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1. INTRODUCTION 

During the past few years various chromospheric models based on optical 
and ratio data have appeared in the literature. They exhibit an overwhelming 
tendency to recognize the chromosphere as a heterogeneous medium departing 
markedly from spherical symmetry. Beyond this general trend, however, 
their similarity all but vanishes. Perhaps the reason for this dissimilarity 
lies in the complexity of nonspherically symmetric models. The simpler ones, 
based on the assumption of spherical symmetry, however, show an equal 
diversity. It seems, therefore, that the diversity must be attributed to a lack 
of basic understanding of chromospheric phenomena. 

Once we abandon the relatively simple models of a spherically symmetric 
chromosphere, the next simplest alternative is a two-component model con
sisting of " hot "- and " cold "-volume elements, in each of which temperature 
and density vary in the radial direction only. Even in such a model, how
ever, five parameters (temperature and density in each component and the 
relative proportions of the two components) must be evaluated at each height 
where the thermodynamic state of the atmosphere is specified. Thus, at 
each height where the model is specified, five independent observational data 
are needed. In general, the available data are not adequate to completely 
specify such a model. The problem is further complicated by the realization 
that in using observational data we are justified in evaluating only the mini
mum number of parameters that are required to represent the data. Indeed, 
if we are to have confidence in a model it must be capable of explaining 
more data than are required to specify its parameters. 

The purpose of this paper is to demonstrate that the radio data can be 
represented by a fairly simple two-component model whose main features 
are derived from optical data. The basic initial model contains four unspeci
fied parameters. These four parameters are evaluated from central disk 
brightness temperatures at wavelengths of 4 mm, 8.6 mm, 3 cm, 10 cm, and 
21 cm, and center-to-limb brightness temperatures at 8.6 mm. 

2 . RADIO DATA 

Central brightness temperatures for the solar disk are available at several 
wavelengths in the radio spectrum, but only the shortest wavelengths are of 
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interest in connection with the chromosphere. 
are summarized in Table I. 

TABLE I 

The data used in this analysis 

CENTRAL BRIGHTNESS TEMPERATURES 

4 mm 
8.6 mm 
3 

10 

21 

cm 

cm 

cm 

Brightness 
Temperature 

7,000°K 
8,500 

19,000 
16,000 
17,400 
23,000 

47,000 

Method 

1954 eclipse 
1954 eclipse 
1954 eclipse 
1952 eclipse 
noneclipse 

1954 eclipse 
noneclipse 
noneclipse 

Reference 

[11 
[11 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 

Central brightness temperatures at different wavelengths effectively map 
the radial temperature structure of the middle and upper chromosphere. 
However, they tell us nothing about the nonspherical properties of the chromo
sphere. For this, we must turn to observations of center-to-limb variations 
in brightness temperature. We utilize the data at millimeter wavelengths in 
which the emission is exclusively chromospheric. Fig. 1 shows the limiting 
values of brightness temperature 
across the solar disk at an 8.6-mm 
wavelength [1] as derived from 1954 
eclipse data (dashed lines). We shall 
use these data in conjunction with 
the central brightness temperatures. 
The most striking feature of the 
center-to-limb data is the apparent 
constancy of brightness temperature 
out to R/R® ~ 0.98. Hagen [8] and 
Coates [1] have pointed out that 
models derived from central bright
ness temperatures alone predict a 
monotonic increase in brightness 
temperature from center-to-limb 
that should be readily observed for 
R/R® ^ 0.8. They further point out 
that the absence of limb-brightening 
out to R/R® ~ 0.98 can be logically 
explained only by resorting to models 
that depart from spherical symmetry. 

In using the radio data to evaluate parameters of a model, we must determine 
the number of parameters required to represent the data. A curve lying 
within the limits of center-to-limb brightness temperatures in Fig. 1 can be 

FIG. 1. Center-to-limb variations in bright
ness temperature at 8.6 mm. 
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specified by four points. These four points together with the data in Table 
I constitute eight observations. It is unlikely, however, that these eight obser
vations are all independent, since center-to-limb observations are in some ways 
equivalent to central-brightness temperatures at different wavelengths. Our 
model, therefore, must contain less than eight adjustable parameters. Since 
a realistic model cannot be specified with so few parameters, we start with 
a model derived from optical data. 

3 . THE INITIAL MODEL 

As an initial model, we adopt the model derived by Athay and Menzel [9] 
and later modified by Athay and Thomas [10]. Fig. 2 represents a schematic 
illustration of this model. Along any given radial direction the kinetic tem
perature, Te, increases outward in three discrete, unique steps [11]. The 
cold components are distinguished from the hot components by the heights 
at which these steps occur. 

Hot Component Cold Component 

FIG. 2. A schematic model of the chromosphere derived from optical data. 
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In the following, we define: 
Ti = kinetic temperature of temperature step i; 
Tt = optical thickness of temperature step i\ 
ni = electron density of temperature step i\ 
at = fractional area of the cold component of the atmosphere at 

temperature step i. 
In the model Ti remains constant with height, but r4, m, and ai vary with 
height. To a degree of approximation sufficient for the present purposes, m 
varies exponentially with height. The two components of the atmosphere are 
at temperature steps 1 and 2 below 4500 km and at steps 2 and 3 above 
4500 km. We identify the cold components above 4500 km with spicules. 

Brightness temperatures at radio wavelengths depend upon Ti, Ti, and ai; 
and rif in turn, depends upon Ti and m. Since we require an initial model 
with less than eight parameters, we choose as many parameters from the 
optical model as seem well determined. From the numerical values of these 
parameters, we arrive at the following initial model: 

0—1500 km 

TL = 6500 °K 
ni ~ ion 
d\ = 1 

TABLE II 

1500-4500 km 

Z\ = 6500 °K 
nx ~ lOn 
ai = unknown 

TL — unknown 
n2 — n>i,oe-P2h 

$2 = 10 - 8 cm- i 
rc2,o = unknown 

4500 km 

T2 = unknown 
n2 ~ lOu 
a2 = projected area 

of spicules 
T3 = 106 

nz = nz,Qe-^h 

/92 = 2 x lO-io cm-1 
7i3,o = unknown 

The initial model contains three unknowns, T>>, w2,o, and «3,o, in addition to 
ax in the layers from 1500 to 4500 km. In order to further simplify the 
model, we assume that the cold elements at temperature 7\ between 1500 
and 4500 km are observed at an average height of 3000 km, and that they 
have a mean diameter of 1000 km. We then have only the number, q, 'of 
these elements to determine, which reduces the number of unknowns in the 
model to four. 

The electron density in the first step in the temperature curve and in the 
spicules is of the order 10n, which results in large optical thickness at wave
lengths of 4 mm or greater. Thus, we cannot specify the electron density in 
these regions from existing radio data. 

4 . THE FINAL MODEL 

The projected area of spicules extending above 4500 km may be obtained 
from counts of spicules at the limb [12]. Spicule numbers corrected for pro
jection and obscuration effects are shown in Table III. The mean spicule 
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diameter is about 700 km. Hence, at the center of the disk we obtain a*~ 
0.004 for spicules extending above 4500 km. 

TABLE III 

SPICULE NUMBERS 

Height(km) 3000 4000 5000 6000 7000 8000 9000 10,000 11,000 12,000 
Number of 
spicules on 9.3 6.8 5.5 4.2 2.9 1.8 1.1 .55 .32 .15 
sun x 10-* 

Preliminary calculations show that ax at 3000 km is much greater than a2 
at 4500 km. Hence, we may use a,\ at 3000 km to approximate the area of 
cold components above 1500 km. In our simplified model, the brightness 
temperature at angle 0 from the center of the disk and wavelength X is given 
by the sum of the contributions from hot and cold elements; viz.: 

W, X) = Ti[l - ai(0, q)] exp - [r2(0, X) + r3(0, X)] 

+ 7 W 0 , q) exp - ["-^2(0, X) + r3(0, X)l 

+ T2[l - atf, q)]{exp - [r3(0, X)] - exp - [r2 - (d,X)]} (1) 

+ T2ai(d, q)jexp - [rs(0, X)] - exp - [ -^ 2 (0 , ^)ji 

+ 7 W 0 , q) exp - [r3(0, X)] + T3{1 - exp - [r3(0, X)}} . 

The factor 1/20 multiplying r2(0, X) in some of the terms in equation (1) arises 
from the decrease in r2 between 1500 and 3000 km, which amounts to e~3. 

The line-of-sight optical depth at height h above the base of an isothermal 
layer is 

r<(0, X) = at(X) f V 2 * * dy , (2 ) 

where 

*i(X) = 2.5 x W-*n*nlJ%;*'*h2Z + log T« - j - log m\ (3 ) 

[13] and y is the coordinate in the line of sight. To a good approximation 

A = - r £ - + ycos0. ( 4 ) 
z/c® 

In order to determine ai{0, q) and a*(0, q), we assume a random distribution 
of cold elements, in which case the Poisson relation gives 

*i(0, q) = 1 - exp - [AM, q)] . (5 ) 
Ai(0, q) is the total surface area of cold elements projected against a unit 
area of the solar disk, ignoring the fact that one cold element may lie in 
front of another. Thus if q is large, when we look at the cold elements 
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near the edge of the disk Ai(0, q) may be considerably greater than unity. 
However, ai(0tq) is always less than unity. 

Solutions of the foregoing equations for T2t n2,o, n3l0f and q are readily 
obtained by iterative methods. As is to be expected with a simplified model 
containing fewer parameters than the number of observational data to be 
fitted, the data cannot all be fitted precisely, and there is a choice to be made 
about which data should be fitted best. Since the chromospheric model is 
most sensitive to data for A <[ 3 cm, we adopt the model that best represents 
these data. 

The two density parameters nit0 and «3,o and the number of cold elements, 
qy are well determined by the model since they enter the equations through 
exponential terms. T2, however, is not as well determined since it enters 
the equations primarily as a linear term. Acceptable representations of the 
data can be obtained for T2 in the range 20,000-30,000 °K. 

The adopted model is given in Table IV and the computed central bright
ness temperatures are given in Table V. The center to limb variations in 
brightness temperature at 8.6 mm are shown in Fig. 1 as the solid curve. 

TABLE IV 

ADOPTED MODEL 

T-2 7l2,0 W3,0 <7 

25,000 1.4 x 10io 3 x 108 3.4 x 10° 

TABLE V 

COMPUTED T(0, X) 

X 4 mm 8.6 mm 3 cm 10 cm 21cm 
T(fl,A) 7100 8500 16,000 26,000 40,000 

The adopted model differs basically from Coates' model [1] in the temper
ature structure and in the number of spicules. The agreement between com
puted and observed central disk and center-to-limb brightness temperatures is 
rather striking, especially since we have used a model with only four free 
parameters. Furthermore, the model differs significantly from the model 
derived solely from optical data in the parameters n2,o and »s,o only. The re
maining two parameters are both highly consistent with the optical model. 

Both H2,o and »3,o are lower in the radio model than in the optical model 
by about a factor of ten. This discrepancy is not as serious as it appears to 
be. There is good evidence from the optical data that the absolute intensities 
are too high by a factor of two to three [14], which results in a similar error 
in tta,o and »3,o. In addition, alternative representations of the optical data in 
analytical form permit another factor of two reduction in n2t0 and w3,o. 
Admittedly, it seems difficult to fully reconcile the two models. Nevertheless, 
the discrepancies in electron density are not completely outside the possible 
errors in the two models. Part of the difficulty may arise from an over
simplification of the models. 
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With the value of q given in Table IV, about 50 per cent of the solar 
surface is covered by cold elements at 3000 km. The optical model gives a 
somewhat lower value, which, however, increases rapidly downward so that 
50 per cent of the surface is covered at about 2000 km. On the other hand, 
the spicule counts in Table III give only about 0.4 per cent of the solar 
surface covered by spicules at 3000 km. It appears, therefore, that we should 
not identify the cold elements of the low chromosphere with spicules. The 
high percentage of the solar surface covered by cold elements is suggestive 
of the fine mottling observed in HOJ spectroheliograms. 

Finally, we note that the limits on T2 of 20,000 to 30,000 °K are very 
nearly the same as the limits derived from optical data. We should note, 
however, that the spicules extending above 4500 km contribute significantly 
to the observed brightness temperature at the extreme limb only. Thus, if 
we permit a change in a*(d, q) of a factor of two, we can permit a corre
sponding inverse change in Ta in the spicules. Recent studies of line profiles 
in spicules indicate a kinetic temperature considerably above 25,000 °K 
[15], which suggests that we have overestimated 02(0, q) at the limb owing to 
an overestimate of the mean spicule diameter. 

The most desirable radio data for obtaining improved models of the chromo
sphere are center-to-limb observations of brightness temperature at mm and 
cm wavelengths with particular emphasis on the region near the limb. 

The work reported in this paper was supported by the Air Force Cambridge 
Research Center, Geophysical Research Directorate, through contract AF 19 
(604)-2140 with the High Altitude Observatory. 
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