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The Magnetic Nature of Coronal Holes 
Yi-Ming Wang,* Scott H. Hawley, Neil R. Sheeley Jr. 

Solar wind streams originate from low-density, magnetically open regions of the sun's torts the polar hole boundaries and the 
corona, known as coronal holes. The locations, areal sizes, rotation, and solar-cycle shape of the heliospheric current sheet. 
evolution of these regions can be reproduced and understood by applying simple ex- The resulting equatorward extensions of 
trapolation models to measurements of the photospheric magnetic field. The surprisingly the polar holes, rotating with the solar 
rigid rotation displayed by many coronal holes suggests that field-line reconnection equatorial period of -27 days, produce the 
occurs continually in the corona, despite the high electrical conductivity of the coronal recurrent high-speed streams and geomag- 
plasma. The magnetic field strengths and field-line divergence rates in coronal holes can netic activity observed during the declin- 
be related empirically to the bulk speed and the mass and energy flux densities of the solar ing phase of the solar cycle. 
wind plasma. Such relations may help to illuminate the physical processes responsible At sunspot maximum, the polar holes 
for heating the corona and driving the solar wind. disappear and are replaced by many small ' 

open structures scattered over a wide 
range of latitudes. These holes, which gen- 
erally show pronounced differential rota- 

Coronal holes appear as dark areas in lar regions are dominated by large holes tion, are often located near active regions 
x-ray and extreme-ultraviolet images of that extend down to a latitude of 60" in and are characterized by strong magnetic 
the sun, and as light, blurry p2tches when each hemisphere. As the Ulysses space- fields and rapidly diverging flux tubes; 
observed in the He I 10830 A absorption craft showed when it flew over the solar they may be quite transient in nature. Low 
line. Their importance as sources of high- south pole in 1994, the polar holes are the wind speeds are prevalent at all latitudes 
speed solar wind streams, and of associated source of large, persistent wind streams at this time. However, it has been suggest- 
geomagnetic activity with a characteristic with an average bulk speed of 750 km s-' ed that immediately after sunspot maxi- 
27-day recurrence rate, was first recog- (7). Near the polar hole boundaries, where mum, as magnetic flux surges poleward 
nized in the early 1970s ( I  ). Coronal holes the oppositely directed magnetic field from the sunspot belts and the polar fields 
were found to lie within large-scale unipo- lines from the two hemispheres come to- undergo their polarity reversal, very fast 
lar areas of the sun, where a single mag- gether to form the heliospheric current wind streams may be generated episodical- 
netic polarity dominates. Moreover, on sheet, the wind speed drops precipitously ly in the direction of the polar axis (9). 
the basis of current-free models derived to only 300 to 400 km s-' (8). The erup- The nature of the high-latitude wind near 
from photospheric magnetograms ( 2 , 3 ) ,  it tion of active-region magnetic fields dis- sunspot maximum should become clear 
was inferred that the magnetic field lines 
in coronal holes are open, extending out- 
ward into the interplanetary medium rath- A -~ - - -- 

Fig. 1. Carrington-format maps 
er than returning immediately to the sun 1.0- - for November 1992. (A) Photo- 
in the form of closed loops. At the same spheric flux distribution mea- 
time, analyses of extreme-ultraviolet im- - sured by WSO (white, strong 
ages obtained from space showed that the positive B,; black, strong nega- 
gas densities and temperatures in coronal tive BJ. (B) Open and closed 

holes were roughly half the values of those magnetic regions derived from 

in the adjacent, magnetically closed re- 1( (A) with the current-free coronal 
model (white, positive-polarity 

gions of the corona (4). One of the most m open field; black, negative-polar- intriguing discoveries made during the -1 .o ity open field; light gray, positive- 
1973-1974 Skylab missions was that, in B 

1.0- ------ 
- - - A  

polarity closed field; dark gray, 
contrast to the underlying photospheric negative-polarity closed field). 
plasma, which rotates differentially, some (C) He 1 10830 A intensities re- 
coronal holes rotate almost rigidly (that is, corded at NSO/Kitt Peak (light- 
their rotation rates vary only weakly with 4 est areas, coronal holes; darkest 

latitude). The best known example of this .a areas, active regions). 

behavior was provided by Coronal Hole 1, 
a long, boot-shaped structure that was 
tracked for several months in 1973 (5). 

Soon after the Skylab period, it became 
apparent that coronal holes and their c -- - - 1 .o - 
wind streams undergo systematic changes - w. : -- , 7  

over the 11-year sunspot cycle (6). :. , ,  . ) - . . I  9.. -: .... . . . . .  
0.5- . . 

Through much of the cycle, and in partic- 4 , :. 3. - -  * t  

ular near sunspot minimum, the sun's po- o,o J ,. . ,, 
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when Ulysses makes its second pass over the 
poles during 2000-2001. 

In this article, we discuss the relation 
between coronal holes and the sun's large- 
scale magnetic field. We begin by compar- 
ing the magnetically open regions inferred 
from photospheric field data with the ob- 
served locations and evolutionary behavior 
of coronal holes during the last two sunspot 
cycles. Next, we show that the rotational 
~ ro~er t i es  of coronal holes are consistent 

corresponding three components of the 
magnetic field vector are B,, BL, and B . 
In the potential-field source-surface mo$- 
el, electrical currents are assumed to be 
negligible in the region between the solar 
surface (r = Ro) and a spherical source 
surface (r = R,, = 2.5Ro), where the 
magnetic field is constrained to be purely 
radial (therebv simulatine the effect of the 

sphere, both maps show a large structure 
that represents an equatorward extension 
of the south polar hole. This negative- 
polarity lobe was the source of a recurrent 
high-speed stream observed by Ulysses as 
it journeyed away from the ecliptic to a 
heliographic latitude of 35"s between July 
1992 and July 1993 (7, 12). The same 
long-lived stream, recorded in the ecliptic 
plane by the IMP-8 spacecraft, gave rise to 
geomagnetic activity with a 27-day period. 
The positive-polarity open structure or 
hole straddling the equator near Car- 
rington longitude 90' also produced recur- 

" 
outflowing solar wind plasma as it over- 
comes the restraining magnetic tension). 
The further requirement that B,(R,, L, +) 
match the observed photospheric flux dis- 
tribution allows the three components of 
the potential field to be determined 
uniquely. By definition, magnetic field 
lines that extend all the way from the 
photosphere to the source surface are 

. . 
with a nearly current-free coronal field that 
undergoes continual field-line reconnec- 
tion. We then describe a number of empir- 
ical relations between the magnetic fields in 
coronal holes and the plasma properties of 
the solar wind, and we consider the impli- 
cations of these correlations for the heating 

rent geomagnetic activity through the sec- 
ond half of 1992. 

We determined the long-term evolu- 
tion of open field regions at a series of 
latitudes by applying the coronal extrapo- 
lation model to a long sequence of WSO 
photospheric field maps recorded from 
August 1976 to April 1995 (Carrington 
rotations 1645 to 1894) (Fig. 2A). In con- 
structing these multilatitude stack ~ lo t s ,  a 
thin horizontal strip centered at the given 
latitude was cut out from each footpoint 
map (like that shown in Fig. lB), and the 
strips were stacked on top of each other to 
form a time-ordered vertical sequence. 
Correspopding stack plots of observed He 
I 10830 A holes are shown in Fig. 2B. The 
derived patterns of open field regions re- 
semble the observed holes throughout the 
1976-1995 interval. although some rela- 

- 
of the corona and the generation of the 
solar wind. 

open, and they continue outward into the 
heliosphere. 

This extrapolation procedure was ap- 
plied to monthly synoptic photospheric 
field maps recorded at the Wilcox Solar 
Observatory (WSO). As an illustrative ex- 
ample, the observed photospheric flux dis- 
tribution for Carrington rotation 1862 (31 
October to 27 November 1992) is shown 

Coronal Holes as Magnetically 
Open Regions 

Although the photospheric field is rou- 
tinely measured from the ground by means 
of Zeeman-splitting techniques, the mag- 
netic field in the tenuous solar corona is 
difficult to observe directly and is usually 
inferred by applying an extrapolation 
model to the photospheric data. Here, we 
use the potential-field source-surface 
method (1 0, 1 1 ). Let r denote radial dis- 
tance from the sun's center. L denote he- 

with a corresponding plot of open field 
regions derived from these data (Fig. 1, A 
and B). Com aring the latter plot with a 
He 1 10830 1 map recorded at the Na- 
tional Solar Observatory (NSO/Kitt Peak) 
during the same 27-day period (Fig. lC) ,  
we see a generally good correspondence 
between the calculated footpoint loca- 
tions of oDen field lines and the observed 

liographic latitude, and + denote Car- 
rington longitude (measured westward in 
the direction of the sun's rotation); the 

- 
tively subtle discrepancies may be seen. In 
particular, the helium coronal holes tend 
to be more fragmentary and smaller than coronal holes. In the southern hemi- 

I Positive polar~ty Closed field Negative polarity 

Fig. 2. Multilatitude stack plots. (A) Long-term evolution of the open field 
regions derived from the WSO magnetograph measurements; (B) long-term 
evolution of the NSO He 1 10830 A coronal holes. In each latitude panel, 
Carrington longitude runs from left to right; successive rows of pixels rep- 
resent successive 27.3-day Carrington rotations. The coronal hole areas in 
(B) were located by applying intensity threshold criteria and smoothing 
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Negative polarity j field Positive polarity Data gap 

techniques to the NSO helium synoptic maps, and their polarities were 
determined from the WSO photospheric field data (which contain less 
high-latitude noise than do the NSO magnetograph measurements). Stack 
plots for latitudes poleward of 70" are not shown because obsewations in 
those regions are strongly affected by annual variations caused by the sun's 
7' axial tilt. 
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the computed open field regions, presum- 
ably because the spatial resolution and 
instrumental noise of the NSO He I 10830 
A observations are much greater than 
those of the WSO magnetograph measure- 
ments. In contrast, a number of Skylab era 
studies found that the observed holes were 
consistentlv larger than the calculated , " 
open field regions, especially at high lati- 
tudes (3). This discrepancy can be attrib- 
uted to the use of noisy polar field mea- 
surements and the application of an inap- 
propriate photospheric boundary condi- 
tion in the earlier potential field ex- 
trapolations (1 1 ). Hereafter, we will as- 
sume that coronal holes are identical to 
open field regions and use the two terms 
interchangeably. 

The stack plots of Fig. 2 are dominated 
by large polar holes near sunspot minimum 
(1976, 1986), which recede and disappear 
at sunspot maximum (1979-1980, 1989- 
1990). A prominent gap appears between 
1986 and 1988 near the eauator. where no 
coronal holes are present because of the 
lack of low-latitude sunspot activity. Partic- 
ularly striking are the ubiquitous slanted 
patterns of coronal holes. These long-lived 

open structures, some of which persist for 
well over a year, are associated with the 
eruption and decay of active-region com- 
plexes. The magnetic flux of these com- 
plexes is gradually dispersed by supergranu- 
lar convective motions and meridional sur- 
face flow to form large-scale unipolar re- 
gions ( 13, 14). The associated coronal holes 
generate recurrent high-speed streams and 
are evidently the source of the long-term 
enhancements in average wind speed, with 
durations of a few months to more than a 
year, seen in spacecraft data (15). 

Because successive rows of pixels in 
each stack plot represent successive 27.3- 
day intervals, the slopes of the patterns are 
a measure of the rotation rates of the 
coronal holes in a 27.3-day frame. During 
the earlier phases of the sunspot cycle, the 
patterns (when tracked downward in the 
direction of increasing time) tend to slant 
strongly to the left, which indicates that 
the constituent holes are rotating with 
periods of 28 days or longer, as is charac- 
teristic of the high-latitude photosphere. 
As sunspot activity declines, however, the 
patterns become nearly vertical or slant to 
the right, indicating rotation at close to 

Rotation 5 

Active reglon (+) J Coronal hole (+) . Background (+) Open field lines (+) 

Active region (-) Coronal hole (-) . Background (-) .Open field lines (-1 

Fig. 3. Simulation of rotating polar hole extensions, where the initial photospheric field is the superposition 
of an axisymmetric dipole and an east-west4riented BMR confined to the latitude range 10°N to 40"s. 
The open field lines, their footpoint areas, and the differentially rotating BMR are shown at the initial instant 
and after one, three, and five 27.3-day rotations. 

the sun's 27-day equatorial rate at all lat- 
itudes. Thus, the rigid rotation displayed 
by Coronal Hole 1 during 1973 appears to 
be a general property of open field regions 
during the late phases of the sunspot cycle. 

Rotation of Coronal Holes 

The following idealized model illustrates 
the basic mechanism of coronal hole rota- 
tion. Assume the presence of a large-scale 
background photospheric field of the form 

Bdipdr(RO, L) = D sin L (1) 

with D = 1 G, which represents an axisym; 
metric dipole flux distribution with a peak 
field strength of 1 G at the solar poles. In 
addition, suppose that there is a bipolar 
magnetic region (BMR) that extends in 
latitude from 10°N to 40"s and has a lon- 
gitudinal width of 120": 

-5 G, -40" < L < lo0, 120" < 4 < 180" 
+5 G, -40" < L < lo0, 180" < 4 < 240" 

(2) 
This bipolar structure can be regarded as an 
idealization of a large, decaying active re- 
gion (or active-region complex) whose flux 
has been dispersed over a wide area by 
supergranular convective motions. The ini- 
tial photospheric field is then given by the 
superposition 

We now evolve the photospheric field in 
time, including only the effect of the surface 
differential rotation, as described by the 
classical Newton-Nunn formula 

w(L) = 13.39 - 2.77 sin2 L degrees day-' 

As above, we use the current-free approxi- 
mation to determine the coronal field cor- 
responding to the photospheric flux distri- 
bution at any given time. 

The simulated coronal holes and their 
field lines over five 27.3-day rotations are 
shown in Fig. 3. The BMR distorts the 
large axisymmetric polar holes associated 
with the background dipole field: an equa- 
torward extension connects each polar 
hole with the like-polarity sector of the 
BMR. The northern hemisphere extension 
maintains its basic shape throughout the 
simulation, even though the photospheric 
field itself rotates differentially at the rate 
given by Eq. 4. In contrast, the extension 
of the south polar hole becomes increas- 
ingly sheared with time, although even in 
this case the shearing rate is less than for 
the underlying photosphere. 

To  understand the behavior of the polar 
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hole extensions, it is instructive to consider 
separately the axisymmetric (4-indepen- 
dent) and nonaxisymmetric (+-dependent) 
components of the initial configuration. If 
onlv the backeround d i ~ o l e  field were - 
present, the open magnetic flux would be 
confined to axisymmetric polar holes ex- 
tending down to latitude 40" in each hemi- 
sphere (Fig. 4A). On the other hand, if only 
the BMR were present, the'open flux would 
be confined to the east and west ends of the 
BMR (Fig. 4B). However, when the back- 
ground and BMR fields are superposed (Fig. 
4C), the resultine hole areas are not the . . - 
same as those associated with the separate 
component fields; open field regions are not 
additive. A neck of open field lines now 
bridges the 30" wide gap between the north 
polar hole and the like-polarity sector of the 
BMR, whereas the polar hole boundary in 
each hemisphere recedes away from the op- 
posite-polarity sector of the BMR. It may 
seem paradoxical that these large nonaxi- 
symmetric distortions of the polar hole 
boundaries occur at latitudes where the 
photospheric field has a purely axisymmet- 
ric (sin L) distribution. However, the loca- 
tions of the open field regions depend not 
only on the local photospheric field, but 
also on the overlvine coronal field. The , " 
latter in turn depends on the global photo- 
spheric flux distribution and is thus gener- 
ally nonaxisymmetric. 

It is now evident why the polar hole 
extensions do not rotate at the local pho- 
tospheric rate. Because the background di- 
pole field is purely axisymmetric, the rota- 
tion of the coronal field is entirely con- 
trolled by the BMR. In particular, any non- 
axisymmetric distortion in the current-free 
coronal field must approximately corotate 
with the BMR flux that gives rise to the 
distortion; the same holds for the accompa- 
nying distortion in the footpoint (coronal 
hole) areas. In the idealized limit where all 
of the BMR flux is concentrated at a single 
latitude Lo, the coronal field and the per- 
turbed polar hole boundaries would simply 
rotate at the rigid rate corresponding to the 
latitude Lo. In that case, both the photo- 
spheric flux distribution and its current-free 

coronal extension would remain exactly 
stationary in a frame that corotates with the 
BMR. 

The differing evolution of the north and 
south polar hole extensions in Fig. 3 is a 
consequence of the latitudinal asymmetry in 
the BMR. The photospheric flux that produc- 
es the distortion in the north polar hole 
boundary originates mainly from a narrow 
latitudinal band around the equator (the con- 
tribution from the BMR flux located deep in 
the southern hemisphere is negligible by com- 
parison). Consequently, the northern hemi- 
sphere extension rotates quasi-rigidly at ap- 
proximately the 27-day rate of its low-latitude 
source region. By contrast, the source of the 
nonaxisymmetric coronal field in the south- 
em hemisphere is spread between the equator 
and 40"s. Because the corresponding photo- 
spheric rotation periods range from 26.9 days 
to as long as 29.4 days, the south polar hole 
extension shears far more rapidly than does its 
northern hemisphere counterpart. Neverthe- 
less, the high-latitude boundaries of the south 
polar hole still rotate faster and more rigidly 
than does the underlying photosphere, be- 
cause all of the BMR flux lies equatorward of 
40"s. 

The behavior of the north polar hole 
extension in Fig. 3 is similar to that observed 
in Coronal Hole 1, which formed after the 
eruption of an active-region complex cen- 
tered at -15"s (5, 16). The photospheric 
flux located at the western edge of this com- 
plex had positive polarity, as did the north 
polar field during 1973. The south polar hole 
extension in Fig. 3 likewise had its observed 
Skylab era counterpart in Coronal Hole 5, 
which became increasingly sheared as posi- 
tive-polarity flux spread southeastward from 
the same active-region complex, cutting 
steadily into the large spur of the negative- 
~olaritv south ~ o l a r  hole. 

Returning to the slanted coronal hole 
vatterns of Fie. 2. we can now understand - .  
why their slopes show systematic changes 
over the sunspot cycle. As described by 
the butterfly diagram of sunspot latitudes 
versus time, activity tends to migrate 
equatorward as the cycle progresses. Dur- 
ing the rising phase of the cycle, active 

regions erupt at middle latitudes, where 
they inject nonaxisymmetric magnetic 
flux characterized by long rotation periods 
and thus give rise to sheared polar hole 
extensions. Slowly rotating coronal holes 
are also seen just after sunspot maximum, 
when meridional surface flows carry mag- 
netic flux poleward from the sunspot belts 
in great surges (1  7). As activity declines, 
most of the nonaxisymmetric photo- 
spheric flux is confined to low latitudes, 
where it produces rigidly rotating polar 
hole extensions and the quasi-vertical pat- 
terns seen in the stack plots. 

In summary, coronal holes are patterns of. 
open magnetic fields that drift relative to 
the photospheric plasma. The individual el- 
ements of photospheric flux that happen to 
lie within a hole continue to rotate at the 
local plasma rate, not at the rate of the 
pattern. As these magnetic elements are 
convected across the boundaries of the hole, 
their flux must be converted from closed to 
open (when entering the hole) or open to 
closed (when leaving the hole). In the cur- 
rent-free coronal model, this conversion 
takes place automatically; indeed, the entire 
coronal field configuration rearranges itself 
instantaneously in response to the differen- 
tial motion of the photosphere, so as to 
maintain the curl-free condition V x B = 0. 
The rearrangements involve field-line re- 
connections in the sense that, if a given pair 
of photospheric flux elements are connected 
at time t by a coronal field line, they will 
generally not be so connected at a later time 
t'; similarly, opposite-polarity flux elements 
that are initially unconnected (or open) may 
become connected to each other as shearing 
proceeds in accordance with Eq. 4. Such 
reconnections must take place continually 
in the actual solar corona, despite the high 
electrical conductivity that characterizes the 
coronal plasma. Evidently, the usual as- 
sumption that the magnetic flux remains 
everywhere frozen into the plasma must 
break down at some locations and on some 
spatial scale. Although the precise manner 
in which this breakdown occurs is not well 
understood, the time scale for reconnection 
is probably determined by the local Alfven 

Fig. 4. Open field regions 
associated with (A) an axi- 
symmetric dipole flux dis- 
tribution, (B) a BMR of the 
form given by Eq. 2, and 
(C) the superposition of 
the dipole and the BMR 
(the initial configuration of 
Fig. 3). Gray represents 
zero field; other colors are 
as in Fig. 3. 

Dipole BMR 
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soeed ( the  soeed at \vhich dis t~~rbances  
propagate along field lines in the presence of 
a plasma), which is o n  the order of 1000 km 
sp' in the tenuous solar corona. 

Coronal Magnetic Fields 
and the Solar Wind 

hlagnrtic fields are generally assulned to 
play a n  essential role in heating the corona 
and accelerating the  solar wind, although 
the  physical mechanisms remain unclear 
(18-2G). It is therefore of interest to look 
for empirjcal relations betwee11 the magnet- 
ic fieliis in coronal holes and obser\,ed prop- 
erties of the solar wind plasma. Consider 
the flo\v along a ~nagnet ic  flux tube that 
extends froln the SLIII to Earth. Because Inass 
and magnetic flux are conserved along such 
a tube, the proton flux density at the  sun is 
related to that a t  Earth by 

where n is the  number density of protons 
(wi th  Inass m, and mass density p = nrn,), 
v is the  bulk ~\:ind \,elocity, B is the  corn- 
ponent of the  ~nagne t i c  field in the  direc- 
t ion of the  flow, and the  subscripts 0 and 
E denote quantities evaluated a t  the  coro- 
nal base and at Earth,  respectively. T h e  
co ro~ la l  base is defined as the  height a t  
\vhich the  electron temperature equals 5 
X 10' K,  \vhich corresponds roughly to  the  
top of the  chromospheric-coronal transi- 
t ion region. Because radiative energy loss- 
es are negligible above the  coronal base, 
the  co~lservation of energy along the  SLIII- 

Earth flux tube may be lvritten as 

where F;+ denotes the total energy flux den- 
sitv of the solar wi~ld,  which a t  Earth is 
miinly in the for111 of ;he bulk kinetic en- 
ergy PE~1:/2 (2Q). 

If B?, BE, nE, and vE are known, we can 
use these ecluations to derive the  Inass and 
energy flux densities at the  su11. LVe ob- 
tained spacecraft measurements of nE and vE 
from the National Space Science Data 
Center  (NSSDC) and converted the  hourly 
data to daily averages spanning the interval 
hlay 1976 to January 1994. T o  obtain B, 
and BE, we again used the  current-free mod- 
el to extrapolate the %/SO photospheric 
field to r = R,, = 2.5Rz,; beyond this radius, 
ho\ve\,er, we introduced sheet currents 
along the surfaces where B, = 0 (21).  T h e  
effect of these currents is to make B, inde- 
pendent of latitude and longitude for large i. 
(except for the sudden reversal of its sign at 
the  current sheet itself), in aereelnent with 
recent Ulysses observations (212). By tracing 
from Earth back to the  sun a lo re  the  mae- - 
netic field and correcting for the ~~111's ro- 

tation during the propagation time I t  = 
(215R,)/vE, we determined a net areal ex- 
pansion factor Bo/BE correspollding to each 
daily value of nE and vE, and \x7e thus ob- 
tained nov, and Fn, at the sun from Eqs. 5 . - 
and 6. 

Both the  Inass and enerov flux densltles ", 
at the s ~ m  tend to increase approximately 
linearly with increasing magnetic field 
strength (Fig, 5 ) .  In contrast, there appears 
to be almost n o  systematic relation between 
B? and the solar \\rind speed at Earth, 

In  addition to B,. another u s e f ~ ~ l  oaram- 
i' 

eter for characterizing the  magnetic field 
near the sun is the flux tube expansion 
factor (23,  24),  which we define as 

n-here B,, is the field strength at the point 
where the sun-Earth flux tube intersects the 
source surface r = R,, = 2.5R,3; fsE thus 
represents the factor by n.11ich the flux tube 
exuands betlveen the coronal base and the 
source surface. Both the mass and energy flux 
densities at the coronal base tend to increase 
with increasing expansion factor near the 

Fig. 5. Scatterpots of magnetic field strength B, 
at the sun versus (A) ion flux density n,v, at the 
sun, (B) total solar wind energy flux density F,&,, at 
the sun. and (C) solar wind speed v, at Earth. 
Each cross represents a daily average during 
1976-1 994. Sol~d lines indicate the median 
trends calculated over 5-G-w~de intervals of B,. 

sun (Fig. 6 ) .  Ha$-ever, because p,% rises 
more steeply with fq, than does Fw?, the 
energy per proton-and thus the wind speed 
at Earth, vE = (2F,,,,/p?v,)1iz-te~~ds to de- 
cline as the expansion factor increases (24). 

W h a t  is the physical significance of 
these e~nuirical relations betxeen the  coro- 
nal magnetic field and the  plaslna proper- 
ties of the solar wind? Energy balance con- 
siderations ilnply that the energy flux d e w  
sit\. Fm? required to heat the coronal hole 
plasma must approxi~nately offset the  grav- 
itational energy flux near the coronal base, 
give11 by -p,uoGM,,/R,(25). Because po% 
increases roughly linearly with B, (Fig. 5 A ) ,  
the coronal heating rate Fn,o must in 
proportion to the field strength a t  the  coro- 
nal base. Moreover. Fio. 5B sho~vs that the . - 
total energy flux density F,,,-which may 
include, for example, a n  AlfvC11 wave con- 
tribution that accelerates the \\rind to high 
speeds (18-20. 26)-is likewise roughly 
proportional to B,. These empirical results 
are thus consistent wit11 the widely held 
theoretical suppositioll that the  heating of 
the corona and the acceleration of the solar 
\vi~ld are in some wav related to the s ~ m ' s  
magnetic field. 

T h e  tendency for the Inass flux densitv at 
the sun to increase monotonically wit11 ;he 

Fig. 6. Scatterplots of the logarithmic expansion 
factor log (fss) at the sun versus (A) ion flux density 
n,v, at the sun, (B) total solar wind energy flux 
density F,&,, at the sun, and (C) solar wind speed v, 
at Earth. Each cross represents a dally average 
during 1976-1 994. Solid lines Indicate the medi- 
an trends calculated over intervals of 0.2 log units. 
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expansion factor (Fig. 6A) is predicted by 
solar wind ~nodels in which the coronal tem- 
perature is assumed to be fixed (27). If the 
energy flux density at the sun were also 
assumed to be invariant, the energy per pro- 
ton, and thus the wind speed at Earth zlE .= 

(2F,.,/p,e,)'!2, would tend to decrease with 
increasing f,,, as observed (Fig. 6C).  Howev- 
er, F ,\,, in fact increases with fa, (Fig. 6B), but 
not as steeply as does p,v, (Fig. 6A). This 
difference in the average slopes gives rise to 
the inverse relation b e t ~ e e n  vE and fs,. 

A nu~nber of effects may contribute to 
the large scatter about the median trends in 
Figs. 5 and 6. Smnall-scale ~nagnetic structure, 
either spatially unresolved by the WSO mag- 
~letograph or not described by the current- 
free coronal model, may be present near the 
coronal base. Also, changes in the photo- 
spheric field on time scales less than the 
solar rotation period are not recorded by the 
monthly synoptic maps. Interactions be- 
tween wind strealns propagating at different 
speeds have not been taken into account. 
110s have coronal Inass ejections (which oc- 
cur frequently near sunspot maximum) been 
removed from the plaslna data. Perhaps most 
important, the wide scatter of the points in 
Figs. 5 and 6 may indicate that the heating 
and acceleration of the solar wind are depen- 
dent on other, as yet unknown, physical 
parameters in addition to Be and fss (28). 

Concluding Remarks 

Corolla1 holes are conti~lually evolving 
structures that directly connect the sun to 
the heliosphere, and as such they are the 
main source of the interplanetary plasma 
and magnetic field and of their long-term 
variation. By combining solar magneto- 
graph lneasurements with simple corolla1 
extrapolation models, it is possible to de- 
duce when and where these magnetically 
open regions form, how they rotate and 
evolve, and what relations exist between 
the111 and the properties of the solar wind. 

Althoueh this article has been con- - 
cerned mainly with the large-scale magnet- 
ic properties of coronal holes, finer-scale 
structures that are also present in holes may 
provide f~lrther clues about the heating pro- 
cesses that take place within them (18, 29). 
The best known of these features are the 
polar pl~lmes, which appear as long, faint 
rays in eclipse and coronagraph images (30) 
and as shorter spikes or curtains in the 
extreme ultraviolet 131). Enerev balance , , -, 

models indicate that an extra source of 
heat in^ lnust be usesent at the base of a " 

plume to account for its high gas density 
relative to the backeround hole 126). A - 
possible heating ~nechanis~n ma\- be field- 
line reconnection between s~nall ~nagnetic 
bipoles and nearby unipolar flux concentra- 
tions located at the supergran~llar network 

j~~nct ions.  Continual small-scale network 
activity has also been suggested as the gen- 
eral heating source of coronal holes (18). 

Another interesting questioll concerns 
the origin of elemental abundance variations 
in the solar wind. High-speed streams have a 
colnpositio~~ more like that of the photo- 
sphere than does slow wind, which is rela- 
tively enriched in easilv ionized elelnents 
like lllagnesium (32). ~ l o k  wind is associated 
~v i th  the boundary regions of large coronal 
holes and with the small open field regions 
that are prevalent around sunspot ~naxilnum 
( 13), whereas magnesium-rich plasma is 
found primarily in magnetically closed re- 
gions of the corona (33). Presumably, this 
plasma is released into the heliosphere by 
reconnection between the closed m a g netic 
loops and the adjacent regions of rapidly 
diverging open field lines, which are the 
sources of the slow wind. Such exchanges 
must continually take nlace at the bound- 
aries of coronal' holes hs the pl~otospheric 
footuoint areas are subiected to rotational 
shearing and random convective motions. 

A principal objective in the study of 
coronal holes is the development of im- 
proved techniques for forecasting high-speed 
solar wind streams and associated geomag- 
netic activity. Especially promising in this 
regard is the inverse correlatio~~ found be- 
tween the solar wind speed at Earth and the 
flux tube exuansion factor at the sun. In 
principle, routine ground-based observations 
of the photospheric ~nagnetic field can en- 
able predictions of whether the wi11d speed 
at Earth is likely to be high or low on a given 
day. The reliability of the predictions will 
depend on an understanding of the origin of 
the scatter present in Fig. 6C; such an un- 
derstanding should emerge when the physi- 
cal processes responsible for accelerating the 
solar wind are Inore fully clarified. 
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