane. 

Figure 1 displays selected solar wind plasma and magnetic field parameters from 
IMP 7 and 8 obtained during a 37-day interval in 1974 on the decliningphase of 
the solar activity cycle. During this interval two high-speed streams were observed 
each solar rotation; these originated alternately from equatorial extensions of the 
coronal holes in the northern and southern polar regions. Between the high-speed 
streams the wind speed returned to values approaching 300 km s-l .  As compared 
to the high-speed wind, the low-speed wind was characterized by a generally high 
and variable density, by a low and variable helium abundance (relative to H+), and 
by polarity reversals in the interplanetary magnetic field, IMF. The latter can be 
distinguished by -180" changes in $B, the azimuthal angle of the IMF. 

Table 1, which contrasts values for selected solar wind parameters in the high- 
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Figure 1 .  Wind flow speed, helium abundance, proton density 
and magnetic field azimuth in July and August 1974. From [3]. 

and low-speed wind based on measurements from the IMP spacecraft over the 
years 1971-76, confirms that the differences between the high- and low-speed 
wind evident in Figure 1 are generic. Not only are long-term average values of 
density, flow speed, number flux, proton and electron temperatures, and 
alphdproton temperature ratio, quite different in the low- and high-speed wind, but 
the % variances in all of these quantities except speed and in the helium abundance 
are considerably higher in the low-speed wind than in the high-speed wind [5 ] .  
This constitutes strong evidence that the slow wind originates in distinctly different 
regions in the solar atmosphere and perhaps distinctly different processes from that 
of the fast wind. It is not presently known if the high variability of the low-speed 
wind is primarily a consequence of spatial structure in the source region and solar 
rotation, or whether it is primarily associated with temporal variability in the 
outflow, or some combination thereof. Moreover, it is uncertain where the open 
field lines populating the slow wind originate on the solar surface. 

When observations like those in Figure 1 are mapped back to the Sun it is found 
that the low-speed wind appears to originate in or near the coronal streamer belt that 
wraps around the Sun at low heliographic latitudes [3]. Sharp field polarity 

TABLE 1. Plasma characteristics of high- and low-speed wind.* 

Parameter Mean G %Var. Mean G %Vat-. 
N ( c ~ - ~ )  3.9 0.6 15 11.9 4.5 38 

V(kms-') 702 32 5 327 15 5 
NV(cm- 2 1  s- ) 2.7e8 0.4e8 15 3.9e8 1.5e8 38 
T 6) 2.3e5 0.3e5 13 .34e5 .15e5 44 

1.0e5 . le5 8 1.3e5 .3e5 20 
6.2 1.3 21 3.2 0.9 28 

u $3 .048 .005 10 .047 .019 40 
* Adapted from [4]. 

High Speed Low Speed 

3 (K) 
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reversals, such as that on August 2, 1974 in Figure 1, appear to correspond to 
regions on the Sun where the streamer belt and the magnetic equator, which threads 
roughly through its center, are strongly inclined in the north-south direction. In 
contrast, multiple density peaks and multiple polarity reversals, such as in the 
August 13- 19 interval, tend to be associated with regions where the streamer belt is 
aligned roughly parallel to the solar equator and is centered approximately at the 
same latitude as Earth. These associations suggest that the multiplicity of density 
peaks and field polarity reversals often observed in the low-speed wind near Earth 
are, at least at times, a consequence of spatial structure in and warping of the 
streamer belt and its embedded current sheet. However, some of the structure may 
be associated with temporal variability back at the Sun. In addition, it has been 
suggested [6] that multiple field polarity reversals may be evidence that multiple 
current sheets often extend out into the solar wind from coronal streamers. 

The structure of the solar wind evolves with increasing heliocenhk distance as 
high-speed streams steepen and overtake and compress the low-speed wind that 
lies ahead[7,8]. Effects of this evolution can be readily discerned in Figure 1 in the 
steepened stream speed profiles and in the compressions that occur on the rising 
speed portions of the streams. Such effects need to be considered when comparing 
models with actual observations of the slow wind at any distance from the Sun. 
(Compressions and rising speed gradients were specifically excluded in compiling 
Table 1 .) Fast-slow wind interaction effects, although significant even at 1 AU, 
are even more pronounced farther out in the solar system. For example, the 
minimum solar wind speed at Jupiter’s orbit typically is of the order of 400 km s-l  
because of such interactions. 
We have already provided evidence that low- and high-speed flows have distinctly 

different origins in the solar atmosphere. Further evidence for distinctly different 
origins can be found at solar wind boundaries known as stream interfaces. A 
stream interface [9,10] is identified in solar wind plasma data by a large drop in 
plasma density simultaneous with a large increase in proton temperature that occurs 
on the rising portion of a high-speed stream, i.e., within the compression where 
fast wind overtakes slow wind. For a subset of all stream interfaces these changes 
occur discontinuously in the data. Figure 2 shows superposed epoch plots at two 
temporal resolutions for a set of 23 discontinuous stream interfaces identified in the 
IMP plasma data. It is apparent from the left portion of the figure that (1) the 
proton pressure (resulting from compression) is a maximum at the interface; (2) the 
speed jumps discontinuously at the interface and the speed gradient changes 
discontinuously there; and (3) the azimuthal flow angle changes abruptly at the 
interface. Together, these and other observations not shown here indicate that the 
interface is a boundary separating what was originally (close to the Sun) slow, 
cold, dense plasma from what was originally fast, hot, rare plasma [ 1 11. From the 
right portion of the figure it is also apparent that, on average, a jump in helium 
abundance occurs at the interface. This is further evidence that the slow and fast 
wind arise from distinctly different regions in the solar atmosphere. 

Measurements made by the SWICS instrument on Ulysses [ 121 also reveal 



I n 
i i 

~ 

I 1 

POSITION RELATIVE 
TO INTERFACE ( days 

POSITION RELATIVE 
TO INTERFACE ( hwrs 1 

Figure 2.  Superposed epoch plots of selected solar wind 
parameters using 1-hr averages (left) and 5-min averages (right) for 
23 abrupt stream interfaces. Adapted from [ 111. 

distinct differences in abundances and ionic temperatures in low- and high-speed 
flows. When compared to the high-speed wind, the low speed wind is 
distinguished by higher 0 and C freezing-in temperatures and by higher abundance 
ratios of Mg/O and Fe/O. The cadence of the SWICS instrument measurements is 
quite low, and it is presently uncertain whether or not the above changes on the 
rising speed portions of the streams occur precisely at the stream interfaces. 
Nevertheless, the data clearly establish that the high- and low-speed flows must 
have distinctly different coronal origins. 

It has long been known that when solar wind measurements are mapped back to 
the Sun by assuming constant speed in transit that the trailingportions of high- 
speed streams commonly map to nearly fixed solar longitudes [ 1 1,13,14]. This 
suggests that very large flow shears commonly exist at the boundaries between low 
and high speed flows very close to the Sun. (The mapping does not work on the 
rising speed portions of streams because of the significant interplanetary plasma 
accelerations and decelerations that occur there. Nevertheless, the common 
presence of discontinuous or nearly discontinuous stream interfaces on the leading 
edges of many high-speed streams also suggests the presence of very large flow 
shears at the boundaries between low- and high-speed flows close to the Sun.) It 
is not presently known exactly where this region of high flow shear is in the 
corona. One suggestion [ 1 11 is that the shear occurs at the outer edges of visible 



Myf M Y S  

Figure 3 .  Superposed epoch plots of selected solar wind 
parameters for 74 “clean” crossings of the HCS (left) and for a 
subset of 23 crossings where the HCS had not been swept into a 
stream compression region (right). Adapted from [16]. 

coronal streamers. Another possibility is that the shear occurs at the boundaries of 
coronal holes. Indeed, coronal hole boundaries and the outer edges of coronal 
streamers may be one and the same. 

The heliospheric current sheet, HCS, which represents the interplanetary 
extension of the solar magnetic equator and which separates interplanetary space 
into regions of opposite magnetic polarity, also organizes solar wind plasma 
observations [ 151 (for example, see Figure 1). The left portion of Figure 3 shows 
the result of a superposed epoch analysis of 74 relatively clean (Le., sharp) HCS 
crossings observed by IMP [ 161. A maximum in plasma density, and minimums 
in flow speed, proton temperature, and helium abundance occur, on average, at the 
HCS. The overall “signal” associated with the HCS is about 5 days wide on the 
average. If interpreted strictly as a solar longitudinal effect associated with solar 
rotation (this may not be entirely valid), the average HCS signal has a longitudinal 
extent of -65”. 

The plasma signature associated with the HCS in the left portion of Figure 3 is 
affected by stream evolution effects in interplanetary space since the HCS at 1 AU 
often lies within the compression region formed by stream steepening. In order to 
minimize such effects, a set of 23 sharp HCS crossings were identified in the IMP 
data where the HCS had not been overtaken by the stream compression [ 161. The 



result of a superposed epoch analysis of that special set of crossings is shown in 
the right portion of Figure 3. Here the average plasma signature is more 
symmetricalabout the HCS and is still -5 days wide. In addition, two separate 
density peaks can be distinguished. One of these (the first) appears to be an 
intrinsic signature associated with the HCS, while the second peak appears to be 
associated with compression in interplanetary space since it coincides with a rising 
speed gradient. With regard to Figure 3 it should be emphasized that the 
coincidence of minimums in helium abundance, solar wind speed, and proton 
temperature and a maximum in proton density with the HCS is an average effect 
not always exhibited by individual events included in the analysis [3] .  For 
example, the high density region associated with the HCS is often offset to one 
side of the HCS and can be considerably narrower than Figure 3 would suggest 
[ 171. More recent analyses also indicate that fluctuations in plasma density and 
magnetic field strength are enhanced in the vicinity of the HCS [ 181, presumably in 
accord with interplanetary scintillation measurements in the vicinity of the HCS 
made considerably closer to the Sun. 

To this point our emphasis has been on the low-speed wind as it is observed in 
the ecliptic plane on the declining phase of the solar activity cycle and near solar 
activity minimum. Evidence suggests that at such times the low-speed wind is 
observed only in the vicinity of the heliospheric current sheet. Since the HCS is 
confined to low heliographic latitudes during these phases of the solar cycle, so too 
is the low-speed wind. Figure 4, which provides an overview of solar wind speed 
and density observed by Ulysses during its recent (relatively) fast latitude scan 
from -80" heliographic latitude to +80" near solar minimum [ 191, helps emphasize 
this point. During this latitude scan virtually all of the major variations in the solar 
wind flow, including excursions to low speed, were confined to a band, centered 
slightly below the solar equator, whose total width in heliographic latitude was 
-43" [20]. At higher latitudes a nearly uniform high-speed wind was observed. 
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Figure 4 .  Solar wind speed and density measured by Ulysses 
during its rapid transit from -80" to +80° latitude during 1994,95. 
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This result is in substantial agreement with determinations of the 3-dimensional 
flow pattern near solar minimum obtained from interplanetary scintillation, IPS, 
measurements [2 11. Moreover, the IPS measurements indicate that low-speed 
wind is much more pervasive at high heliographic latitudes near solar activity 
maximum when the polar coronal holes shrink in size and when much of the 
corona is constrained from expanding by the strong coronal magnetic fields present 
then. Thus near solar maximum a low-speed wind may be the rule at all 
heliographic latitudes rather than the exception and may not necessarily be confined 
to the vicinity of the heliospheric current sheet. 

We have noted that temporal variations back at the Sun are probably one source 
of variability in the low-speed wind as observed near Earth. The most spectacular 
temporal variations that occur in the corona are coronal mass ejections, or CMEs 
[22,23]. As observed by coronagraphs within -5 solar radii of Sun center CMEs 
have outward speeds ranging from less than 100 km s- l  in some of the slower 
events up to at least 2000 km s-l in some of the faster events [24-261. 
Approximately half of the CMEs observed by the coronagraph on the Solar 
Maximum Mission satellite had speeds less than 300 km s-l, which is close to the 
minimum solar wind speed in the ecliptic plane at 1 AU. Yet all of these events 
appeared to have escaped from the Sun. This indicates that slow CMEs observed 
in the corona receive substantial further accelerations beyond 5 solar radii as they 
travel out into interplanetary space. We have argued elsewhere [27] that slow 
CMEs are accelerated outward by essentially the same processes that accelerate the 
normal solar wind @.e., by the overall outward pressure gradient) and that 
acceleration profiles of slow CMEs close to the Sun probably mimic that of the 
normal slow solar wind. 

In closing, it is useful to note a number of questions provoked by in situ 
observations of the slow solar wind. These include the following: 
1. Why are there two (fast and slow), and only two, fundamental solar wind flow 
states and why is the mass flux for these two flow states nearly the same? 
2. Where does the slow wind originate in the corona and what is(are) the 
acceleration process(es)? 
3. How does the acceleration process relate to coronal temperature and flux tube 
divergence? 
4. Why is the minimum solar wind speed far from the Sun about 280 km s-'? 
5. What is the origin of the large variability of the slow wind? 
6.  Why is the Helium abundance so variable in the slow wind and why does it 
minimize, on average, at the heliospheric current sheet? 
7. What is the structure of the heliospheric current sheet close to the Sun? 
8. Does reconnection occur commonly at the HCS and what is the relationship 
between such reconnection and heat flux dropouts and double ion beams? 
9. What sort of velocity shears exist at the slow/fast wind interface close to the Sun 
and how does that interface relate to observed coronal structure? 
10. Why and how do slow CMEs attain the same minimum speed as the normal 
solar wind? 
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