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FOREWORD

This document is the final report for AFGL Contract Number F19628-84-C-0037.

The period of performance on the contract was from 8 November 1983 to 30 Sep-

tember 1984, as extended by Modification No. P00001 dated 5 October 1984. The

scientific objectives and statement of work for the contract were described in

AS&E's unsolicited proposal ASE-4777, dated 24 January 1983.

The contract was for the study of possible variations in the observed flux from

coronal holes over a solar cycle and their relationship to solar magnetic

fields. Included in the study was the investigation of the variation of X-ray

emission from coronal holes over a solar cycle and the comparison of these data

with the photospheric magnetic field flux and models of open field structures

from holes. The data set consisted of reduced X-ray images from AS&E rocket

flights and digitized, ground-based photospheric magnetic field data. The

Principal Investigator on the contract was Dr. John M. Davis. The data reduc-

tion, calibration and subsequent analyses were performed primarily by David F.

Webb.

iv



1.0 INTRODUCTION

Studies during the last decade and a half and including the Skylab era have

shown the importance of low-latitude coronal holes as sources of high speed

solar wind streams (Krieger etal., 1973; Nolte et al., 1976; Zirker, 1977;

Sheeley and Harvey, 1978; 1981). Potential magnetic field calculations have

been used to identify regions of open field lines from observed photospheric

line-of-sight fields (Altschuler and Newkirk, 1969; Levine, 1977, 1982).

During the declining phase of the last solar cycle (the Skylab period), a

nearly one-to-one association between coronal holes and open fields was

established (Zirker, 1977). However, it has been suggested that this relation

is less clear during other parts of the cycle. For instance, Levine (1977;

1982) showed that during Skylab and around solar maximum open fields also

emanate from active regions, and Nolte et al. (1977) and Sheeley and Harvey

(1978; 1981) showed that during solar minimum and the rise to maximum there

were solar wind sources (presumably connected with the corona by open field

lines) that could not be identified with low-latitude coronal holes.

Coronal holes were first and most easily identified in soft X-ray and XUV

images as regions of very low brightness in comparison to surrounding active

regions or other large-scale, closed structures. However, since such observa-

tions have not been available routinely since the end of the Skylab mission, an

alternative method for determining positions and sizes of coronal holes has

been employed using ground-based Bel 10830 A data. The 10830 A images have

been used extensively (e.g., Sheeley and Harvey, 1978; 1981) for determining

coronal hole positions and areas and their relationships to solar wind speeds

and geomagnetic activity indices.

Rocket flights subsequent to the Skylab mission have provided us with high

resolution, full-disk solar X-ray images at approximately 18-month intervals

over the present solar cycle. Recently at AS&E we began a study using these

images to advance our understanding of coronal holes in three ways:

1. To test the agreement between X-ray and 10830 A images for detervining

9 coronal hole boundaries, [
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2. To examine possible variations in the characteristics of coronal holes

occurring over the solar cycle,

3, By comparison with potential field models to evaluate the correspon-

dence between coronal holes and open field configurations.

The first phase of this program was performed in collaboration with J.W. Harvey

of the National Solar Observatory (NSO) (Kahler et al., 1983). Significant

differences were found to exist between coronal hole boundaries determined in

the 10830 A and X-ray images. This in turn implies that the use of the 10830 A

data for detailed inferences of coronal hole parameters such as area must be

viewed with caution.

In examining coronal holes in the AS&E X-ray and Kitt Peak 10830 A images,

Kahler et al. (1983) found what appeared to be a decrease in the brightness

contrast between the coronal holes and large-scale coronal structure after the

1973-1974 period. Such a "weakening" of holes was also observed in the 10830 A

data alone during 1976-1977 by Sheeley and Harvey (1978). Also, Levine (1982)

determined that the association between predicted open magnetic structures and

10830 A coronal holes was less clear after the Skylab period. Specifically, he

found frequent examples of open magnetic structures which were associated with

small holes that were 'faint' or 'weak' in Hel 10830 A, i.e., having less con-

trast to their surroundings than the larger holes of the declining phase of the

cycle. Finally, Harvey et al. (1982) found that low latitude coronal holes

contained three times more flux near sunspot maximum than near minimum even

though their areas were comparable. Taken together, these results suggest that

over the solar cycle the distinction in terms of open and closed fields between

the coronal holes and large-scale structure is not as clear as during the de-

clining phase of the last solar cycle.

The purpose of the present study was to pursue the second and third phases of

our overall program discussed above to use the solar X-ray images to study

coronal holes and open fields over the solar cycle. Our specific approach was

to try and answer three questions relating to cyclical variations in coronal

holes and open fields:

1-2
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1. In the light of ambiguous quantitative results using Skylab X-ray

data, is X-ray emission from coronal holes detectable above back-

ground, and, if so, does it vary over the cycle?

2. Can a change in the plasma conditions within low contrast holes ex-

plain the difference in visibility, and can they in turn be related to

the increased photospheric field strength found in the holes of the

new cycle?

3. Do X-ray coronal holes correspond to open field regions at all stages

of the cycle?

The ultimate goal of this program is to develop a model for the variation of

conditions within coronal holes over a solar cycle and to relate this model to

the propagation of the solar wind.

We were unable to address all three of these questions in this study because of

difficulties in cross-calibrating the X-ray data, which consumed much of the

project time. However, we were able to answer the first question in the af-

firmative and to make considerable progress toward our understanding of the

second.

In the next section we describe the observational analysis in terms of our ap-

proach, data selection, the analysis of the X-ray images, the analysis of the

magnetic flux, and comparison of the two data sets over the cycle. A summary N

of the results and conclusions in the light of present coronal hole models are

discussed in Section 3. Tables and figures highlight the salient results.
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2.0 OBSERVATIONAL ANALYSIS

2.1 Approach

The overall scientific objective of this study was to use coronal hole measure-

ments of soft X-ray coronal flux and photospheric magnetic field strength to

examine possible variations in these parameters over a solar cycle with the

goal of improving our understanding of the physics of coroi-al holes. Our ap-

proach involved three phases. First, we wanted to select the best images from

among seven AS&E rocket flights from 1974 through 1981 to be calibrated and

reduced to arrays of energy flux at the focal plane. Specifically, the average

energy flux within the coronal hole boundaries determined by Kahler et al.

(1983) would be measured to enable possible variations in the emission from

holes over the cycle to be examined. Second, using the technique of Harvey et

al. (1982), we would use Kitt Peak synoptic maps of average magnetic field

strength within the X-ray coronal hole boundaries to compare with the X-ray

flux measurements. Where necessary, the synoptic maps would be complemented by

daily Kitt Peak maps or daily and synoptic maps fro-, Mt. Wilson Observatory.

Finally, the results of the analyses and comparison would be interpreted in

terms of models of coronal hole formation and structure and of cyclical varia-

tions of open field structures as predicted by potential field models.

During the study this approach had to be modified in the following ways. Only

X-ray images obtained with polypropylene (PP) and beryllium (BE) filters and

with the fused silica (glass) mirror payload were analyzed. This simplified

the data reduction, minimized interflight calibration problems, and permitted

us to ignore the effects of scattering in the coronal hole flux measurements.

In addition, we decided not to analyze the November 1979 data for various rea-

sons (discussed later). Kitt Peak synoptic magnetic maps were unavailable for

all of the rocket periods. These data were supplemented by printouts of Mt.

Wilson daily maps. Mt. Wilson synoptic maps and Kitt Peak daily maps were not

used. Although the two formats differed in sensitivity and spatial and tem-

poral averaging, large-scale averaging and intercomparisons of the two sets for

two dates gave us confidence that the differences were not important. Finally,

rectangular dark subareas within each coronal hole rather than the entire

2-1
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coronal hole area were used to determine the net average X-ray flux and field

strength for each hole.

2.2 Data Selection

Since the Skylab period full-disk soft X-ray images of the solar corona have

been obtained on seven AS&E rocket flights. Table I lists the dates, times and

pertinent instrumental data for each of these flights. Kahler et al. (1983)

provides more details on the X-ray instrumentation of the flights, except for

the 17 November 1976 flight. They did not analyze the data from that flight

because of the lack of Hel data, whereas we included it in our analysis. We

excluded the 16 September 1976 and 16 November 1979 data because they were

obtained with the Kanigen (metal) mirror. That mirror is less efficient and

has substantially greater scattering than the glass mirror (see Davis et al.,

1977 for a comparison). No measurable coronal holes were visible on the 16

November 1979 images, but small low to mid-latitude holes were visible on 7

November 1979 (see Figure 4 in Webb et al., 1984) However, we could not use

the data from that flight because scattered radiation from a flare in the

southeast precluded photometric measurements in faint areas.

Therefore, images from four rocket flights remained to be reduced for our

study. The PP filters chosen for these flights were similar to Filter 3 used

with the Skylab S-054 instrument (Vaiana et al., 1977) to study coronal holes.

The PP image exposure times, exposure ratios and filter thicknesses used in our

calibrations are given in the last three columns of Table I.

PP images from the four flights are shown in Figure 1 and the X-ray coronal

hole boundaries from Kahler et al. (1983) are reproduced in Figure 2 to the

same scale as Figure 1. The 17 November 1976 boundaries, though not included

in their paper, were drawn by Kahler et al. during their analysis. Their 1976

and 1981 boundaries compare favorably with those determined independently by

Nolte et al. (1977) and Webb et al. (1984), respectively. Solar north is up

and east to the left in all of the figures in this report.

We wanted to compare as a function of time the X-ray emission with the magnetic

flux density from the coronal holes, using the boundaries determined by Kahler

2-2
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et- al . We used a variation of the technique of Harvey tl.(19F2) to conMpavl

the X-ray and photospheric magnetic data. Their te-chn ique was to transfer Hel

10830 A coronal hole boundaries to synoptic magnetic flux maps construct((1 for

each Carrington rotation. These maps, arc- routinely available fromt Kitt Peak in

digital. form as de-scribed by Harvey et a]. (1980). However, as Table 11 shows,

the Kit t Penk synopt ic maps were not available for long periods around the

O ates of the f irst two rocket flIights due to weather or instruumental problels.

Also, a three-day data gap centered on 31 January 1978 degraded the synopt ic

*Kitt Peak data for that flIight . Therefore, we obt.,ined dai 1) averaged magnet ic

* 7 rx. m aps from Mt .Wilson Observcatory for the dat es and t Imes shown in Table

11I . Thu1LlS , the) Mt .Wilson data became the( pnir 13_ SOurL - of cor pa r : son wit h the

X-ray coronal emission.

2. Aalsis of the X-ay Dt

2.3.1 Background

*ir order to determine coronal plasma parame--t ers, the X-ray density images must

be cal 1brated and reduced to arrays of energy f lux de(posFi ted on the f ilmi- p lane .

F(ei our purpose det ermin ing the net average- entergy f lilx within corona] holIes,

arcd to a l imi te(d e~xteut within rest ricted areas of the di f fuse coronal back-

;t und , was thi- end result of the X-ray analysis . So we did not determine

et ru temperatures , den iit ies or Enmiss ion measures within the hole (s although

he~parztn it irs could, in principle, be der ived front the energy flux.

Except for the mirror, the- rocket images were obtained with the sarme f imii enu I-

smon (SO-212) and similar instrumental parameters used with the AS&E Skylab

teles (.cope . Thus , we, had hoped to he ablIe to c lose Iy folI low cal ibrat ion proce-

du r e- useid f or t he Skyl ab dat a and der,,cr ibed in Va Iana et- a 1 (1977) Fundzi-

i:tLIf t c the:(Se procedures ikew] edge of tie conversion) of SO-21 12 f i I m den-

Y Lo en orgy f Ilux at c er t a i n wave 1 engt Its dot e-rm in ed by 1 aborat or y mneasue(-

mints, ful asuremnt s on f ilm ,sni strip i xposoed -ith tti inutm (F.3 A) a nd

*cairl-on (44i .7 A ) X-ray sottr( i w ere Pmade fu r -in;,ly s is of hot I Sky lab ;aid rocket

I .rir obtained with the bury] I him atnd polypropylkinu f Ilters, re-spec(t ively.

However , dur ing thme Skylab ainnm ys is prob lems wone found especially withi the 4/4

mal ibmo t ion data (gMaysuri and Viiann, 1077). Kahler (Wq92) fiist n~oted
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that large discrepancies also existed in the post-Skylab rocket calibration

data, and that these were not due to film developmenit chemistry. We confirmed

that, with the possible exception of the November 1976 data, the 44 A rocket

data were inadequate for our calibration. To overcome this probleu we used

synthesized calibration data based on the image data themsclves to provide

absolute energy calibrations for each flight. This procedure follows that of

Maxson and Vaiana (1977) which they developed to analyze ar(eas of low film den-

, sity and is appropriate for coronal hole data. However, it was Pmot-e tine con-

suming and limited the scope of our overall analysis. Because of the uncer-

..* tainties of the film calibration, the final coronal hole energy flux values had

relatively large error ranges. However, we feel that this analysis is the best

that could be achieved witl, this set of data and that it provides meaningful

limits on the cyclical dependence of energy flux from coronal holes.

* Each flight image was scanned with AS&E's PDS microdensitometer to produce a

digitized density array with 20 micron pixels, equivalent to 2.8 arc-sec

spatial resolution. Before proceeding with the data reduction, we had to be

confident that emission from coronal holes could be detected in the rocket

data. As a preliminary check on the detectability and variability of such

X-ray emission, we analyzed the density data in terms of histograms of spatial
L.;'

frequency vs. gross PDS density. We found that the full-disk average density

of each image, normalized and corrected to an equivalent Skylab long exposure,

supported our impression from the photographs (Kaler et a]., 1983) that the

distribution of coronal emission changes systematically with the cycle. For

instance, the full-disk averaged coronal density obtained from a 1974 PP rocket

image was similar to an equivalent Skylab exposure (Maxson and Vaiana); the

full-disk donsity was lower in 1976 near sunspot minimum and highest in 1981

* just after sunspot maximum.

The histograms reveal that coronal holes are detectable above background in

* terms of density alone, even in the June 1974 images near sunspot mininum.

Figure 3 shows full-disk histograms for the, first two rocket flights. Plotted

is the frequency of digit i zed density (P)S) in terms o1 3 x 3 ave raged pixels

uncorrected for background level, scattering, or exposure, differences.

9 Small-area histograms within the large coronal hole on 27 June 1974 reveal that

th, hole emission peaks at about 40 l'I)S units, or 30 with b;ckgrotnd sub-
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tracted. Thus, the hole emits above background, at a value which is slightly

less than that measured in Skylab CH 1 (Maxson and Vaiana). On 17 November

1976 the hole emission arose from the large north and south polar holes and the

equatorial extension from the south pole (Figure 1). This emission comprises

the first peak and tail in the 1976 histogram. These plots also reveal the

distribution of specific large-scale coronal features on each image and how

this distribution changes with the cycle. As Maxson and Vaiana showed for

Skylab, the diffuse large-scale structure (LSS) is the dominant contributor to

the non-flaring X-ray flux. In broadband images the LSS usually appears in

* these plots as the dominaut peak with typical values above 100 PDS units. The

Juno 1974 image illustrates well the major coronal components that were visible

in the Skylab data one half to one year earlier. The vertical lin(s indicate

tli , characteristic densities of the film background, the large coronal hole,

diffuse LSS, brighter LSS and active regions. Thcse distributions changed

dramatically during the solar cycle as evidenced by the sharp change between

mid-1974 and late 1976, near solar minitum when tl( (10 ' ;,s dominated by the

diffuse emission (Figure 3).

Details of the calibration and reduction procedures used in the analysis of tile

X-ray images are contained in the Appendix. In the next section are summarized

the results of the X-ray analysis.

2.3.2 Results of the X-Ray Analysis

Listed in Table III and plotted in Figure 4 are the net average X-ray inten-

sities and their uncertainties derived for the coronal hole subareas shown in

Figure 2. These subareas were chosen to encompass areas of minimal brightness

in the holes; i.e., regions obviously brighter than the hole base level and

film defects were avoided. These coronal hole subareas are indicated on Figure

2 by the boxes labelled 'c'; the box sizes and shapes are only approximate.

Generally the average gross density and statistical error at at least two loca-

t ions per hole and on two adjacent PP images was measured.

igure 4 is assrembled in time order on a semi-log plot. (Note that the abcissa

is not drawn to scale.) Plotted ,t the left are the only three sets of pub-

lished Skylab X-ray measurements of the emission from coonal toles. These

2-5
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data were all obtained with the S-054 instrument on SO-212 film. The first two

sets are measurements of two areas in Coronal Hole I (CH I) made in August 1973

using two toe calibration methods (Maxson and Vaiana). The third set consists

of three measurements of the emission from CH 6 shortly after its birth on the

disk in October 1973 (Solodyna et al., 1977). Measurements from the four

rocket data sets follow in time order from left to right. A clear trend in the

data is apparent, with the hole measurements in 1973, 1974 and 1976 being

similar and very low, rising to maximum values in 1981. Examining only the

rocket data, the hole emission was at its lowest in June 1974, a factor of 3

higher in November 1976 neor solar minimum and a factor of 8 higher in January

1978. The emission from the large southern hole in February 1981 near solar

maximum was an order of magnitude higher than in 197b, but with large uncer-

tainties due to large differences between the rocket and Skylab film calibra-

tions and possible scattering contributions.

At this point a comment is needed on the existence of X-ray emission from holes

. "-with regard to the contribution of scattering to the measurements. Some

controversy arose concerning the Skylab measurements of coronal hole emission.

Maxson and Vaiana concluded that CH I had significant emission. They made no

corrections for scattering, but claimed that such effects were minimized in

their data because they chose subareas far from bright sources, CH 1 had a

large area and cross sections through the hole revealed flat-bottomed profiles

inconsistent with scattering effects. On the contrary, Solodyna et al. esti-

mated significant scattering contributions from individual sources and so cor-

rected the measured CH 6 emission. However, unlike CH 1, CH 6 at the time of

Solodyna et al.'s measurement was a very small hole surrounded by LSS and
active+ regions, and flaring occurred in a limb region during some of the obser-

vations. They concluded that the X-ray hole emission aft(r its dvelopment "was

consistent with zero within our assessment of the exp-rimental uncertanties ."

* Like Maxson and Vaiana we chose to make no scatt rin; corr-ct ions to the rocket

daita, but we also attempted to miniti ze sucl effe*cts by choosing subareas away

from bright regions and checking cross-fectional profiles tiroigt) the boltis.

In addition, we used the short est exposures which st ill showed hol l'ontidar ies

and used onI) rocket data that was obtained with the glass m irror. Scattering

" from this mirror is substantially redtced comp.rIad with thev Skylab metal mir-

2-6
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ror, especially at shorter wavelengths, and the scattering is nearly wavelength

independent (Davis and Krieger, 1982). Both the Skylab and iocklt nDeastrement S

wti t- rfade with data obtained on the same film emulsion and with similar PP

filters.

It must be emphasized that neither the Skylab nor our coronal hole measurements
include the effects of possible systematic errors arising from such factors as

poorly known uncertainties in the calibration data and the absolute source S

spectrum. Specifically, in our ana.lysis systematic .rrors due to our igncaric O

of t he wavelength dep.ndence of f i Im aging , of ttie t 'lPerat ure depond(-nk - of

areas of low film density, and of the details of any scattering contributior

could be present. evertheless, we believe that our conservative approach to

the cross-ca 3 ibrat ion of t 1, rocket data has min i ni zed the feffects of such-

errors; the re1at ive trend of tb X-ray measurements, espec jil Iy, shou Id not be

eff ected by systemat ic errors.

We conclude that the rocket data confirms Maxson and Vaiana's view that detect-

able X-ray emission arises from coronal holes and our data reveal that this

eriission appears to increase as the cycle evolves from act ivity minir, l, t, T ..X-

iMum. One can take the view that despit, ( tlt divevsity in hole area, location

on tihe disk and evoilt ioTary ( 1laracterist ics , and possibly cal ibrat ion pro-

cedures , ttLe four independent data .,it s from 1q73 to 1976 reveal renarkab ly

CO.Il stent X-ray hole ersiss i on values va".iying over t I. is pe. riod by oniIi about a

factor of three. The 1974 rocket rieasurements art ,Iso consi st tt wit h

Solodyna et al.'s measurn.i ut s of CH 6 made only 8 monthus earlier.

Finally, listed in Table. IV and pl lt t.! in Fieure. ai c the. net average inten-

sit ies and unt cert ant i.s d(. (od toi the di I tfst- (o ,n. I ha kgroiund subareas

shown in Figure 2 and lab,. i '(. Ist .'., ;,: wi . itise, ti include

large-scale ., of ni, in , ,. ! ',:i , loll ,u th . di ak away from coronal

.les, active, regions and hti't, I.wYit . S1t,( 1 .1 a, fi, port of the "background"

ccrox,;l I rfT i si t) and t . 1ik.ly as . Oit ,u( lus b e s i or d in the

ii t work fi.ld I . TI i s is In ir t '. .ait , i t. .i 1tt i Id if the class of

large.-scale structi r s ( SS5 d isi, t:,d b,,- .>s , Id V, iana and othe.rs. SS

; ar, s a'5sociated with large, :uire I ,, !; o t I in,, ( I,, ,t ,n turning arcades

(),I,. I- rIit t ra l I I n f,!l (M, Int t ,, h .I I I ! ,' -t,, ! th - d itf (11t is-
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sion to remain relatively constant over the cycle, especially if there are no

great temperature variations in the plasma. Table IV and Figure 5, which are

in the same format as the coronal hole data, reveal more consistency among the

data, but the same general trend as seen in the coronal hole data. Plotted on

the left for reference are Maxson and Vaiana's values for two LSS areas during

Skylab.

2.4 Analysis of the Photospheric Mapnetic Field StrengthData

The selection and acquisition of the photospheric magnetic field data for our

study were discussed in Section 2.2. Table II lists the dates and times of the

Mt. Wilson magnetograms and the availability of the Kitt Peak synoptic maps

that we analyzed.

The Mt. Wilson daily maps were our primary source of nagnetic field data be-

cause they were available on or within one day of each of the four rocket

flights analyzed. We desired one map on the day of the flight and one each on

the day before and the day after in order to minimize any day to day variations

in the maps. However, for the 1978 flight only raps on the day of the flight

- -and the day after were available, and in 1981 only one map was available on the

day after the flight. Fortunately, good Kitt Peak data were obtained for this

flight.

The daily Mt. Wilson data were provided to us in the form of computer printouts

of averages in 34 x 34 equal intervals of sine longitude (central meridian dis-

tance) and sine latitude. Therefore, the spatial resolution of an average

pixel at sun center was about 2-1/2 ° , steadily degrading toward the limb. Thus

these represented large area averages of flux density or field strength in

units of Gauss. The magnetograph measures the longitudinal component of the

photospheric field in the 5250 A line of Fel. Because of weakening in this

line, the values measured are on the order of a factor of two too low, but this
effect varies across the disk (floward and Stenflo, 1972). Our measurements

-. were correct ed for t he ef fect s of I inc w( aki-n ing and foreshort en ing as de-

scribed below.
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The Kitt Peak synoptic maps are available for each Carrington rotation and are

described in detail by Harvey et al. (1980). We obtained computer printouts of

equal-area pixels of one degree longitude by (1/90) unit of sine latitude of

the mean field strength in Gauss. The observations used here were obtained

with the 512-channel magnetograph which measures the longitudinal field in the

8688 A line of Fel. This line saturates in umbral regions but requires no cor-

rection elsewhere. The values are accurate to about + I G (J. Harvey, private

communication). Where necessary a cosine weighting function in longitude has

been applied to the synoptic data to merge it across daily data gaps. The data

used for the 1978 comparison was effected by a 3-day data gap centered on 31

January 1978, the day of the rocket flight.

Both formats were treated similarly except that many more points went into

averaging of the Kitt Peak arrays, increasing their statistical weight. (But

no formal error analysis was applied to any of the magnetic data.) We selected

rectangular subareas on the magnetic maps which would correspond spatially to

the coronal hole subareas in which the X-ray measurements were made. The

magnetic map areas were determined from drawings of the X-ray hole boundaries

using Stoneyhurst grids to get the heliographic coordinates of the chosen box.

The subareas in which the magnetic flux was measured are shown by the dashed--

outlines on Figure 2. For the 1976 and 1981 data these areas were made to

coincide approximately with the X-ray subareas. For the 1974 and 1978 data, we

were able to use single large subareas to increase the statistical accuracy of

the measurements.

The results of our analysis of the photospheric field strength in coronal holes

are listed in Table V. The table lists the date and subarea measured by the

same hole designation used for the X-ray measurements in Table III. Column 3

gives the known polarity of the hole as determined by H-alpha synoptic charts

in Solar-Geophysical Data and the magnetic field/solar wind observations of

Sheeley and Harvey (1981). Column 6 contains the average measured longitudinal

field strength, Bm, in Gauss measured for each hole subarea. These were
obtaired by simply computing the algebraic sum of all pixels within the chosen

subarea and dividing by the number of subarea pixels. With one except ion the

measured polarities agree with the expected ovs. That exception was the

measurement of the north polar hole on 17 November 1976. The net polarity was
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negative, not positive, but of very low flux and the neasuronient may have beer:

effected by foreshortening near the limb.

We made the assumption that the observed fields are iadial and performed a

first order correction for the projection effect of the measured field of the

form B = B /cos 0, where 0 is the great-circle distance from sun center to the
c m

subarea. These corrected values, B , are listed in Column 7. The value of 0C

is listed in the last column. For the Mt. Wilson data 0 was taken to be the

great circle distance to the center of the subarea. This arc was calculated

according to the formula sin (90 - 0) cos a cos b, where a and b are solar

latitude and CMD. This average distance was found to be nearly equal to that

determine by performing the calculation pixel by pixel. As noted earlier, a

correction for line weakening is required for the Mt. Wilson data. We applied a

correction of the form given by Howard (1977) to derive the "true" field

q strength, BT; )T
BT Bm 0.8 i o

This value is listed in Column 8 of Table V. In addition, the June 1974 Mt.

Wilson measurements were increased by 20% to account for a change in the

magnetograph aperture ii 1975 (R. Howard, private communicatiov). The Kitt

Peak synoptic data are already corrected for the longitude projection effect,

so we applied the cosine correction in latitude only. The Kitt Peak values

for are estimates only and are placed in parentheses.
c

The average flux values from Table V (B for Mt. Wilson and B for Kitt Peak)
T c

are plotted in Figure 6 by date. MeasuremTents I inbwird of about 60* are

placed in parentheses indicatirg that they should be assigned lower weight

Mt. Wilson observations not obtained on the day of the flight are indicated by

the symbol 'x'. Comparison of the Kitt Peak synoptic and Mt. Wilson daily

measurements in January 1978 and February 1981 indicote no clear pattern

between the two Fel line measurements. Howev.r, the 1978 and 19P1 subarea No.

1 measurements were at an average distance from sun (cnt e > 60' and therefore

subject to considerable foreshort ,ning. Threfore, for onpat ison we have only

the single average measIrerevnt within the 1981 hol ( equatori al ,xt ension (

400). (Although the Mt W ilson map was obtained a d:zy lat,,x, the hole was then
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nearly et CMP.) The corrected Mt. Wilson and Kitt Peak values agree remarkabi)

well, within 3%, giving us ionfidence that our magnetic field measurements are '-

rtisonab!,' consist(ent

Harvey et al . (1982) used Kitt Peak synopt ic images to me.asure the si;gnet ic

fluxes and f ield sti engths in 33 10830 A coronal holes from 1975 to l080. Th(ey

r;E:asu red no holes beyond a lat ittide of 50' and ndI, Do o ( ' C11 tt ios for projt c-

tons, effects. In Figure 7a ie have plot ted all of t heir dat a on fitld st rengths

given in their Table I in the same format as our magnetic data. Th lines loin

measurements close in time to guide the eye. This plot illustrates their re-

soilt t hat during this part of the solar cyc le, lower ]at itude, holes contained

three times more flux near u-ct ivity maximum than at miniimir'. There appears to L

* he a steadily rising trerd to the data.

In addition,, on Figure 7a we have plotted our arige Mt. Wilson measurem'ents

is crossrs to ascertain how the fluxu., fron cur liol.'s slatclief! t;ose of Harvey

-_t a]. (1982) over the same period. We averaged together the corrected

mfasureeint s for the three days centered on tihe rocket flights of 27 June 1974

aid 17 cevember 1976. We included the average of the Mt. Wilson measurements on

* -31 Januiary and I February 1978 even though 0 exceeded 60' and tie values

differed by a factor of 3. Finally, the single Mt. Wilson measuremeit on 14

February 1981 was il tHie day after the rocket flight. One of tiLe Harvey et a].

wrasureients, that of their hole No. 18 on 19 October 1976, was of the same

sontlbern equatorial exten1sien that we measured on 16-I8 November 1976. Our

averaged nmeasurement for this liole of -3.42 C agrt's favorably with their value

of -2.7 G. In general, our hole flux values follow tlo' trend of the Harvey et

al. data with the possible txception of the' 1978 value. The 1981 value lies

below their trend, but our rea,;urer(nt was made aft , tltc end of their study.

2.5 Corr r ison of the X-Ray. and Magnet ic Flxi i, Ci , r Il Holes

Figure 8 provides a 0 i rect ompar ison of tite solar corona obse rved in soft

X-rays on 13 Februarx 19H1 (left) with Kitt Peak and Mt. Wilson magnetogi ;. 11

the 13th and l4th (riddle, and right), rspe( t ively. The0 X-ray iiag, was ob-

t a m d abiut o n, ,tar ;after t tht sunspot maximiul of tle current cyc In. The

F rw . as;mmet ric, high-lat ItId ( oruiral hole wE studied was part of the first
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new-cycle polarity (4) region which had expanded fron its birth as a srrall,

mid-latitude hole 10 rotations earlier on CR 1695 (Webb et al., 1984). In Fig-

ure 10 the X-ray boundory of the hole has beer, superposed on the magnetograms.

We can see that the hole boundary encloses an area on both images of unipolar

(positive), moderately strong field which has been found to be a characteristic

of such holes over at least one solar cycle.

Figures 4 and 7 provide the primary basis of con p.ai'i.ron between the X-ray flux

and the photospheric magnetic field strength from the coronal holes we studied.

Although the X-ray data consist of snapshots of one hemisphere of the sun at

only four times (or five including the November 1979 period) durirg the cycle,

they sampled key dates during the declining phase of the last cycle (1974), at

solar minimn (1976), mid-way up tle rising part (,f Cycle 21 (1978), and around

solar maximum (1979 and 1981). It is of interest to place our data in the con-

* text of the more continuous studies since Skylab involviug Hel holes and the

magnetic field (Sheeley etal., 1976; Sheeley and Harvey, 1978, 1981; Harvey et

a]., 1982; Levine, 1982; and Webb etal., 1984).

For each flight all the X-ray n,easurements in Table III have been averaged

together and plotted as a single valuE iii Figure 7b. The X-ray hole measure-

ments show an increasing trend with the cycle in general agreement with the

magnetic flux (Figure 7,,), but with a muci greate.r increase, two or.rd-r; cf mag-

nitude, from 1974 to 1981. If we exclude the 1981 c6,t .1 heciu..e of its Iarger
uncertainties, the increase bt ween 1974 and 1)78 is .t i I a rgI I .. about one

order of niagritude.
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3.0 CONCLUSIONS

This study was part of a general program at AS&E to utilize soft X-ray images

of the solar corona to investigate the characteristics of coronal holes over

the solar cycle. We now summarize our observational results in the light of

the three questions posed in the hutroduction.

The first question can now be answered in the affirmative. We conclude that

the rocket results confirm earlier Skylab results, though these were inter-

prEted in different ways, that net soft X-ray emission from coronal holes is

detectable. With the possible exception of the February 1981 data, the energy

fluxes we measured were consistent with the Skylab results despite the fact

that the Skylab and rocket telescopes, essentially the optics, were different

from each other.

The second part of Question 1 can also be answered in thu affirmative. Within

the context of our limited data set, the observed X-ray coronal hole emission

does appear to vary in a systematic way over an 8-year period of the solar

cycle. Comparison of 21 measurements made in 9 coronal hole areas between

August 1973 and November 1976 reveal small but measurable energy fluxes within

about a factor of 3 of each other. The general trend of the measurements is

sinusoidal, with minimum flux at the latter period just before sunspot minimum,

then increasing flux through 1981, about one year after sunspot maximum. We

cannot rule out that the coronal hole emission for October 1973 (Skylab) and
June 1974 (rocket) was below the detection threshold and therefore that these

values are upper limits.

For each flight we also made measure-ments of the diffuse background coronal

(-rrssion as a way of cal ibrating the coronal hole f lux variations against over-

ill vai iat ions in solar plasm;i conditions. These results are presented in

SF i.:re 5. Overall there is a similar tendvncy for the diffuse emission to in-

,.rf, .,u with the cycle. However, the relative imtci eas(' is less than for the

,',,,nal hole emission. From 1974 to 1981 the diffuse ,,mission increased by an

re -r (,f riagnitude and between 1974 and 1978 by a factor of 3; the equivalent

I, T (ea,,4s in hoe Ic emiss ion over the same int ,rva s were factors of 100 and 10,

,";<,t ivtly. Also, on 2- June 1974 the dit fuse er:ission appaied te be de-
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pressed in the lane separating the north polar hole from its large equatorial

extension. If we compare only the northwest diffuse subarea No. 3 with the

subareas in 1976 and 1978, the measurements all a] I wit hin the error bars

(albeit large) and are reasonably consistent with Maxson and Vaiana's Skylab

measurements of LSS. Thus, our photometric results support the qualitative

suggestions of Kahler et al. (1983) and Sheeley and Harvey (1978; 1981) that

the brightness contrast between coronal holes and large-scale structure

decreased during this period of the rise to activity i;aximurr.

- By themselves these limited X-ray results do not provide compelling evidence

for a solar cycle variation in overall coronal hole emission. But when com-

bined with the qualitative, but more frequent observations of a "weakening" or

decreased contrast of 10830 A holes and an increase in the surface magnetic

flux within holes over the same period, this conclusion is strengthened.

In addressing our second question, the magnetic field data support a relation-

ship between increasing X-ray hole emission and increasing field strength over

this same period of the cycle. This support comes primarily from the data of

Harvey et_ al . (1982 - our Figure 7b) which show an increase by a factor of

thrte in the field strength of near-equatorial coronal holes between 1975 and

- 1980. Our direct measurements of the field strength within the X-ray hole

boundaries fit the overa 11 trend of the Harvey el al. data but are too sparse

to conc lud t much else. The January/February 1978 magnetic field data don't

follow the trend of inc .asing X-ray hole emission, although the magnetic data

are effected by fcreshortening and, of course, any given coronal hole might

have anamoIlous propt-rt ies . The February 1981 magnetic fluxes -r( the highest
in agreement wit the X-ray rtsu Its , but st iI be low t he trend of t he Harvey et

aI. data.

At this point it is useful to discuss the part iculir (orenal holes that we

m.asured in the cont ext of their evo lut ionary and int erp lanet ary charact er Is-

tics to assure ourselve.; th1;at these holes are, not at ypical . We will confine

our discuss ion to those ho l.s or extens ions o t ho 14s which oc c ti red on or near

the equator, since the c orre lat ion of such ho -.s wit] the solar wind is known

to be high.
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The large June 1974 hole was the only one in our data which extended over the

equatorial region. This hole evolved from a separate, small equatorial hole

during Skylab (CH 4) to join with its like-polarity north polar hole by mid-

January 1974 (Solodyna et al., 1975). As shown in the Bartels display of

Sheeley and Harvey (1978; 1981) intercomparing coronal holes, solar wind speed,

thE IMF and the C9 geomagnetic index, by June 1974 this hole was about midway

through its lifetime. Through mid-1975 this hole and another of opposite

polarity formed a two-sector structure of strong, recurrent solar wind struct-

ure. These holes, and the wind streams, had a 27-day recurrence period. All

these characteristics were typical of equatorial holes observed during Skylab

(e.g., Zirker, 1977).

The other coronal holes we measured were either in the polar regions or were

equatorward extensions from large polar or high-latitude holes. The polar cap

holes in 1974 and 1976 were typical of the near-solar minimum part of the cycle

(tlundhausen et al., 1981).

The negative-polarity, equatorial extension measured on 17 November 1976 was

the early development of a long-lived (about 9 rotations), but weak 10830 A

hole discussed by Sheeley and Harvey (1978, their Figure 4). The evolution of

this feature was influenced by the growth of a new-cycle (positive polarity)

BMR which weakened it. As Sheeley and Harvey noted, "Despite its weak appear-

ance, this hole was associated with one of the most promi.n1eut recurrence pat-

terns of high-speed solar wind and enhanced geomagret ic activity that occurrcd

during 1976-1977." The hole was typical of this period in having a higher syn-

odic rotation period (28 days) than during the decline of the previous cycle.

This pattern was mimicked by the January 1978 south polar extension hole. Our

observation occurred during the early development of this long-lived, rapidly

rotating (,29-day period) region, which was part of a region which persisted

for nearly two years (Sheeley and Harvey, 19810! We have already discussed the

February 1981 southern hole, which was also long-lived, of new-cycle polarity

and may have been associated with a recurrent wind stream.

Tn every case, including that of the "weak" November 1976 hole, the X-ray n(ar-

-quatorial holes were associated with IMF polarity of thw same sign (farlv(y and
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Sheeley, 1981). This fact and the correlation between recurrent patterns of

high speed wind and geomagnetic activity suggest that these holes were strongly

connected with the interplanetary medium flow by open field lines emanating

from the base of the holes.

We were unable to further investigate this inference for our data by directly

comparing the location of the holes with regions of open fields as deduced,

say, from potential field models. Levine has made such comparisons with the

Skylab data (e.g., Levine, 1977) and more recently with 10830 A holes observed

in 1975 and 1978-1979 (Levine, 1982). In the context of this study, his com-

parisons were made during two periods (March to November 1975 and May 1978 to

March 1979) during which we had no rocket observations.

However, in the case of the 1978-1979 period, we can compare Levine's (1982)

study of open fields with our observation of the southern hole in January 1978.

As we noted above, this hole was associated with a long-lived, recurrent hole

and wind pattern. This hole persisted in 10830 A throughout the second period

of Levine's study. His Figures 3-6 confirm that this lobe extending from the

south polar region was detected as a strong open field region of similar size

and shape and persisting through the period of Levine's study.

Therefore, with respect to our Question 3, we suggest that open field regions

in general corresponded to the X-ray coronal holes we observed during this

phase of the cycle. Unfortunately, direct support for this supposition is

lacking. We could only infer this association for the 1978 coronal hole, and

open field calculations are presently lacking for the times of the other

flights. Indirect, but strong support for th, supposition also comes from the

good correlation between the hole locations and timing, and interplanetary

medium parameters. There appears to be a moderate correlation between the

field strength in holes and the X-ray energy flux over the cycle, but the vari-

ation of X-ray flux in holes does not seem to be strongly dependent on the de-

gree of open field st ructiur,. We hope eventually Lo extend our s tudy to in-

clude a direct comparison of the X-ray hole data with open field structure as

deduced from potent ial field calculat ions.
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i c i*)F; at a g;iven t rpvi zlltire aii is aI (iol i for ary flight and at

VivSi, C(Ca i br~it ] OD

T wo it a (r .I'i n. X --r;I y "Ina l s yi ill Iiia .I(l li Iil c (,I. I J"( t'et

T IT at t f ;I, f(T "1 hi 1i 1 1 i lt ;mdo h( li c i1 It 1 o n of atec ot low f i I r,
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dens ity. aF. cannot be determined front image data, and theie is no thieoreticall

model fox its beha% icr in the X-ray region. Our kne".ledge of its, bithavior is

based ent i rely on laborat ory weasuremient s ( S imon , 197 5) . However , t lit 44 .7 A

s ensist i i4s developed with each flIight f Ilm load wr( iradequt e for cal ibi at ion

use and the 8 .3 A dat a uggest ed the possibiI ty that the SO-2 12 f ;im had

significantly aged since the e-arly 1970's when our stock wai" puiichased from

*Kodak . For example , as expected witl, aging, the filIn contr ,st (~)and speed (a;-.)

tended to decrease with t in,( result ing irin Ioit depce.ited etiergy being reqt i"r(d

to expose the film grains to a given density, Howevvi , this tenderc . at 8.3 A

wa s not ent ir elIy s ys tema t ic and we have no in f ,io t ion on how thle ag ing procevs S

*would affect the wavelecigtll deper-ndence of all. There was no evidence of aging in,

t visiblE light sensistrips. Therefore, we decided on a fkairly conservative

approach-, wi' iclh was to let ermine a range of alp , and therefore- a range of erergy

flux, for each flight. by using at one extreme the best Skylab experimtental fit

of aii(, I and at the other o fit with, Lte same siopl it Skyleb but with an offset

"pinned" to the 8.3 A value of a,: for a part icular flight. These ai.()) fits are

shown ji F igure 9. An oxc ept icr was the 17 November 1976 dat a vhci e bctl tie I
rocket 8.3 and L4.7 A and Skylab sonsistrip data were used to determnine the

range of aonQ).

The approxinvate ranges of f(T) and zi:.(T) could be cicternined for eacl flight.

To do this one must hilew the rc-lat ionship be-tween the( solai coronvl triicr'io an d

the flux ima ged by the telescope at Earth. We followed c losi(-I t l, procedure

discussed by Voiana et al . (1977). Brie-fly, the total irradianct it tie( focal

* plane redcuces to tie equzit ion:

% -2 -1
where F. has units of eik, cm s ,i denotes tie tIlIt 1-er Cid, J( is the

filter funct ioi , old I I,( jut egrnt ioi i . ;!long the( Iinc (if ~.gt.If the plasrma-

is i sothbermalI, thet quant i ty (A/4 f 2) and t be (-rlisicti isutrt, IN 2( )d. arte

constant and the irradiance rat ic ii, two i It ors ,ini (dir tasit PP ind BF, is:

B 11'R(T)

whiei u F (T) =P( ,T) ()d and R is a fulniLt Ion ri I" IIi ie rI'
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At AS&Ei ti ,),Ii:. aet ral dIist i ibut ion of soiai soft. X-i zay eni~.oon is

CttII:1 4 1 n , c. fi* It I. ' Ie(i i. I- e t It.1'clci e i (Id Koren ( 1971) t heorct icalI

*p t ruxne. T1 t et iit it F .(T) is (1(tcy'ii nefl d foi vac:h fih)t i futct lop., Ito tv. I t tingp

t 1 te t- L I o t 1eT t(1 1" d t t ( i , red by cunpia -11g t li it tas ured ieid t heorett i ']

t . h (TC) d,,pt vdence of t in. fi It er so that

o: r

For a (I tmi d I ro1 t o-1 1 t i i n 1 tiC n 1
rale'. i E, t Iw i t i Ii t e et p cLr i ei h d b ~-a p o ria i.(

deperdence (Figure 9) . Tr~~~~~~~i r aa y i ed-ttm ud t ng fa!fr vc

fl ilt l' d(- -~n ( T ) c v e i n a eit ( ;p i p i t o E c n ti i

1) Fr a ele ft 1. 01 i ur h, i ij d idt ermined freInI Ine fl io tadi(et ct i 1 it t S .T

f romr hest te i U I Ti it eord sec- t i (!;igh d by l . e p r id ate .] (let) it I
(1 f1 ig Idrigfrtwo act riv region arIies onIth o tpIupic e to IF oetzIe

X- ray ctvirit ti ste alrt fot w-r bot of r ( t pi. ) firt '?i *1 it o ft1

(etp a oflod it y santc han l ie is ion fre, .ocaled. htoes andthe, diffuts I
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cal miodel has beent dtevelol td to I( d~r ibe tlit- X-ray D to E belhay icr. Tec tn ic-is

for analyzing Skylab S-054 data in the toe regior %,(i(i developed by and dis-

cussud in the Appendix of lHaxson and Vaiana (1977) . We used thoui technique oif

us ing the data themselveis to provide the shape of the D to E ilirve in the toe-

* relgion, and tblen pine iiig tIe( toe and l inear regions t irough crossover points

determinec' from laboratory calibrat ion data.

Like Maxson and Va iana , f or eaich fI 'lgt we selIectevd coalIi gned o ii ;4 on PP den-

* -. sity arrays oif adjacent c),postires that included the (oronIlo hoe of interest and

wert, ]Erge enough to include a sufficient number of points to adequate]y deterf-

mine the shape of the D" to E (.urve from, iiear t I:( baclgrotind t o t I l Iinear

region. A necessary assumptiJon of this metboo I,- t 1,,,t there be no sign if :(ant

vaniiat ion in temperatuire over the field, so the D to F area ti:ist be restricted.

This toe density cal ibrat ion curve can then be converted- to an "absolute" D to F

0 curve by pinning it at crossover points, which are assumled to be absolutely

calibrated, and extinapolat ing down front these points us ing thef l'reul, exposure

* rat ios . The PP exposures and their exposure rat ios used for the toe cal ibra-

tions and coronal hole analyses for each, fligit are giveni in, columns 6 and 7 of

Table 1.

The crossover p i-n iiig pC) imts iere det ermined in the f o l owing way . The l inear

reg ious of calIibi at ed (correct ed y's ) D to E curves for both filIt ers for two

acieregionts iwcru shifted along the energy axis so as to bracl~et thle ext rt

of the al,(T) fits assumed appropriate for that flight. Ti revst LIt ed i n a

fami ly of curves det err ii ed by the number of cuvs(J d if ferent slope and thte

coli ranges. The vlIiini number of curves would be 8; i .e. , i i Ibe t wo act ive

regions had the same av aEtemperature, thenr there would bi ori" PP and one- BE

curve which each would be shifted to bracket Lte-no of a , (T) de.t *e iined f or

that filtered spect rum . In practic t li range of al. for te tvc act jv( ricgirs

*might over 1 p and t he range oif a;B (T) was usually sr-al I l!( COIC Ird cued iJalxOX-

imM a single. cIIr'/e . ( lit',wi the BE and P1' (tizvt .. rs -rt presumved

* .to haove the u'-ixect D to E vi luos inii t ii- absolute cal ibrot ion shiould be. in-

*depenident oif waive 1 ergt I.. Those, poiits , of course, nit (Fl 1 as "absolutte zs our

;; simpt ions about a. (T) , whtich are ulIt imatelIy h,-,!;ed (il t l1atoi(loi uy P~fasulrc-

monit s . A nuiihi of cro~so, e? peiJnt: iei It hecii4 .o I \t 1 sid two differert a,.

(T ) f it s and det ermi nf- i ange of a . based on t lii'sfe f it, riand ai r 'lge of t emper-
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atitre.. Tak ing only those crosso-r p0 int. JliJ1, a] low extrapolat,in down it to

tf'o tc rc.gion of our dezsity cal ibrat ion curvus, wf. can tin plot a family of

"syntli-sized" D to F cal itrat ion cuives for t li to-' r vgi n. For a givelt flight -

we reed p lot or- t 11 Lurvi's which yi eld the ext renc energy I itt s fur a g iven

,As ;t n tYarple Figure 10 shows the fit .al toe cal ibrat lont 1l,\t for the 27 June

1974 ,,t. Fat] tI v is ad just ed to asynptot iczl ly appoi ach the Iilm back-

, wiound denns it y at nleti -ze-ro -.energy. To the left art, plot t ed the averag( gross

i, sit if's and st t ist icaI t iotr bars of the cent ralI coT oral bole subarea rea-

i x,.c' on tie. two PP images . The lower atd uppei I imits of the equivalent tieLi

enrg\ ait iead of tfhe two curv(es at the givri dei:sity valu, (crosses). Each

ent, gy vilue must i( div ided by the approp-ii.te (xposutr time to yield net - -
-2 -1t, i-ty , ,r foca plane energy flux in .rg ci, s For a giver density the

a' ;.,g nt.t it t.,-ity is thi t, idpoint of the range and the "error bat" is 1/2 p
t1f. d i f f i Lt~ twi-t-n tlie two itt onsity I iiiitS
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FIGURF CAPIONS

Figure 1 Soft X-ray images of the solar corona for the four dates analyzed in

this study. All images were obtained with tif- AS&F glass mirror

rocket payload and with polypropylene filters. The exposure tiies

vary. So lar north is up and cast to thu left for a] I images. TlV

central meridian longitudes, h , for the four images in t Ime or di r

were: 237', 2200, 175', and 2980.

Figure 2 Tracings of X-ray coronal hole boundaries from gahler et al. (1983)

to the same scale as Figure 1 . Patched areas indicate uncertain

X-ray holes. See Kahler et al. for details on how the boundaries

were det ermined . The solid boxes indicat e the subareas uler e tht.

X-ra measurements of emission from coronal holes ('C') and the dif-

fuse background corona ('Q') were made. The dashtd subaizeas indicate

where the magnetic flux was measured.

Figure 3 Full-disk histograms of spatial frequency vs. gross PDS density for

the 59 sec PP exposure on 27 June 1974 (left and the 16 sec PP ex-

posure en 17 November 1976 (right). These twe images are. reproduced

in Figure 1. Note the change in the ordinate scales.

Figure 4 Net X-ray intensiti(s in coronal holes averaged over the subai as

ii.dicated by the boxes labelled 'C' on Figure 2 and listed in Table

Ill. The first t iree data sets are Skylab S-054 measureent s of

holes. The points in parentheses for November 1976 are uncertaiii,

because t ,e average hole densities for the 3.7 sec exposure are

close to the filrm background density.

Fi .,ir . 5 Net X-ray intersities in the diffuse coronal background sMibaeas

indicated by the boxis, labelled 'Q' in Figure 2 and listed in Table

IV. The. first two data sets are Skylab measureenets of LSS areas.
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F igvire 6 Linear plot of (oiiected magnetic field strevlgthV averaged o,tr the

subareas indicated by the dashed boxes on Figure. 2 and listed in

Table V. The data sets are arranged in t ir, order to oTmp e r

measurements with those of Harvey et al. in Figure 9a. Circled

points are Mt. Wilson daily data on the day of tt rocket flight,

and X's are such data on(, day before or after the flight. Squares

indicaite measurements from Kitt Peak synoptic maps. The parentheses

indicate measurement,, limbward of an average (1 60' .

Figure 7 Overall comparison of the magnetic field ,-trengt: land X-ray lux of

coronal holes from 1974 to 1981.

(a) Semi-log plot of magnetic field strengths frun, Kitt Liak

synoptic maps averaged over 10830 A coronal hole boundaries from

1975 to 1980. Points joined by a vert ical line represent mesure-

ments of different holes made during t.e same rontls. We have

plotted these data from Table I of Harvey u-t al. (1982); see their

paper for detail Is. The crosses indicate Or averaged Mt. Wilson

measurements for equatorward iholes only (see text)

(b) Semi-log plot to the same t ime scale as (a) ef the X-ray energy

fluxes of the coronal holes listed in Table Ill. For (each fi ight

all of tht rTu(,asmr e1nts :avt been avrige( to; t:er and plotted as

single point. Fach error bar is a s impl( ,veri oPf the. F,:, ;;S r t' t

uncertainti( , for each flight.

Figure 8 Comparison of tlie solar X-ray coronla oh'eb, cud with AS&F's row ,t

flight on 13 February 1981 and ground-basid , plet ,spitii magr: to-

graws from Kitt Peak on the 13th (c enter.,) and tit, Wilson oil ti)( 11th

(right). The Mt. Wilson map is firm Sol cr-Cioph.cic I Dfat a. Posi-

tivc-polarity firlds ar( indicated by white areas on the Kitt Peak

image and solid lines on tlie Mt . Wilson l;,,1. it, X-rsv boundary of

the large,(, sout F crn c(oro(na I hole has been 1i Ip IlIj ( I ('In (each I t (.

magnet ogras . For t lie Mt . Wi Isoi map It l X-ray hounde, r hdas eet:,(':

adjusted to account foi solar rot at io.
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Figure 9 Fits of the SO-212 film speed parameter, ap, as a function of X-ray

wavelength. The fits are of the form In all X-a/b. Circled points

indicate measured data. The Skylab (S-054) and 17 November 1976

rocket fits are based on laboratory data at at least two wavelengths

with a - 14.0, b - 33.8 and a - 12.9, b - 47.0, respectively. The

8-054 data are from an AS&E memo by H. Gerassimenko dated 1 August

1975. The other fits are derived by "pinning" the curve with the

same slope as the S-054 data to the 8.3 A value measured for each
rocket flight. The values of a for those flights are: 1974: -2.0,

41978: -0.7, 1979: 31.2, and 1981: 44.3.

Figure 10 Synthesized film density to deposited energy calibration curves for

the 27 June 1974 data. These curves are for the "toe" region. The

shape of the curve is derived from image data and is "pinned" in ab-

solute energy at a point that is dependent on assumptions about the

fit of aV(M) and the range of temperature. The curve yielding the

highest energies is pinned at the circled value: DPDS 111, E =

-2
2.7 erg cm ; the curve yielding the lowest energies is pinned at a

point beyond the scale of the graph: DPDS = 199, E 8 8.4. The film

background density was 11 PDS units.
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CORONAL X-RAY OBSERVATIONS
1974 -1981

27 JUNE 1974 17 NOVEMBER 1976

31 JANUARY 1978 13 FEBRUARY 1981

Figure Al
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CORONAL HOLE BOUNDARIES

00

31 JANUARY 1978 13 FEBRUARY 1981

Figure A2

A- 15



0

0) 0
V)

w 0
N 4

0

00
z 0~

0

0 00 000 00 0000
0CO 0N 0~~ 0 00

S13XId :10 U8wnfN

0
0

CME

0)0
0 00 U

-,0 0
CD L0.

N-3~ 01 38n

c4A-10



0.4

0.1 7

CMuc

E0.01 Ii~TI

27 JUNE 17 NOV. 31 JAN.- 13 FEB.

1973 1974 1976 1978 1981

Figure A4

A-1 7

idS



0.1

C.)
4) 0

cml

4TT
40)

z

0.01

0.01

*00127 JUNE 17 NOV. 31 JAN. 13 FEB.

1973 1974 1976 1978 1981

A-1I8



0

0)

x 0

Lf) (4) c

(ssneqw

(8 1BGISPe-A319 ~ IO

A-19



C131

100

01

0.10

0.00

r-7 197 196 17 97 99 18



0(

U)

00
uU)
LL1

II-

COl

A-2



10

6

I 4

2

apu

.6

.4

.2

-0 10 20 30 40 50 60

Figure A9

* A- 22



CO)

j CN
E

CD

0)
(-

0

00

0 0)0

0 0O

A-23



FIMED

7-85

DTIC 
*

hem-


