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THE STRUCTURE AND EVOLUTION OF CORONAL HOLES
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Abstract. When observed at soft X-ray wavelengths coronal holes are seen as open features, devoid
of X-ray emission and bounded by apparently divergent coronal loop structures. Inspection of the
topology of the photospheric magnetic fields associated with these features suggests that holes are
formed when the remnants of active region fields, emerging in both hemispheres over a period of
several solar rotations, combine to form a large area of essentially unipolar field. Remnants of op-
posite polarity fields surround these features resulting in a divergent magnetic configuration at the
hole boundaries. Holes are seen to form and evolve while the large scale divergent field pattern is
reinforced and to close when large scale remnants occur which disrupt the general field pattern. Two
types of holes are observed in the early Skylab observations. The first are elongated features which are
aligned approximately north-south extending from one solar pole to a polar filament channel in the
opposite hemisphere. The polar holes and somewhat lower latitude holes appear to lie in unipolar
areas which are completely confined by opposite polarity fields.

Studies of the rotation properties of an elongated hole, which extended from the north pole to a
latitude of approximately 20°S, showed it to rotate with a synodic rate of (13.2540.03)—(0.4+0.1
sin2¢ deg day—!. Possible explanations for the almost rigid rotational characteristics of this feature
are discussed.

1. Introduction

Soft X-ray observations of the quiet corona reveal the presence of features which are
devoid of emission and are bounded by apparently diverging large scale loop struc-
tures giving them a characteristically open appearance (Vaiana et al., 1973a). These
open features, which are also seen as areas of reduced electron density in K-corona-
meter data (Altschuler ef al., 1972) and metric radio scans (Dulk and Sheridan, 1974)
and reduced emission in certain extreme ultraviolet (EUV) lines, (Munro and Withbroe,
1972; Neupert and Pizzo, 1974) and in the D;(5876 A) line and 10830 A line of He 1
(Harvey et al., 1974) have been given the name ‘coronal holes’.

High resolution observations of the coronal structures associated with these holes
were first obtained by the AS&E group in sounding rocket flights on March 7 and
November 24, 1970 (Krieger et al., 1973). In the former case a hole located near the
south west limb could be traced into the outer corona in comparisons made between
the soft X-ray images and white light eclipse observations (Van Speybroeck et dl.,
1970). Analysis of the physical characteristics of the hole seen on November 24 showed
it to have a reduced emission scale height which was about half that of other coronal
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Fig. 1. A synoptic presentation of data obtained by the AS&E X-ray spectrographic telescope

experiment during the first two Skylab missions. The chart is formed from segments taken from the

central portion of X-ray photographs obtained at approximately 24 h intervals. The width of the

segments is proportional to the time interval between selected frames and is typically 13.3° in longitude.
Wider swaths correspond to periods in which data gaps occur.
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structures. The interpretation of this scale height assumed that the hole plasma was in
hydrostatic equilibrium along open field lines perpendicular to the surface. Under
these conditions the barometric equation yielded a ‘temperature’ of 1.3 x 10°K for
the hole showing it to be cool compared with the large scale closed coronal structures
surrounding it. The hole was also identified as the possible source of a recurrent high
velocity stream in the solar wind.

Results obtained by the AS&E X-ray telescope experiment on the Apollo Teles-
cope Mount (Vaiana et al., 1973b) have enabled temporal variations in the structure
of the large scale corona to be studied for the first time. The form and long term
development of the quiet corona for a period from May 28 to September 21, 1973 are
displayed by means of a ‘synoptic chart’ which is shown in Figure 1. This chart is
formed from the central disk segments of daily images of the solar corona taken
through our broadest bandpass filter (3-32 A ; 44-54 A). The width of each segment is
approximately 13.3° and is proportional to the time interval between successive
‘synoptic’ exposures. The rows of the chart are spaced at 27 day intervals to enable the
changes in structure of selected solar features to be compared on successive rotations.

Two holes were present at the north and south solar poles during the five rotation
periods for which data have been analyzed to date. In addition, two holes are seen
to extend southward from the north polar hole to latitudes of approximately 20°S.
Of these, one is very similar in character to the hole observed on November 24, 1970.
The second is a narrow feature which was seen at central meridian passage (CMP)
on day 171. This feature is apparently the remnant of a large hole which was visible
for many previous rotations in the Fe xv (284 A) extreme ultraviolet spectroheliograms
which are obtained with the GSFC experiment on OSO-7 (Solar Geophysical Data,
1973). The EUV observations of this feature are shown, together with corresponding
X-ray images, in Figures 2a and 2b. An additional small hole is seen to form at near
equatorial latitudes by day 201 and to expand in size during the subsequent period
for which data are available.

In this preliminary discussion of the structure and evolution of coronal holes we
investigate typical coronal configurations which result in the formation of these
features. We also follow the evolution of one particular hole as a function of time
and investigate its rotational properties at latitudes ranging from 20°S to S50°N.
Finally, we explore possible mechanisms which may account for the almost rigid
rotational characteristics displayed by this feature.

2. Results
2.1. STRUCTURE

The first coronal hole observed during the Skylab mission is shown in Figure 3a. For
ease of reference it is given the title CH1. The absence of large scale emitting features
within the hole and its apparently ‘open’ nature are immediately apparent. The hole,
which is centered at Carrington longitude 15°, extends from the north pole to ap-
proximately 20°S and is of the order of 15° wide at the equator. It is bounded in the

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1975SoPh...42..135T

NASA GSFC Np fe X7
v

NASA 5SFL e
0S0- 2844 LSU-7

COUNT : 5535 . JoUNT 58327
T - ROLL <102 5° < &L - 069
[EINVAS Sp -~ P TH 676 cee T . e 7z
8, 2260 -
e
NOV. 16,1972 DEC.13.1972
NASA GSFC FE NASA GSFC Ne FE XY
0s0-7 e 23%% IsC-7 2844
E w E w
N COUNT = 59078 e COUNT = BO587
ROLL : 85 8° & N ROL. : 90 5°
0827 uT ) ) P-TH =610 1543 UT PTH : 360
Sp Sp
JAN.9,1973 FEB.5.1973
No
NASA GSFC Np FE XX NASA GSFC FE X
0S0-7 284A 0s0-7 2844
€ “',f w Ec w
3 p
-v"‘v
: : S COUNT- 60443 —~— COUNT : 28483
046 UT % ROLL =679 1749 UT ROLL :330°
P-TH =025 Se P-TH : 30!
MAR.4,1973 MAR. 30,1973
No N
. NASA GSFC FE XWX

NASA GSFC

0s0-7

COUNT = 137852 COUNT = 116263

0339 UT ) ROLL = 461° 134307 ROLL =34 2°
o U Sp P-TH = -55g Sp P-Tw :-707

APR.26,1973 O MAY 23,1973

Fig. 2. (a) The evolution of an elongated coronal hole, traced back through eight solar rotations
using Fe xv (284 A) extreme ultraviolet spectroheliograms obtained with the GSFC experiment on
OSO-7 and published in Solar Geophysical Data. Areas of the disk with intensities lying below the
two lowest contour levels (10 and 5 counts) are shaded black and grey respectively to indicate the
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position of the hole. (b) A comparison of Fe xv (284 A) extreme ultraviolet spectroheliograms and
near simultaneous soft X-ray observations of the solar coronal taken in the 3-32 A and 44-54 A
range. The data cover three successive solar rotations and illustrate the relationship between the low
intensity contours in the Fe xv images and coronal holes observed at soft X-ray wavelengths.
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a. b.

Fig. 3. (a) An image of the solar corona, covering the wavelength range 3-32 A and 44-54 A ob-

tained on 1 June 1973 at 1424 UT. (b) The Kitt Peak magnetogram for 1 June 1973, 1445 UT (courtesy

of Dr J. Harvey and Dr W. Livingston of Kitt Peak National Observatory). An outline of the X-ray
coronal hole is super-imposed on the magnetic field.

south, west and northeast by arcades of closed loop structures usually characteristic
of filament channels (Vaiana et al., 1973a). Active regions form its main eastern bound-
aries. The tendency for the coronal loop structures surrounding the hole to arch away
from it, both in the active regions and in the filament channels, again suggests an
associated divergent field configuration similar to that computed by Newkirk et al.
(1973) for the November 24, 1970 feature.

Inspection of the photospheric magnetic field configuration associated with the
hole (Figure 3b) shows it to have a dominant field of positive (white) polarity. This
is the ‘following’ polarity for northern hemisphere active regions in this solar cycle.
The polarity of the north polar hole is also assumed to be predominantly positive
since it merges with CH1 while the south polar hole polarity is assums=d to be negative
since this hole is separated from CHI1 by a filament channel. This latter fact may be
confirmed by inspection of the southern hemisphere magnetic fields observed during
the period June 9-11, 1973 (days 160-162) when the south polar hole extended north-
ward to near equatorial latitudes. The band of positive field in which CH1 is located
is surrounded by features with predominantly negative photospheric longitudinal
field polarity. In the corona, this leads to the divergent field configuration deduced
from the geometry of the boundary structures. It should be noted that the positions of
the coronal structures which demarcate the boundaries of the hole are by no means
evident in the magnetogram and that well defined network patterns, with field strengths
in excess of 50 gauss, are present in the hole region of the magnetogram.

Small, brightly emitting features, called X-ray bright points, can be seen distributed
over the entire disk and are particularly visible within the hole itself. It has been shown
(Golub et al., 1974) that bright points are distributed uniformly as a function of both
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THE STRUCTURE AND EVOLUTION OF CORONAL HOLES 141

latitude and longitude and are not formed preferentially in holes. Furthermore, these
features, which are associated with small areas of bipolar field, have a mean lifetime
of 8 hours compared with a lifetime of several solar rotations for large scale features.
This fact, and the obviously small scale of the magnetic fields involved imply that the
presence of bright points has little effect on the general large scale field patterns or on
the coronal structures associated with them.

2.2. FORMATION

Since both the elongated holes seen during the first two Skylab missions were present
on the solar disk at the commencement of the first manned mission there are no ATM
observations of the birth of these features. It is, however, possible to infer the history
of formation of CHI1 from data obtained from other sources. A comparison of the
AS&E X-ray observations with Fe xv (284 A) spectroheliograms obtained by the
NASA Goddard Space Flight Center experiment on OSO-7 (Solar Geophysical Data,
April-June, 1973) is shown in Figure 4. It may be seen that the position of the hole
can be inferred from the two lowest contour levels in the EUV maps. Using this fact
and tracing the feature back over several previous solar rotations, we conjecture that
the hole formed only one rotation prior to our first observations.

Mt. Wilson magnetograms taken on the two previous central meridian passages
of the longitude of the hole are shown in Figures 5b and 5c. The schematic diagram
in Figure 5a illustrates the active region geometry which might have produced and
reinforced the large scale magnetic field pattern with which CH1 is associated. Active
regions emerge on either side of the equator, the regions in the north slightly preceding
those in the south. Subsequent diffusion of the active region fields (Babcock, 1961;
Leighton, 1964) results in the formation of the unipolar swath. As predicted, the
‘following’ polarity in either hemisphere tends poleward while the ‘preceding’ polarity
tends more toward the equator. The result is a band of positive polarity from the
north pole to 20°S. A long lived filament channel, whose northern edge may clearly be
seen as a band of black (positive) field aligned approximately east-west in the southern
hemisphere in Figure 5c forms the southern boundary of the feature. Once the unipolar
swath has been established at photospheric levels, the resulting divergent coronal field
pattern presumably leads to the formation of the coronal hole.

It is apparent from the schematic diagram in Figure 5 that a displacement of the
northern and southern active regions such that the southern region precedes the north-
ern region should also result in a large scale pattern conducive to hole formation. In
this case however, the hole should be of opposite polarity and should extend to the
opposite pole (assuming the condition to occur during the same phase of the solar
cycle). The November 24, 1970 hole provides a test of this hypothesis. A schematic
diagram of the proposed active region geometry is shown in Figure 6 together with
Mt. Wilson magnetograms for four solar rotations from September 3 to November
23, 1970. The soft X-ray image obtained from a sounding rocket on November 24,
1970 is also shown. It may be seen that in this case a band of negative (dotted) field
remnants is formed stretching from north of the equator towards the south pole and
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Fig. 4. (a,b) Fexv (284 A) extreme ultraviolet spectroheliograms of approximately Carrington

longitude 15° showing the form of the hole, CH1, for two rotations prior to the commencement of

the first Skylab mission. (c, d, e, f) A comparison of extreme ultraviolet and soft X-ray (3-32 and

44-54 A) observations of the feature during the first two rotations observed from Skylab (the extreme

ultraviolet maps are obtained by the GSFC experiment on OSO-7 and are published in Solar
Geophysical Data, 1973).
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THE STRUCTURE AND EVOLUTION OF CORONAL HOLES 143

Fig. 5. (a) A schematic diagram of the active region field geometry resulting in the formation of

the large scale pattern associated with CHI. (b, ¢c) Mt. Wilson magnetograms for April 7, 1973 and

May 4, 1973, respectively. Magnetic field convention: solid=plus polarity; dotted=minus polarity
(Mt. Wilson magnetograms are taken from Solar Geophysical Data, 1973).

that the successive emergence of active regions generally reinforces the pattern. The
emergence of small active regions within the unipolar band, which is seen to occur on
October 28, 1970, appears to have had little effect on the large scale pattern although
some diffuse remnants of the regions appear visible within the soft X-ray hole. Dis-
crete bands of positive (black) field border the feature. The hole is terminated in the
north by a filament channel, which is only clearly visible in the X-ray image, and it
appears to extend southward implying that the dominant polarity of the south pole
was negative at that time.

Although the formation of an ‘elongated’ (north-south aligned) hole was not observ-
ed during the first and second Skylab missions, a smaller ‘confined’ hole was seen
to develop at near equatorial latitudes during this time. Figure 7 shows the central
meridian passage of this feature on five successive solar rotations from May 28, 1973
to September 13, 1973. The Mt. Wilson magnetograms corresponding to this hole
(termed CH2 in this paper) are shown in Figure 8. It may be seen that in this case the
area of unipolar (negative) magnetic field in which CH2 is formed lies within ap-
proximately 20° of the equator and is bounded on all sides by large scale positive
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Fig. 6. (a) A schematic diagram of the active region magnetic field geometry resulting in the for-
mation of the large scale patterns associated with the formation of the November 24, 1970 hole.
(b, c, d, &) Mt. Wilson magnetograms for September 3, October 1, October 28, and November 23,
1970, respectively, showing the evolution of the actual field pattern during four successive solar rota-
tions. (f) The soft X-ray observations of a coronal hole observed on November 24, 1970 from a solar
sounding rocket. The X-ray bandpass is 3—-35 and 44-51 A. Magnetic field convention is: solid =plus
polarity; dotted=minus polarity. (Mt. Wilson magnetograms are obtained from
Solar Geophysical Data, 1970).
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e.

Fig. 7. Soft X-ray observations of the X-ray corona in the wavelength band 3-32 and 44—54?.&

showing the formation and evolution of a completely enclosed coronal hole. The observations were

obtained on May 28, 1973 at 0344 UT (a), June 23, 1973 at 1959 UT (b), July 21, 1973 at 0052
UT (c), August 17, 1973 at 0147 UT (d), and September 13, 1973 at 0200 UT (e).
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12 SEPTEMBER 1973

Fig. 8. Mt. Wilson magnetograms of the Sun obtained on May 26, 1973, June 23, 1973, July 21,

1973, August 16, 1973 and September 12, 1973 showing the formation and development of the

large scale field pattern associated with the hole CH2 shown in Figure 7. Magnetic field convention

is: solid =plus polarity ; dotted =minus polarity. (Mt. Wilson magnetograms are obtained from Solar
Geophysical Data, 1973).
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THE STRUCTURE AND EVOLUTION OF CORONAL HOLES 147

fields which, in the south, form the northern boundary of the large polar filament
cavity. It is possibly the presence of these fields which inhibits the poleward migration
of the southern hemisphere negative field pattern of the hole and hence prevent the
formation of an elongated hole similar to that of November 24, 1970.

2.3. EvOLUTION

In order to determine the effect of the migration of active region remnant fields, of
differential rotation and of the emergence of new, perturbing field patterns on the
form and stability of a coronal hole, CH1 was observed throughout the first two
Skylab missions. Images showing the feature near central meridian passage of five
successive rotations are shown in Figure 9a. It is immediately apparent that the general
form of the structures forming the hole boundaries changes significantly during the
period shown. Active regions emerge in the southwest boundary during the second
rotation and in the center of the hole during the third rotation producing field rem-
nants which distort rather than reinforce the large scale field pattern. These obser-
vations suggest that CH1 finally narrows due to a reconnection of the magnetic struc-
tures comprising its western boundary with the active region remnants located within
it. The time taken for these active region fields to diffuse to the hole boundaries is
consistent with the 55 days predicted using a value of 10* km? s™! for the rate of
spread of the fields (Leighton, 1964).

On the eastern side of CH1 the emergence of active region flux also apparently
affects the hole geometry. Comparison of the position of the hole boundaries after
each 27 day rotation period shows that as the initial active regions decay on the
eastern edge of the hole, the boundary moves eastward. However, when the new
active regions emerge somewhat to the east of the boundary during the fourth and
fifth rotations they appear to inhibit further expansion of the hole in this direction.
At latitudes above the active region zone (latitudes ¢ greater than 30~35°N) some
evidence of differential rotation is seen.

The northwestern extremity of the hole boundary (¢~50-60°N) is seen to be
particularly variable in latitude from one rotation to the next. It is, however, difficult
to determine from Figure 9 whether the changes seen are a result of the restructuring
of magnetic fields or of an intensity variation in pre-existing loop structure. The
situation can, to some extent, be clarified by studying the boundary in question with
higher time resolution. Four views of the hole during its August disk passage are
shown in Figure 10. Definite evidence is seen of a loop structure becoming detached
from the northwestern boundary and apparently moving into the hole. Thus, at these
latitudes, magnetic restructuring can be seen to occur at the hole boundary.

2.4. ROTATION

It is apparent from Figure 9a that while the structures which delineate the hole
boundary change significantly with time, the position of the hole boundary itself
retains its identity and appears to rotate as a rigid body with only slight distortion
due to differential rotation. The difference between the actual rotation characteristics
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Fig. 9. Comparison of the position of CHI1 as seen (a) in soft: X-ray wavelengths 3-32 A and
44-54 A and (b) its extrapolated position calculated using the Newton and Nunn (1951) differential
sunspot rotation rates. Images are shown in five successive rotations for: (i) June 1, 1973; (ii) June 28,
1973; (iii) July 25, 1973; (iv) August 21, 1973; and (v) September 28, 1973. The solid line on each
schematic represents the outline of the hole as measured on that rotation, the dotted line shows the
extrapolated position of the hole measured on the first rotation and rotated through
the appropriate time interval.
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(3 d.

Fig. 10. Soft X-ray images (3-32 and 44-54 A) showing short term changes in structure in the
northwest boundary of CH1. Observations marked (a), (b), (¢c) and (d) correspond to August 19,
1973, 1309 UT; August 21, 1973, 0041 UT; August 23, 1973, 1328 UT;
and August 25, 1973, 1226 UT, respectively.

of the hole and the normal differential rotation can best be illustrated by computing
the form of CHI1 as it would appear on its four successive rotations, if it were rotating
with the sunspot differential rotation rate, and comparing this with our actual obser-
vations of the feature. The results of this comparison are shown in Figure 9b.

It is possible to determine the rotation rate of the coronal hole as a function of
latitude by noting the period between successive central meridian transits of the
boundaries of the hole at any latitude. In order to do this, we have generated a series
of plots, which show the longitude of the eastern and western boundary of the hole
as a function of time for each 5° interval of latitude from 60°N to 25°S. One such plot
(for the equator, on the fourth disk passage of the hole) is shown in Figure 11. The
time of central meridian passage (CMP) of the hole boundary is determined by the
best fit to these data. As will be discussed below, we also determine the X-ray emission
scale height (one-half the density scale height) of the closed coronal structures bound-
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ing the hole by this procedure. The scatter of the points shown in Figure 11 is
primarily due to the difficulty of judging the position of the edge of optically thin
structures. Temporal variations in boundary structures also contribute to this
scatter.

From the CMP timings, we then determine a best fit constant rotation rate for
each latitude, treating the eastern and western boundaries of the coronal hole sep-
arately. The resulting synodic rotation rates are shown in Figure 12. The large error

OBSERVED POSITION OF HOLE
AT 0° LATITUDE AUGUST 1973
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Fig. 11. Measured disk transit rates for the east and west equatorial boundaries of the coronal hole
during its August 1973 disk crossing.

bars for 55°N and 60° N are due to the temporal changes at these latitudes, mentioned
previously. For comparison, we have included the generally accepted sunspot rota-
tion rates of Newton and Nunn (1951). Even if we ignore the points at 55° and 60°,
it is apparent that the observed rotation rates for the coronal hole display substantially
less differential rotation than the Newton and Nunn rates. The best fit to the coronal
hole data over five rotations (from 20°S to 50°N) gives a synodic rotation rate of
13.2540.03—-(0.4+0.1) sin® ¢ deg day ', where ¢ is the latitude. This is to be com-
pared with the sunspot rate of 13.39-2.7 sin” ¢ deg day ~!. The coronal hole boundaries
rotate in an almost rigid manner compared to the sunspots.

The apparent rotation rates deduced from the plots of longitude as a function of
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ROTATION RATE OF CORONAL HOLE
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Fig. 12. True rotation rate of CH1 as a function of latitude determined from measurements of the
times of central meridian passage of the boundary structures for the period
May 28 to September 20, 1973.

time (such as Figure 11) are functions not only of the true rotation rate, but also of
the finite thickness of the boundary structures. An approximate geometry for the
simple case of a vertical structure at the equator is shown in Figure 13. Once the true
rotation rate (df/d¢) is known, the average emission scale height (x— R) at latitude
¢ can be determined from the apparent rotation rate (do/d¢), by means of the
relationship:

dp/de)? Y2 1((dp/dt
X L + (1 — cos® & cos® ¢) (dp/di) )2-—1 (dp/di)
R, (da/dr) (da/dt)
which can be derived from examination of Figure 13. We find that the emission scale
heights of the closed structures forming the coronal hole boundaries lie typically in
the range from 5 x 10* km to 8 x 10* km. This is in good agreement with the values

which we have reported previously (Krieger et al., 1973) for the X-ray emission scale
heights of closed coronal structures measured directly at the solar limb.
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ROTATION RATE MEASUREMENT GEOMETRY
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Fig. 13. Geometrical representation of the hole and boundary structures for the equatorial case
assuming a spherically symmetrical boundary of uniform thickness x—Ro.

3. Summary of Results

Analysis of our ATM soft X-ray observations shows that coronal holes are open
features with a divergent magnetic field configuration which results from a particular
large scale magnetic field topology. They seem to be formed when the successive
emergence and dispersion of active region fields produces a swath of unipolar field,
bounded by fields of opposite polarity, and die when large scale field patterns emerge
which significantly distort the original field configuration. The lifetime of the holes,
like that of the large scale magnetic features with which they are associated, is typically
of the order of many solar rotations.

Two configurations of holes are seen. The first type are compact features which
are almost completely enclosed by fields of opposite polarity and lie predominantly
in one hemisphere of the Sun. In addition, elongated holes occur which have a north-
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south orientation and extend approximately 110-120° in latitude from one pole to
mid latitudes in the opposite hemisphere where they are terminated by an east-west
oriented filament channel.

A five month study of one particular elongated hole (CH1) showed that the hole
as an entity exhibited only slight evidence of differential rotation. This is puzzling
because the character of the structures comprising its boundary changed significantly
with time, exhibiting emergence of new magnetic flux, local variations in rotation
rate, and magnetic field reconfigurations.

4. Coronal Rotation

Evidence for deviations in the corona from the photospheric pattern of differential
rotation with latitude has been obtained before. These results were obtained by
autocorrelation of limb intensities of the white light (Hansen et al., 1969) and green
line (Antonucci and Svalgaard, 1974) coronas. Such results are heavily dependent on
statistics in that changes in coronal structure, particularly those occurring in the longi-
tudinal direction, introduce uncertainties into the analysis of individual features.
To our knowledge, the result presented here is the first direct observation of deviation
from the differential rotation law for a specific coronal feature. There appear to be
several different possible mechanisms for this phenomenon which are consistent with
our data.

Evidence for the ‘rigid rotation’ of certain long lived solar features has also been
found by Wilcox and his co-workers in their studies of solar magnetic sector structures
(Wilcox and Tannenbaum, 1971; Svalgaard, 1972). In addition, Wilcox et al. (1970)
have interpreted an autocorrelation analysis of large scale photospheric magnetic
fields in terms of both a differentially rotating component and a rigidly rotating
component. In their study the former are associated with active region fields and their
remnants and correspond to the original Wilcox and Howard (1970) analysis. The
rigid rotation is associated with longer lived weak field features.

Bumba and Howard (1969) have postulated the existence of rigidly rotating ‘sub-
surface sources’ covering tens of degrees in latitude and longitude in order to account
for long lived features in the photospheric field pattern and as an explanation for
‘active longitudes’ (Dodson-Prince and Hedeman, 1968; Svestka, 1968). Such struc-
tures have been invoked to explain the rotation properties of the weak photospheric
fields and their existence may be consistent with some formulations of the solar
dynamo theory (Wilcox, private communication).

One can then ask whether our observations of the almost rigid rotation of a long-
lived coronal hole are consistent with the hypothesis of a rigidly rotating subsurface
feature. In our view the evidence is not conclusive. We note that although the photo-
spheric magnetic field in the coronal hole region itself is generally weak, the hole is
bounded in many areas by active regions and recent active region remnants. Because
these features have relatively strong fields, they should exhibit differential rotation,
based on the arguments of Wilcox ef al. (1970) and of Bumba and Howard (1969).
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However, our observations show that the location of the hole boundaries differ
significantly from the positions predicted by the normal differential rotation law
(Figure 9). There is some indication, however, from observations such as those of
Figure 10, that the coronal structures associated with closed magnetic field formations
which we use to observationally delimit the boundaries of the hole actually ‘move
through’ the hole (see Section 2.3). This implies that the hole (defined as the open field
region and not the boundary structures) might indeed be the manifestation of a more
deep seated structure rotating at a different rate from the surface. Furthermore, holes
are seen to be associated with large scale weak field patterns which are reinforced by
successive emergence and dispersal of active region fields. Thus, if the form and rota-
tional characteristics of such large scale weak field features can be attributed to a
deep seated structure (Bumba and Howard, 1969) then holes may also be a mani-
festation of this structure. A critical observation which may help this paradox will be
the identification of the supergranulation network elements comprising the footpoints
of the coronal boundary loop structures and an investigation of their evolution and
of their rotational characteristics.

Newkirk (1967) has suggested that closed coronal magnetic field lines which inter-
connect regions of different latitude will tend to bring these regions more nearly to the
same angular velocity than is the case for the underlying photosphere. Pneuman (1971)
has computed the angular velocity distribution along such a field line for some simple
geometries. His results imply that the rotation rate will increase monotonically along
a field line from its high latitude footpoint to its low latitude footpoint and that this
will tend to wash out the differential rotation of the solar atmosphere. This mecha-
nism might explain the deviation of the coronal hole rotation pattern from the photo-
spheric differential law. We regard this as unlikely, however, because there is evidence
that the field lines of the coronal hole are open to the interplanetary medium both
from examination of the magnetic field extrapolations of Newkirk ez al. (1973) and
the relationship between the coronal holes and high speed solar wind streams (Krieger
et al., 1973; Neupert and Pizzo, 1974; Krieger et al., 1974).

Weber and Davis (1967) and Weber (1969) have considered the relationship be-
tween the angular velocity of the plasma moving along a coronal magnetic field line
and its angular momentum and magnetic torques. In general, the angular velocity
of the corona is shown to decrease with height on an open field line. Weber (1969)
has calculated, however, that in the case of a strongly divergent field configuration,
the angular velocity may increase with height near the solar surface. We find the
presence of a strongly divergent field configuration to be a general property of coronal
holes. The white light and X-ray coronal photographs superimposed by Van Speybroeck
et al. (1970) show a graphic example of this phenomenon. Thus, one may speculate
that the deviation of the rotation properties of the coronal hole from the photospheric
differential pattern may be a manifestation of a mechanism similar to that suggested
by Weber (1969).

The almost complete absence of latitude dependence in the rotation rate of CHI
might therefore be a manifestation of any of three different classes of mechanisms:
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(1) a rigidly rotating subphotospheric phenomenon exemplified by the type suggested
by Bumba and Howard (1969); (2) a linking of high and low latitudes by closed field
lines as typified by the suggestion of Pneuman (1971): or (3) an interaction between
moving coronal material and open field lines such as the suggestion of Weber (1969).
While the present analysis cannot distinguish between these classes of mechanisms,
the high resolution X-ray images of ATM permit detailed numerical evaluation of
the consequences of such mechanisms in terms of actual coronal structures and their
measured rotation rates.
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