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The solar corona serves as a prototype of the outer atmospheres of 
all cool stars. Because of its nearness we can study this prototype 
in more detail than any other example. Considerable progress has been 
made recently in understanding how the large scale structure of the 
solar corona controls the genesis of the solar wind and the distribu­
tion of slow and fast wind streams throughout the three-dimensional 
space surrounding the sun. In this review we will discuss some of the 
progress made in this field during the last few years. We will empha­
size the observational data and the inferences that can be made more or 
less directly from them. T. Holzer will discuss the theoretical aspects 
of stellar wind acceleration in another paper in this symposium. 

The large scale structures 
of the solar corona consist essen­
tially of three kinds: streamers, 
active regions and coronal holes. 
Figure 1 is a familiar photo­
graph of the solar corona, ob­
tained in white light at the 
total eclipse of 30 June 1973 
by the High Altitude Observatory. 
The streamers are the petal-like 
structures extending out from 
the black lunar limb. They 
taper to narrow radial spikes 
that have been traced out as 
far as 10-12 solar radii (Keller, 
1979). Daily measurements of 
the white light corona at the 
Mauna Loa Observatory (Hundhausen 
et al., 1979) and the Pic-du-Midi 
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Fig. 1. The visible corona at the 
total eclipse of June 30, 1973. Re­
printed with permission from HAO. 

https://doi.org/10.1017/S1539299600004445 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600004445


550 J. B. ZIRKER 

Observatory (Dollfus et al., 1977) since 1965 show that the streamers 
are fan-shaped structures that may extend 120° in solar longitude. We 
see them in various perspectives at the solar limb. 

Streamers are of two types. A developing active region in the low 
solar corona will be enveloped in a streamer with approximately cylin­
drical or elliptical cross-section (Bohlin, 1970). In contrast, solar 
filaments (which are cool, ribbon-like structures in the low corona) 
are enveloped by a fan-shaped helmet streamer, such as the one in the 
northeast quadrant of Figure 1. Streamers are essentially related to 
active regions and their long-lived remnants (the prominences) and 
follow the same latitudinal distribution. Thus, at solar minimum the 
streamers are confined to the solar equatorial regions, while at solar 
maximum the helmet streamers fill in the high latitudes to give the 
solar corona at eclipse an approximately circularly-symmetrical appear­
ance. These variations with the sunspot cycle have been known for many 
decades. 

The white light of the streamer is photospheric light scattered 
from free coronal electrons. Photometry and polarimetry of eclipse 
photographs, such as Figure 1, yield electron density distributions in 
the streamers and their surroundings. The streamers turn out to have 
electron densities only two or three times larger than their surroundings 
(Newkirk, 1967). 

At the north pole of the sun (see Figure 1), the corona is essen­
tially missing. Such regions are called coronal holes and we will de­
scribe their physical properties in greater detail, further on in the 
article. 

Figure 2 is an X-ray photo­
graph of the corona obtained by 
the American Science and Engi­
neering Company. The wavelength 
region is approximately 40-60 A. 
Active regions appear as bright, 
intense knots in which tight 
loops can be resolved. The quiet 
corona consists mainly of coronal 
arches or in some places, unre­
solved fuzzy structures. The 
black polar cap and north-south 
lane is a huge coronal hole. 

The structures we see in 
the corona are thought to out­
line coronal magnetic fields. 
Direct measurements of coronal 
magnetic fields, by means of 
the Zeeman effect or gyrosyn-
chroton radiation, have given 

Fig. 2.Q Coronal structure in X-rays 
(40-60 A). Reprinted with permis­
sion from the American Science and 
Engineering Company. 
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so far only crude estimates of 
field strength and little infor­
mation on the field topology. 
Therefore, solar astronomers 
have developed a more indirect 
method for calculating coronal 
fields. Figure 3 compares 
white light structures at the 
total eclipse of 1966 with 
extrapolations of the photo-
spheric magnetic field computed 
by Altschuler (1974). To cal­
culate the coronal magnetic 
field Altschuler assumed that 
the coronal shell between the 
photosphere and some fictitious 
"source surface" (placed ar­
bitrarily at about 2 solar 
radii), contains no electrical currents. The magnetic field therefore 
is a potential field which can be calculated from global measurements 
of the line-of-sight component of the photospheric magnetic field. The 
comparison between field and structures in Figure 2 is fairly good al­
though there are clearly some discrepancies. This method of coronal 
field calculation has been extended by several investigators but with­
out significant improvement in the match between observations and calcu­
lations. 

As shown in Figures 1 and 2, coronal holes are essentially regions 
of low brightness in both white light and X-rays, a fact which imme­
diately implies that they are low density regions of the corona. This 
conclusion was first reached by the Harvard investigators (Munro and 
Withbroe, 1972) who analyzed EUV observations of the corona made on 
Orbiting Solar Observatory 4. Munro and Withbroe found that the elec­
tron pressure in a coronal hole was approximately three times smaller 
than in its surroundings. Moreover, the electron temperature was approx­
imately 1 million degrees instead of the "normal" 2 million degrees. 
The physical origin of holes began to emerge with the observation by 
Krieger et at. (1973) that the recurrence of a coronal hole coincided 
with the reappearance of a stable high-speed wind stream observed near 
earth. The existence of such streams in the wind, with speeds up to 
700 km/s, had been known since the flight of Mariner II in 1962 but the 
location on the solar surface where these streams originate, was un­
known until the work of Krieger et at. A succession of large, stable 
coronal holes was observed during the Skylab mission and it was possible 
to establish a strong correlation between the recurrence of these holes 
and associated high speed wind streams (Bohlin, 1977). The association 
is better than 80%, which means that nearly all the high-speed wind 
we observe near earth arises in the holes. Figure 4 displays this asso­
ciation (Sheeley et at., 1978). The left panel shows the recurrence of 
large coronal holes within 40° of the solar equator from 1973 through 
1977. The middle panel shows the associated variations of solar wind 

Fig. 3. Comparison of white light 
structures and calculated magnetic 
field. Reprinted with permission 
from Altschuler, 1974. 
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speed near the earth and the right MN21 

panel, the variation of the geo­
magnetic index, C9. Beginning Fig. 5. Open magnetic fields 
in late 1973 and extending through rooted in coronal holes. Reprinted 
1974 to mid-1975, two large coro- with permission from Levine et at., 
nal holes dominated the coronal 1977. 
structure and two associated high­
speed wind streams dominated the solar wind. These associations show 
that ooronal structure is the dominant factor in controlling the speed 
and distribution in space of the high speed wind. 

The low density of the holes is a consequence of the expansion of 
coronal material into space. Because of the high electrical conduc­
tivity of the coronal gas, such expansion can occur only along magnetic 
field lines that stretch far out into interplanetary space. Figure 5 
shows the coronal magnetic fields, as calculated with the potential 
field assumption, at the time that the X-ray photograph in Figure 2 
was taken (Levine et at., 1977). All magnetic field lines that loop 
back to the sun within a solar radius have been suppressed in this 
diagram, leaving only the "open" field lines. These originate pri­
marily in coronal holes. 

Notice that the field lines diverge rapidly with height at the 
north pole of the sun. The magnetic field forms a "nozzle" through 
which coronal gas expands. As shown by Kopp and Holzer (1976), this 
field line geometry is an essential aspect of the expansion of the 
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corona and the birth of the solar 
wind. The divergence of the field , , , , , — q ^ 
lines requires that more energy sxio5* 
be deposited in the corona to \ ^^/-«oo 
accelerate the wind to a given f . \N« ^^ 

° E 2XI05- \ s' - 3 0 0 -

speed. If this energy is avail- - \ ^ ^ 
able, however, the acceleration t IXIO5- ^\s^^ --^' * 
takes place and a remarkable | / \ . ^^^"' -2°° >-
reduction in height of the sonic 05x10"- / Ĵ sf 3 
point of the wind occurs. £ / ' ' ' \ ^ _l5° > 

" / X \ 
The High Altitude Observa- z*\&-l/ \. _l00 

tory operated a coronagraph on ' -BO 
Skylab that produce time-se- """"{Z ^ ^ ^ ^ ^ j[0 
quences of photographs much like R. 
Figure 1. From these white-
light photographs, Munro and Fig. 6. Velocity and density dis-
Jackson (1977) were able to tributions in a coronal hole. Re-
derive an empirical model for printed with permission from Munro 
the variation of cross-section and Jackson, 1977. 
and electron density as func­
tions of distance along the axis of the coronal hole at the north pole 
of the sun. Then, assuming a mass flux from the hole that was typical 
of other large holes nearer to the ecliptic, they were able to deter­
mine the profile of wind speed from the equation of continuity. Figure 
6 shows their results. The wind accelerates from 80 to 450 km/s within 
5 solar radii. Although the maximum temperature in this range is un­
known, "reasonable" values are less than 2.5 million degrees, so that 
the wind speed reaches the sound velocity between 2 and 3 solar radii. 
Thus, primary acceleration of the solar wind in coronal holes occurs 
very close to the sun and is strongly modified by the shape of the 
magnetic field in that region. 

Spectroscopic studies of the corona (Athay, 1966; Withbroe, 1970) 
show that most of the energy deposited in closed field regions returns 
to the chromosphere a" a flux of conducted heat and is radiated into 
space through out the temperature transition zone and upper chromosphere. 
In comparison, more than 80% of the energy deposited in a coronal hole 
is carried off as kinetic and gravitational energy in the solar wind 
(Mariska, 1976; Withbroe and Noyes, 1977). Table 1 compares the energy 
losses of a hole and a typical closed magnetic field region of the quiet 
corona. The downward flux of conducted heat is an order of magnitude 
less in the hole than in the quiet region, although the total amounts 
of energy are comparable. Thus, nonthermal energy transforms efficiently 
into the energy of the solar wind. Theorists are challenged to under­
stand how this occurs. 

We referred earlier to the changes in large-scale coronal struc­
ture throughout the sunspot cycle. Near solar minimum, the solar corona 
simplifies to a belt of streamers in the equatorial region. At the same 
time, the polar coronal holes expand to fill large areas with opposite 

https://doi.org/10.1017/S1539299600004445 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600004445


554 J.B. ZIRKER 

Table 1. Chromospheric and coronal energy losses 

Parameter Quiet Sun Coronal hole Active region 

Transition layer pres­
sure (dyn cm- ) 
Coronal temperature 
(K, at r RJ 1.1 RQ) 
Coronal energy losses 
(erg cm" sec- ) 
Conduction flux Fc 
Radiative flux Fr 
Solar wind flux F, 
Total corona loss 

w 

p + p + p rc r rw 
Chromospheric radiative 
losses (erg cm- sec- ) a 

Low chromosphere 
Middle chromosphere 
Upper chromosphere 
Total chromospheric 
loss 

Solar wind mass loss 
(g cm - 2 i 

2x10" 

1.1 to 1.6xl0b 

2x10 b 

10 5 

£5x10" 
3x10 5 

2xlOb 

2xl06 

3x10E 

4xl06 

-1) ^2x10" 

7xl0-" 

10fc 

6x104 

10 " 
7xl0E 

8x10E 

2x10' 
2x10£ 

3x10: 

4xlOe 

2x10" 

2.5xlOfc 

105 to 107 

5xl06 

(<105) 
10 7 

~ 7 

10 7 

2xl06 

2x10 7 

(<4xl0-11) 

Based on Athay's (1976) estimates for the quiet sun. 
with permission from Withbroe and Noyes, 1977. 

Table reprinted 

magnetic polarity in the northern and southern solar hemispheres. Thus, 
near solar minimum, the solar corona takes on the appearance of a magne­
tic dipole whose axis may be tipped with respect to the axis of rotation. 
A current sheet, extending outward from the belt of coronal streamers, 
separates opposite magnetic polarities in interplanetary space. Accor­
ding to this picture, due to Hundhausen (1977), the high speed wind we 
sample in the ecliptic arises as a polar flow at high heliographic lati­
tudes and bends down into the ecliptic plane. As the sun's tipped di­
pole rotates, the earth sees first the positive and then the negative 
polarities associated with the opposite magnetic hemispheres of the sun. 
This picture is intended to represent a state of affairs near solar 
minimum. Coronal holes begin to appear at mid-latitudes on the rise 
toward sunspot maximum, however, and as Broussard et at. (1978) found, 
recurrent wind streams correspond to such holes, at latitudes less than 
40°. Thus, the polar influences on the wind seems to maximize near 
solar minimum. The Skylab results show beyond any reasonable doubt that 
the large scale structure of the corona must control the structure of 
the solar wind at all phases of the sunspot cycle. 

Pneuman (1979) has carried Hundhausen's picture a step further 
toward a quantitative description. He constructed a coronal magnetic 
field, consistent with the photospheric field observed over a particular 

https://doi.org/10.1017/S1539299600004445 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600004445


THE LARGE-SCALE STRUCTURE OF THE CORONA 555 

360 
LONGITUDE 

Fig. 7. 
contours 

rotation during Skylab. Assuming 
reasonable values for the tempera­
ture and electron density at the 
base of the corona, he then cal­
culated the three-dimensional 
distribution of wind speed. Fig­
ure 7a shows the wind speed at 
1 AU in all directions. Near 
the ecliptic a belt of low wind 
speed coincides with the extra­
polation of the belt of coronal 
streamers. The belt is warped 
somewhat however, and as the sun 
rotates, the earth is exposed 
to the higher wind speeds, pole­
ward of the belt. The lower 
panel of the figure (7b) compares 
speed and magnetic polarity mea­
surements in the two predominant 
wind streams with Pneuman1s cal­
culations. The positions and 
widths of the streams agree 
moderately well with the measure­
ments. However, like all recent 
solar wind models, Pneuman's 
predicts velocities too small 
by at least a factor of two. 
Theorists are now exploring the reasons for this disparity, using the 
more recent information on physical conditions within coronal holes. 
However, Pneuman's basic result is that coronal structure controls the 
structure of the wind, at least near solar minimum. 

The Skylab results have emphasized the high speed wind that coin­
cides with a coronal hole. We are still not sure, however, where the 
slow wind originates in the corona. There are several possibilities 
that need to be explored. As is evident in Figure 7, the edges of 
coronal holes, where the magnetic field lines diverge more rapidly, pro­
duce slow wind. However, not all the open field lines in the corona 
originate in holes. Some originate within active regions and possibly 
also other locations within the quiet corona that have not developed 
into holes. These are possibly sites of slow wind generation. It does 
not appear likely that the coronal streamers are the sources of slow 
winds; however, Pneuman and Kopp (1970) calculated the velocity profile 
along the axis and outside of a model coronal streamer. The slow wind 
arises between streamers, not at their cores. Inter-streamer regions 
may or may not be associated with coronal holes. 

(a) Predicted wind speed 
at 1 AU. (b) Observed 

wind streams in ecliptic at 1 AU. 
Reprinted with permission from 
Pneuman, 1979. 

While we still have a great deal to learn about the physical basis 
of the origin of the wind, both slow and fast, we have made considerable 
progress in the last five years. The essential relationship, that 
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coronal structure controls wind structure, is now on a firm observational 
basis. 
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