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1.0 INTRODUCTION

Coronal holes are areas on the sun where the coronal tempera-
ture and density are lower than the surrounding quiet areas and
active regions . These features appear as region s of greatly
reduced emission in coronal extreme ultraviolet (EUV ) and X-ray
lines , as regions of low brighthess in the white light K-corona ,
and as regions of reduced brightness temperature at decimeter
and meter wavelengths . Coronal holes also appear to be areas
where the magnetic field is open and therefore regions where the
solar wind can originate . It is the latter factor that has
generated considerable interest in these features. In’ recent

years there has been increasing evidence that coronal holes are
a major source , perhaps the primary source , of the solar wind ,
particularly the recurrent high-speed streams. Consequently, the

investigation of the physical conditions in coronal holes is of

fundamental importance to the development of reliable physical
models for the solar wind . There are also implications regard-

ing solar terrestrial relations, because the solar wind provides
one of the mechanisms by which the sun influences conditions in
the terrestrial magnetosphere and upper atmosphere . Coronal hole s
have been identified as the long sought for M-regions responsible

for recurrent geomagnetic disturbances. A recent review by

Withbroe and Noyes (1977) gives a number of references to coronal

hole studies .
This report summarizes several investigations into the

physical conditions in coronal holes that we re performed with
support of AFGL contract F19628-76-C-0281. These studies have
been concerned with the development of an improved temperature—
density model for coronal holes and for comparison purposes, an
improved model for the quiet corona. Knowledge of the physical

conditions in the lower corona is needed for the development of
theoretical models for the corona and the specification of the

—3—

I



- -

mechanisms responsible for coronal heating and solar wind accel-
eration. Since the results of the above studies have been pre-

sented in published scientific papers and AFGL scientific reports,
we will give only brief summaries of the work in this report.

2.0 CORONAL HOLE MODELS

Mariska (1977, 1978 ) has utilized observation s of the
intensities of EUV emission lines to derive empirical models
for a polar coronal hole and the surrounding corona. A complete

description of the analysis is given in the paper’. by M~ riska
(1977, 1978). The EUV data were used to deriv~ a model for the
lower corona to a height of 0 . 2  solar radii above the solar
surface . This model was then extended out to four solar radii
above the surface by Munro and Mariska (1977) through use of

Skylab and ground based measurements of the brightness of the
white light corona.

The EUV observations utilized in Mariska 1s analysis were
obtained by the Harvard experimen t on Skylab (Reeve s, Timothy ,
and Huber , 1977) . Emission gradient curves for EUV emission
lines of lithium—like ions 0 VI Al032 , Ne VIII A 770 , Mg X A625, Al
XI A55 0 and Si XII A52 1 were derived from spectroheliograms of a
coronal hole located at the north pole during the summer of 1973.
The measured emission gradients are given in Figures 1 and 2 along
with theoretical curves calculated for the model discussed below .

Since the line of sight along whi ch the EUV intensities were
measured contains material from both the polar coronal hole and
the surrounding quiet corona , it was necessary to construct models
for both the corcnal hole and its surroundings . The boundary be-
tween the two regions was assumed to have the form 0=a (p-p0)+00,

where 0 is the angle that the boundary makes with the solar north

pole along the line of sight which passes a distance p (measured
in units ‘f a solar radius R )  from the center of the disc. The

constants a, 00 and were determined to be respectively , 65 , 230

and 0.92. For the temperature density models it was assumed that
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Figure 1
Emission gradient data for Mg X A625 , Al XI A550 , and Si XII
A52l observed at the solar north pole on 14 August 1973. The
points are the observations and the curves are the predicted
emission from the model discussed in Section 2 . 0 .  Each curve
has been displaced along the ordinate for clarity. The n umber
to the left of each curve is the log of the intensity in erg
cm 2 s~~ sr~~ at that point. The division s on th. ordinate are
separated by 0 .2  dcx.
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Figure 2
Emission gradient data and the predicted emission for 0 VI
A1032 and Ne VIII A770 for the region detailed in Figure 1.
The dashed lines on the 0 VI A1032 data are the predicted
emission from models in which the cojiduc3ive flux has been
increased and decreased by a factor of two from the value that
best matches the observations.
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the corona is in hydrostatic equilibrium , a good approxima tion- in
the low corona even if mass flows of the order of 10-20 km/sec
are present. The corona surrounding the coronal hole could be
represented by an isothermal model characterized by a temperature

of 2xlO 6K and electron density 3.1x108 cin~
3 at a height of 36,400

km. The model for the coronal hole is characterized by an elec-
U tron density of l.7x108 cm 3 at 0 .03  R above the surface , a con-

stant downward directed conductive flux of 6xlO erg/cm /sec and
coronal temperature of l.lxlO6 K reached at a height of 0.08 R41 .

The above models are applicable to the lower corona for heights
up to about 0.2 R® above the surface. Emission gradients calcu-

lated from the above models are given in Figures 1 and 2.
The values of the coronal temperature and density obtained

by Mariska are in good agreement with those obtained in earlier
EUV coronal hole studies (Munro and Withbroe, 1972; Withbroe and
Wang, 1972). The value of the conductive flux is a factor of

1.7 less than the values found in earlier studies. The new deter-

mination of the conductive f lux is particularly important, because
it is the first determination of the conductive flux in a coronal

hole that is independent of the assumed densities. Instead it

depends upon the shape of the emission gradient curves, which can

be determined to a much higher precision with the Skylab data

than with earlier measurements made with lower spatial resolution .

The density distribution determined for this polar coronal hole

is close to the minimum polar density distribution tabulated by
Allen (1973).

Munro and Mariska (1977) combined the above results with

white light observations to produce an empirical self—consistent

coronal hole model between the base of the coron a (height of
approximately 0.05 Re) and 40R 5 above the surface . A smooth
density distribution was found to match the EUV data and white
light data from the HAO 1973 ground-based eclipse expedition and
Skylab experiment. By assuming the outward flow of polar coronal
material into the solar wind is similar to that in high speed
solar wind streams measured at 1 astronomical unit , Munro and
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Mariska determined the velocity and pressure distribution within

the coronal hole present at the north solar pole in the summer of

1973 (cf. Munro and Jackson, 1977). In the absence of accelera-

ting forces other than those due to gravity and gas pressure, the
derived kinetic temperature of the plasma (about 106K at the base
of the corona) is consistent with the EUV observations and in—
creases outward from the sun to heights at least 2 .5  R® above the
surface . This implies that material is being heated and/or
momentum is being transferred to the plasma (e .g.  L~y ~ a~ e-
particle interactions) to this height.  Under ~ne above assump-
tions the coronal temperature at a height of 2.5 R may exceed

3x10 K in the coronal hole . Most of the solar wind acceleration
also occurs at this height range wi th the velocity increasing
from about 10 km/sec at a height of 0.1 R , to 100 km/sec at 0.6

to 500 km/sec at 4 R~. The coronal hole geometry found by

Munro and Mariska is shown in Figure 3. This figure illustrates
that the angular area of the coronal hole increases by nearly an
order of magnitude between the solar surface and a distance 5 Re
from sun center. The model based on the combined EUV and white
light data is not consistent with measurements of radio bright-
ness temperatures at frequencies below 100 MHz (e.g. Dulk et al.

1977). This suggests the possibility that the difficulties

encountered by Dulk et al. in obtaining a self-consistent
coronal hole model from EUV and radio data may result from
systematic errors in the absolute calibration of the relevant

radio measurements.

3.0 INHOMOGENEITIES IN CORONAL HOLES

One of the major types of inhomogeneities in polar coronal
holes are polar plumes. These are ra~’— like coronal structures

observed in polar regions in BUy, X-ray and white light observa-
tions. These features appear to overlie coronal bright points ob-
served in EuV and X-ray coronal lines. Ahmad and Withbroe (1977)

utilized EUV observations of three polar plumes to construct
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Figure 3

Polar Hole Boundary. It was shown by Munro and Jackson (1977)
that the polar hole was essentially axisymmetric about the north
pole during the summer of 1973. Minor changes in the location
of this boundary near the solar surface occurred between the
times when the eclipse data (30 June) and the EUV data (14 Aug-

* 
ust) were obtained. These changes are shown in the top portion
of the fi gure. The dotted line depicts the Munro and Jackson
boundary on 2 July . The lower and upper dashed lines represent
boundaries on 7 and 21 August respectively -- indicating that
the shape of the hole was undergoing modification during the
EUV observation s on 14 August. The assume d boundary for the
combined observations is denoted by the solid line; the entire
boundary from the solar surface to 5 R is shown in the bottom
portion of the figure.
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temperature-density models for these features. They found that

the plumes studied had mean coronal temperatures of l.lxlO6K,
similar to that in the surrounding coronal hole . They also found

evidence that the coron al temper ature incre ases with height, by
about 150 , 000 K between the base of the plume and a height of
0.12 R0 above the surface . The density along the axes of plumes

studied appears to be about a factor of 3 hi gher than that in
typical polar coronal hole models . The variation of density with

height in the plumes is consistent with the assumrtiDli of hydro-
static equilibrium, but gives equal , if not betL~r, agreement to

a model with outward flows of several times 10 km/sec.

On the basis of the analysis it appears that polar plumes
may contain about 15% of the mass in a typical polar coronal hole

and occupy 10% of the volume . If the magnetic field lines in

polar plumes are open , as their iay—like structure suggests,
they may contribute a significant fraction of the mass flowing

outward in the high speed solar wind streams ori ginating in
coronal holes.

4.0 MODELS FOR ‘THE QUIET CORONA

Mariska and Withbroe (1978) have utilized emission gradients

derived from Skylab measurements of intensities of EUV emission
lines in typical quiet regions to determine densities and tempera-

ture gradients in the quiet corona. Their analysis suggests

that the coronal tempera tur e rises throug hout the height range
0.03 Re to 0.3 Re above the surfa ce . This resul t implies that in
quiet regions there is signif icant  coronal heating beyond 0 . 3  Re
above the surface. The density distribution determined for the

quiet-sun model is consistent with the mean density structure of
the inner corona de ter mined by Sai to (1970) from a lar ge body of
eclipse and whi te light K-coronameter observations . The EUV
observa tions , coupled with Saito’s resul ts , appear to be most

- I consistent with a coronal temperature which increases from between
= 1.6 and 1.8 million degrees at a height 0.05 Re to betwe

r~ 2.5
and 3 million degrees at a height of 0.4 R5. These temperatures
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are significantly higher than those in the polar coronal hole
model , by about 600,000 K at a height of 0.08 R® . A represen-

tative value for the downward conductive flux is about 2x105

* 
er g/cm2

/sec, larger than that in the polar coronal hole by a
factor of about 3. The density at 0.03 R0 is about a factor of
2 higher than in the polar coronal hole.

5.0 CORONAL ENERGY BALANCE

Mariska (1977) has used the above models for typical quiet

regions and polar coronal hole to determine the coronal energy

losses due to thermal conduction and radiation. These values

are given in Table I. The other major energy loss is the solar

wind. In his study Mariska used the solar wind losses for coronal

holes , 6.4xl05 erg/cm2/sec , estimated by Bame et al. (1977) wi-c

asswned that all of the solar wind flux originates in coronal

holes that cover 20% of the solar surface . This estimate is in

good agreement with that of Withbroe and Noyes (1977), 7x105

erg/cm2/sec, determined by using typical densities and velocities
for high—speed streams which were assumed to originate in coronal
holes whose angular area increases by a factor of 6 between the

solar surface and distances far above the surface . If some

portion of the average solar wind originates in normal quiet

regions , then the mean coronal energy loss due to the solar wind
escaping from quiet regions must be equal to or less than about

l0~ erg/cm2/sec (Mariska 1977; Withbroe & Noyes 1977).

Table I Coronal Energy Losses

Quiet Region Coronal Hole

5 4Conductive f lux  2x 10 6xlO
• . - 4 3Radiative f lux 5xlO 9xlO

. 5 5Solar wind f lux 10 6x10
5 5Total coronal loss 3x10 7xlO

Note : All fluxes are in units of erg/cm 2/sec at the solar surface .
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Since the above estimates for the total energy loss are

uncer tain by a fac tor of 2 to 3 , these estimates suggest the
possibility that the total energy loss, and therefore the coron al
heating, is the same in quiet regions and coronal holes. This

suggests the possibility that one way to measure the energy

carried away in the solar wind is by measuring some parameter

in coronal holes that will reflect the lowered coronal tempera-

ture and density in these regions . For example, decimetric

or metric radio brightness temperatures in corona) hoLes may

be correlated with the energy carried away by t~~ solar wind

originating in these regions.

6.0 THE TRANSITION LAYER

Knowledge of the physical conditions in the solar transition

region is important for a variety of reasons. The transition

layer is the inter face throu gh which mas s and ener gy flow between
the chromos phere an d coron a . The trans por t of energy by therma l
conduction into the transition layer is a primary coronal cooling

mechanism. A reliable determination of the magnitude of energy

lost by this mechanism depends on knowledge of temperature gradi-

ents in the transition layer. This layer may also play a major

ro le in determinin g the mass flow between the chromos phere and
the corona. Current empirical and theoretical models suggest that

there may be a unique relationship between the temperature gradi-

ent and density in the transition layer, a relationship specified
by the requirement that the mechanical energy , radiative and con-

ductive fluxes be in balance (cf. Moore and Fung 1972; McWhirter

et al. 1975; Rosner et al. 1977; Withbroe 1978) . In order to

achieve this balance the atmosphere responds to changes in mechan -
ical energy deposition in the transition layer and corona by in-

creasing or decreasing the temperature gradients and densities in

these layers (cf. Moore and Fung 1972; Pye et al. 1977; Rosner

et al .  1977; Wi thbroe 1978) . Consequently, it appears possible

—12—
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that the transition layer not only acts as an interface in the
flow of mass and energy between the chromosphere and corona , but
it also exe rts some control over the magnitude of these flows .

One of the most d i f f i cu lt parameters to determine for the
transition layer is the electron pressure. The electron pressure

• is a more useful parameter for many purposes than the electron

density , because the electron pressure is expected to be nearly

constant across the transition layer due to the fact that the geo-

metrical thickness of the transition layer is small compared to a

pressure scale hei ght .  Tables II and III give electron pressures
derived by a variety of techniques (see Withbroe 1977) . Table II
demonstrates that within the uncertainties of the determinations,

typically ± 0 . 3  dex , it appears to be a reasonable assumption that
the quiet chromosphere , transition layer and lower corona have
the same pressure and are in hydrostatic equilibrium .

One of the major problems yet remaining in the study of

coronal holes is determining whether the electron pressure in

the transition layer of coronal holes is nearly equal to that in

quiet regions or whether it is lower by a factor of 2 to 3 as

would be expected if the transition layer is in pressure equilib-

rium with the overlying corona. It has been firmly established

in studies described earlier in this report and in previous work

that the coronal layers of coronal holes have electron pre ssur es
a factor of 2 to 3 lower than in quiet regions.

The results presented in Table III suggest that the
pressure in the transition layer of coronal holes is approximately
equal to that in quiet regions . Since the emission measures in

the two types of regions are nearly identical for 4 .5<log T < 5 . 9
(see Withbroe 1977) , this suggests that the temperature gradient
in the transition layer of coronal holes is approximately the
same as that in quiet regions. Because of the possible implica-
tions in the energy , mass and pressure balance in the transi tion
layer , these results require further study.

-13— 
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TABLE II. ELECTRON PRESSURES IN QUIET REGIONS

Log P/k = log NeT

TECHNIQUE AVERAGE CELL NETWORK SOURCE

CHROMOSPHERE 14.7-14.9 Vernazza (1977b)
CORONA *

Limb Observations
(Whi te light and EUV) 14.8 Mariska (1977)
Disk Observations 14.9 14.9 14.9 Marisk (1S/7)

TRANSITION LAYER
Opti cal Depths*

C II A 1335
= 0) .t14.2 ‘~14.3 Mariska (1977);

(
~ = 17 km/sec) ~13.8 ~14.O 

Withbroe , Mariska (1976)

C III A977
= 0) ~14.5 ~14.7 Mariska (1977);
= ii kin/sec) ~14.2 ~14.4 

Wi thbroe, Mariska (1976)

Line Rat ios
C III x1176/A977 14.9 14.6 15.1 Vernazza (1977a)

14.6 14.5 14.6 Dupree et al. (1977)
14.4 Dufton et a). (1977)

N III A772/A989 14.5
0 V A76O/A630 14.9 14.3 15.1 Vernazza (1977a)

14.4 Dufton et al. (1977)
C III A1247/A1908 15.1 Ni colas (1977)
Si III A1301/A1296 15.3 Nicolas (1977)
O IV A 1404/A1401 15.2 Nicolas (1977)

A1407/x1404 15.2 Ni colas (1977)
Energy Balance 14.5 14.3 14.7 Rosner et al. (1977);

Withbroe (U77b)

* ~ Is the assumed microturbulent velocity
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TABLE III. ELECTRON PRESSURES IN DIFFERENT REGIONS

Log P/k = log NeT

CORONAL QUIET ACTIVE
TECHNIQUE HOLE REGION REGION SOURCE

CORONA
Limb Observations 14.40 14.80 Mariska (1977)
Disk Observations 14.45 14.90 15.6 Mariska (1977);

Wi thbroe (1977)
TRANSITION LAYER

Optical Depths
C II ~1335(

~ 
= 0) ~14.2 ~14.2 Mariska (1977);

Wi thbroe ,
Mariska (1976)

= 17 km/sec) ~13.8 ~13.8
C III A977

= 0) ~.14.1 ~14.5 Mariska (1977);
WI thbroe,

Mariska (1976)
= 17 km/sec) ~13.8 ~14.2

Line Ratios
C III A 1175/A977 14.9 14.9 15.5 Vernazza (1977a)
N III A772/A989 14.5 14.5 15.1 Vernazza, Mason

(1977)
O V A760/A629 14.9 14.9 15.8 Vernazza (1977a)
Mg IX X439/X368 14.5 15.0 Vernazza (1977a)

Energy Balance 14.4 14.5 15.5 Rosner et al.
(19773T

Wl thbroe (1977b )
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Another result that requires further investigation is the

finding by Mariska (1977) that spicules appear to contribute of
the order of 60% of the emission in EUV lines formed in the

transition layer of coronal holes. If this resu)t should be

supported in future work , it would have a major e f fec t  on our
conceptions of the mass and energy flow in the lower transition
layer of coronal holes .

7.0 CHROMOSPHERIC MODELS

We have also performed a significant amoun t if Work on the
development of models for the quiet chromospheie. This work ,
which will be reported in a future paper by Vernazza , Avrett and
Loeser , deals with the derivation of a series of chromospheric
models representing areas of different brightness in quiet
regions of the atmosphere. If additional work on transition
region models confirms the hypothesis that the densities in the
1owe~ transition layer are approximately the same in coronal
holes and quiet regions , then the chromospheric models being
developed for quiet regions can be utilized for coronal holes

with a minimum of modifications. The final models, which are
nearly complete , will consist of a homogenous model for the
chromospheric layer in quiet regions and a set of six models for
representative network and cell areas in quiet regions and coro-
nal holes. Differences between the chromospheric layers in

coronal holes and quiet regions are accounted for by assigning

different fractions of the chromospheric area to each of these
six models , since coronal holes have a smaller fraction of bright
network elements than quiet regions.

8.0 SUMMARY

The major f indings in the investigations summarized in this
report :

1) Models derived from Skylab EUV observations of a polar
coronal hole and typical quiet region confirm earlier results

-16- 
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that the coronal temperature , density and the energy loss by
thermal conduction are significantly lower in coronal holes than
in quiet regions.

2) Coronal models derived from EUV and white light data are

self-consistent. This suggests that the discrepancies found

between models developed from EUV and radio data may be due to

uncertainties in the analysis of the radio measurements, or
errors in the absolute calibration of the radio brightness
temperatures.

3) There is some evidence that the electron pressures in

the lower transition layer in coronal holes and quiet regions are

approximately the same.

4) There are si gnificant positive temperature gradients in
the corona , with the coronal temperature increasing with in-
creasing height to at least 0.3 R~ above the surface in quiet
regions and possibly to heights as high as 2.5 R® or more above
the surface in coronal holes. This implies that there is signif-
icant coronal heating and/or momentum deposition above these
heights .

5) A significant fraction of the solar wind acce leration in
coronal holes may occur wi thin a few solar radii of the surface .

6) Polar plumes , which appear to be coronal structures
associated with the small magnetic bipolar regions underlying
coronal bright points, contain a significant fraction of the mass
in polar coronal holes and may contribute a significant fraction

of the plasma flowing out of these regions in high speed solar
wind streams .
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