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Abstract
A chromosphere model for the analysis of emission lines in a flash spectrum is constructed. Emission gradients

of metallic and Balmer lines in flash spectra give height distributions of the total hydrogen and the product of electron
and proton density in the high chromosphere, respectively. The derived distributions imply the presence of “spicule”
structure which has a filling factor of 0.05 at 4,000 km above the base of the chromosphere. They explain the
averaged eclipse curves of Ca II H and K, and Hε line profiles observed in a 1958 flash spectrum and the Balmer and
Sr II emissions observed in a 1962 flash spectrum. Their excitation and ionization seem to match the radiation field
of the chromosphere. They are applied to 24 Ca II H and K spicules in the higher chromosphere observed during the
1958 eclipse. The analysis shows that they have a turbulence of 22 km/s on the average and 19 of them are thinner
than 2,000 km. The Ca II H and K, and Hε emissions of the active region observed during the 1958 eclipse are
enhanced mainly by the increase of their source functions due to an increase in their excitation temperatures.
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1. Introduction

Physical parameters of the solar chromosphere are deter-
mined in two ways. One is the way that they can reproduce the
solar UV spectrum. The other uses flash spectra of the total so-
lar eclipse. Height distributions of the total hydrogen density
and of the electron times proton density are shown in figure 1b
and d. The thin curve distributions are the latest result from
fitting the UV spectrum (Fontenla et al. 1993). In this deter-
mination the hydrostatic assumption confines the vertical ex-
tension and the chromosphere extends to around a height of
1800 km by the usual lifting forces of pressure and turbulence
against gravity. In the second case the hydrostatic assumption
is not necessary because the flash spectrum is a “side view”
of the chromosphere. The thick curve distributions extending
to the higher levels in figure 1b and d are the results of this
study which will explain the emission lines visible in the flash
spectrum of these levels.

The analysis made here is rather coarse and uses two sim-
plifications: 1) The emission gradients of the eclipse curves
reflect the density gradient and 2) Each analyzed emission
line has its own constant excitation temperature, i.e., con-
stant source function and ionization temperature throughout
the chromosphere. In the low density chromosphere the rela-
tive populations among the atomic levels are mainly governed
by radiative processes which have far longer scale heights than
the density. This makes the excitation and ionization tempera-
tures of each emission line change less against height and the
chromospheric emission gradient equal to the density gradient.
Zirker (1958) shows this in the case of metallic lines. In the
higher density atmosphere collisions become more effective
and change the populations of the atomic levels, which may
decrease the temperature scale heights. The emission gradi-
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ents will thus deviate from the density gradient.
Section 1 gives the derivation of the above distribu-

tions from emission gradients of metallic and Balmer lines in
the high chromosphere, which extend the low chromosphere
model (Hiei 1963) obtained with the continuous spectrum.
The derived model reveals the spicule structure in the high
chromosphere. Section 2 is an application of the model to
Ca II H and K, and Hε line profiles obtained during the 1958
total solar eclipse (Suemoto and Hiei 1959, 1962). The same
analysis is made for Balmer and Sr II lines using 1962 eclipse
data (Dunn et al. 1968) in section 3. Section 4 studies 24 Ca II
H and K spicules observed during the 1958 eclipse. Attached
appendices give line profile data of Ca II H and K, and Hε

observed during the 1958 eclipse and other information neces-
sary for the text.

The reference coordinate system for the flash spectrum
data used in this paper is depicted in figure 2 (ref. Thomas
and Athay 1961). The whole area outside the moon’s limb
contributes to the emission in the slitless flash spectrum.

Numerical constants in the text are described in cgs-units.

2. Model of the Chromosphere

An empirical model of the low chromosphere has been
obtained by Hiei (1963) with the use of a continuous spec-
trum of the 1958 total solar eclipse. The higher chromosphere,
where many emission lines are visible during the eclipse, may
be studied using their emission gradients. These are measured
where the emission lines are weak and are closely related to
the gradient of the emitting atom density,n(h). Let β ′(h) be
the density gradient of the emitting atom, then

β ′(h) = −d ln n(h)

dh
(1)

By integration

n(h) = n(0) exp

[
−

∫ h

0
β ′(h)dh

]
(2)
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Fig. 1. Emission gradients and density distributions of the chromosphere. (a) Filled circles are emission gradients of the metallic lines
compiled by Unsöld (1955). The open circle is obtained from the Ca II H and K lines observed during the 1958 eclipse. The solid
curve is the emission gradient calculated from the dotted curve (the density gradient of hydrogen). (b) Filled circles are the densities
of hydrogen from Hiei (1963). The thick curve is the hydrogen density distribution determined in this work. The thin curve is from
the FAL-C model (Fontenla et al. 1993). (c) Filled circles are the emission gradients of the Balmer lines from the 1962 eclipse. The
open circle is obtained from Hε during the 1958 eclipse. The solid curve is the emission gradient calculated from the dotted curve
(the gradient ofnenp distribution). (d) Filled and open circles show thenenp distribution from Hiei’s work (Hiei 1963). The open
circles are the values from the assumption,ne = np . The thick curve is thenenp distribution determined in this work. The thin
curve is from the FAL-C model (Fontenla et al. 1993). The height of the FAL-C model is shifted down by 400 km to reduce to the
one used here, the origin of which is at the base of the chromosphere.

Fig. 2. The coordinate system(x, y) for the flash spectrum
data. R: Sun’s radius,h: height of an emitting atom
at P from the base of the chromosphere. All the emit-
ting atoms outside the moon’s limb contribute to the
emission of the slitless flash spectrum.

wheren(0) is the density at the base of the chromosphere,
which is defined by the visible sun’s limb. The number of
the emitting atoms in the line of sight,N(x), at the projected
distance from the sun’s limb,x, is

N(x) =
∫ ∞

−∞
n(h)dy (3)

where

h = x + y2

2R
h � R (4)

The total number,N ′(x), contributing to the intensity is

N ′(x) =
∫ ∞

x

N(x)dx (5)

Therefore, the emission gradient,β(x), determined from weak
emissions, should be

β(x) = −d ln N ′(x)

dx
(6)

If an approximation,β ′(h = x + emission scale height) ∼
β(x) (e.g., van de Hulst 1953), is applied, equation (6) can
be calculated with the use of equations (1)–(5). The resultant
β(x) is compared with the observed one, and, by iteration, the
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final n(h) is obtained from equation (2).
According to the study by Zirker (1958), the emission

gradient of the metallic lines is equal to the total hydrogen
density gradient. If in equation (1)n is replaced with the to-
tal hydrogen density,nH , equation (6) provides the emission
gradient of the metallic lines. The compiled values by Un-
söld (1955) are adopted as the observed emission gradients.
The gradient atx = 6,000 km is added from the Ca II H and
K eclipse curves derived from 1958 eclipse data (see figures
4a and b, ref. appendix 1). Zirker’s density gradients are the
emission gradients asigned to special higher heights where the
emission has the intensity of the “plate limit” (Zirker 1958)
and were not used. The final iteration is shown in figure 1a.
The discrepancy between the observed and calculated distri-
bution is seen below 2,000 km, where the emission gradient
of the metallic lines may not be equal to the density gradient.
Hiei’s hydrogen density is adopted below 1,000 km.

Balmer line intensities are proportional to the number of
emitting atoms when the atmosphere is thin. Letnj be the
number density of thej -th level of hydrogen. Then by the
Saha-Boltzmann equation it is

nj = j2(nenp)T −3/2 exp

[
χion − χj

kT

]/
C1 (7)

where

C1 = (2πmk)3/2/h3 = 2.4147× 1015,

k : Boltzmann constant,
ne : electron density,
np : proton density,
T : temperature,
Xj : excitation potential of thej -th level,
Xion : ionization potential of hydrogen.

This equation shows that the gradient of the Balmer line in-
tensity is equal to that of the cross product,nenp, as long as
the temperature gradient is negligible. This will occur in the
high chromosphere where the density is low and the radiation
is dominant, and equations (1)–(6) are applicable whenn(h) is
replaced withnenp(h). Theβ(x) are derived from Balmer line
intensities from 1962 eclipse data (Dunn et al. 1968, see ap-
pendix 3). The gradient atx = 4,000 km is added from theHε

eclipse curves derived from 1958 eclipse data (see figure 4c,
ref. appendix 1). The result is shown in figure 1c and d. The
discrepancy between observed and calculated distributions is
seen in figure 1c below around 2,000 km and is probably due
to an improper assumption. Hiei’snenp distribution is adopted
below 2,000 km.

ThenH andnenp distributions in figure 1 give the ratio

nenp/nH = nexH (8)

wherexH is the ionization degree of hydrogen. SincexH � 1,
the ratio (8) gives the minimum ofne. At h = 5,000 km,
lognH = 8.83 and log(nenp/nH ) = 10.73. This means the
minimumne exceedsnH by a hundred times even although it
is the main source of the electrons . A spicule structure can
solve this contradiction. If the filling factor of the spicule has
spherical symmetry, the derived values in figure 1 are taken as
the ones of the spicule reduced by the filling factor. This solu-
tion is probable because a metallic line of Ca II H and a hydro-
gen line ofHε in the 1958 eclipse data are well correlated (see
appendix 2) and they may be emitted from the same volume.

By assuming a spicule structure, equation (8) is rewritten as

nenp/nH = nesxH (9)

wherenes is the electron density of the spicule andnH , nenp

are taken as reduced or smoothed densities. In order to ob-
tain the parameters of the spicule structure the following two
assumptions are made:

1) xH = 1 aboveh = 4,200 km. At this height lognes

becomes∼ 10.73 and equal to the hydrogen density,nHs , of
the spicule, since the main electron source is hydrogen.nHs

thus obtained is close to a recent theoretical value, lognHs =
10.6 ath = 4,000 km, obtained by Kudoh and Shibata (1999).
An highernHs with a lowerxH leads to the denser atmosphere.

2) nes = ne belowh = 2,000 km. This is equivalent to
f = 1. However, the separate determination ofnH from that
of nenp causes a slight inconsistency aroundh = 2,000 km as
shown in table 1 and figure 3. This assumption is reasonable
since the hydrostatic chromosphere can extend to aroundh =
2,000 km.

With the above two assumptions the spicule electron den-
sity is drawn by hand betweenh = 2,000 km and 4,200 km.
Oncenes is fixed, xH is obtained from equation (9). On the
other handnHs is calculated forh > 2,000 km by the follow-
ing formula,

lognHs = lognes − logxH (10)

under the assumption that the main source of the electrons is
hydrogen. Comparison ofnHs with nH gives the filling factor,

logf = lognH − lognHs (11)

The chromospheric model with the spicules is given in figure
3 and table 1.

3. Ca II H and K, and Hε Line Profiles during the 1958

Total Solar Eclipse

Unlike other slitless spectrum, the flash spectrum ob-
tained during the 1958 eclipse (Suemoto and Hiei 1959, 1962)

Fig. 3. Chromospheric model with spicules.nHs : hydrogen
density and nes : electron density of the spicule, re-
spectively, read by the left scale.xH : ionization degree
of hydrogen andf : filling factor of the spicule, read by
the right scale. Thin part of thenes curve is drawn by
hand (see the text).
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Table 1. Chromosphere Model.

is one of a few which can provide line profiles. The peak in-
tensity,E0, total intensity,E, and 1/e-line width, ∆λ1/e, of
the Ca II H and K, andHε profiles have been measured (see
appendix 1) in active and less active regions. They will be re-
lated to the chromospheric model in the previous section by
the equations below.

Under the assumption of constant source function,S, the
intensity at the projected heightx and the wavelength distance
from the line center∆λ is

I (x, ∆λ) = S[1 − exp(−τ (∆λ))] (12)

τ is the optical thickness in the line of sight and given by

τ (∆λ) = C2λfabs

∫ ∞

−∞
n(h)

VD(h)
H(a, v)dy (13)

where

C2 = √
πe2/(mc) = 1.4977× 10−2,

λ : wavelength of the line,
fabs : absorption transition probability of the line,
n(h) : number density of the absorbing atom,
VD : Doppler width in velocity scale,
H(a, v) : Voigt function with damping parametera and

v = ∆λ/VD .

The Doppler width taken from Suemoto’s result (see figure 4,
Suemoto 1963) is

VD(km/s) =
{

1.7 + 0.0051h h < 3,580 km

19.959 h ≥ 3,580 km
(14)

The measured quantities are

E0(x) =
∫ ∞

x

I (x, 0)dx (15)

E(x) =
∫ ∞

−∞
d(∆λ)

∫ ∞

x

I (x, ∆λ)dx (16)

and∆λ1/e is obtained from

E0(x) = e

∫ ∞

x

I (x, ∆λ1/e)dx (17)

The number density in the ground level of Ca II is

n(h) = ACanH (h)(1 − xCa II) (18)

where the calcium abundance relative to hydrogen,ACa, is
−5.65 in logarithms,nH (h) is from table 1 and the ionization
degree of the Ca II atom,xCa II, is

xCa II =
[
1 + nesT

−3/2
Ca II exp

(
χCa II

kTCa II

) /
C1

]−1

(19)

from the Saha equation. The electron density in equation (19)
is the spicule’s value in table 1,TCa II is the ionization tem-
perature of Ca II andχCa II = 11.871 eV is the ionization po-
tential of Ca II. The fitting parameters to the observed Ca II
H and K lines are the source function,S, the ionization tem-
perature,TCa II, and the damping parameter,a, in equations
(12)–(19). The other constant parameters arefabs(Ca II K) =
0.682, fabs(Ca II H) = 0.331, λ(Ca II K) = 3,934 A, and
λ(Ca II H) = 3,968 A. The result is shown in figures 4a and b.
S is equivalent to the excitation temperature,Tex , of 4,300 K
andTCa II = 6,000 K in the less active region. In the active re-
gion only an increase of the excitation temperature to 4,690 K
seems to be enough. Here, ionization of Ca II is necessary,
otherwise it leads to a stronger intensity at greater heights and
a broader width at lower heights.a = 0.001 can explain the
intensity and width increases nearx = 0.

The number density in the second level of hydrogen is

n(h) = 4[nenp](h)T
−3/2
BaC exp

[
χion − χ2

kTBaC

]/
C1 (20)

(see equation (7)), where[nenp](h) is given by table 1 and
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Fig. 4a. Fitting of the calculated curves (thick) to the observed Ca II H eclipse curves (thin).

TBaC is the ionization temperature from the second level. The
Doppler width should take into account the thermal broaden-
ing of hydrogen and equation (14) thus changes to

VD =
√

2kTBaC

mH

+ [equation(14)]2 (21)

where mH is the hydrogen mass and the kinetic tempera-
ture is assumed to beTBaC. The other constant parameters
are fabs = 0.0127, λ(Hε) = 3,970 A, χion = 13.595 eV,
χ2 = 10.20 eV. Fitting to the observation ofHε is made with
the use of equations (12)–(17), (20) and (21). Figure 4c is the
result withTex = 4,520 K,TBaC = 5,200 K anda = 0 for the
less active region. For the active region only an increase of the
excitation temperature to 5,110 K is sufficient.

4. Balmer and Sr II Emissions during the 1962 Eclipse

The chromospheric model in section 2 is applied to the
total intensity of Balmer lines and Ca II-like Sr II resonance
lines observed during the 1962 eclipse (Dunn et al. 1968).

Hα, Hβ, Hγ , Hε, H10, H15, and H20 are calculated with
the use of the scheme forHε in section 3 but changing the
wavelengths and transition probabilities (ref. Allen 1973). The
result is shown in figure 5, with predictions of the peak in-
tensities and 1/e widths. The fitting parameters area = 0,
TBaC = 5,200 K, the same as for the 1958 eclipse, and ex-
citation temperatures of 5,020 K, 4,860 K, 4,740 K, 4,720 K,
4,800 K, 4,840 K, 4,790 K for the above Balmer lines, respec-
tively. Letbj be NLTE factors andTe the electron temperature,
the relations
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Fig. 4b. Fitting of the calculated curves (thick) to the observed Ca II K eclipse curves (thin).

T
−3/2
BaC exp

(
χion − χ2

kTBaC

)
= b2T

−3/2
e exp

(
χion − χ2

kTe

)
(22)

from the Saha equation and

exp

(
χ2 − χj

kTex,j

)
= bj

b2
exp

(
χ2 − χj

kTe

)
(23)

from the Boltzmann formula are obtained (ref. Thomas and
Athay 1961). Tex,j is the excitation temperature of thej -th
Balmer line. Ifb20 = 1, the combination of the above rela-
tions givesTe = 7,900 K, b2 = 24.8, b3 = 5.1, b4 = 2.4,
b5 = 1.5, b7 = b10 = b15 = 1.1. These values can be com-
pared with those of the VAL-C model (see tables 12 and 17,
Vernazza et al. 1981). The electron temperature is comparable
with Matsuno and Hirayama’s result derived from Balmer and
metallic line widths obtained from 1966 eclipse data (Matsuno
and Hirayama 1988).

Sr II 4078 and 4216 intensities are calculated with the
use of the scheme for Ca II in section 3 but changing the
wavelengths, transition probabilities, abundance ratio, and
ionization potential. The constant parameters used arefabs

(Sr II 4078)=0.708,fabs (Sr II 4216)=0.339,χSr II =11.03 eV,
logASr = −9.1. The result is shown in figure 6, with predic-
tions of the peak intensities and 1/e widths. The fitting param-
eters are the ionization temperature of 5,140 K, the excitation
temperature of 4,500 K anda = 0.

The Ca II H and K lines observed during the 1962 eclipse
can also be explained by the chromospheric model with a
slightly higher excitation temperature (see appendix 1).

5. Ca II H and K Spicules observed during the 1958

Eclipse

The total and peak intensities of the Ca II H and K
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Fig. 4c. Fitting of the calculated curves (thick) to the observed Hε eclips curves (thin).

spicules have nearly the same emission gradients in the high
chromosphere. Figure 7 shows the intensities overlapped by a
shift on the Ca II K total intensity. Special attention is paid to
the top height regions where the curves are linear. The spicules
there are assumed not to be overlapped but isolated.

According to equation (13), in the thin atmosphere, the
shifts give the intensity ratio of (Ca II K)/(Ca II H) as equal to 2
and the total to peak intensity ratio as equal to

√
πVD , respec-

tively. The emission gradients, intensity ratios and Doppler
widths of the 24 spicules are listed in table 2. The averaged
intensity ratio, (Ca II K)/(Ca II H), is less than 2 and might sug-
gest thick spicules. However, Hirayama’s examination (private
communication, ref. Hirayama 1964) found that the color cor-
rection increased the Ca II K intensity relative to the Ca II H

intensity by a small amount of 0.05 in logarithms and therefore
the spicules are concluded to be thin.

Correlations between the top height, the total intensity at
the top height, the emission gradient, and the Doppler width
are shown in figure 8. Taller spicules have smaller emission
gradients (a), spicules with brighter intensity at the top might
be shorter (b) and have stronger turbulence (e). The other cor-
relations are not remarkable. A difference between the active
spicules and the less active ones is not obvious. However, their
average total intensities at the top height (see table 2) are dif-
ferent by 0.2 in logarithms, which is equivalent to the excita-
tion temperature difference obtained in section 3. The derived
Doppler widths are compared with the measured 1/e-widths in
figure 9. The measured ones have a tendency to be narrower
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Fig. 5. Fitting of the calculated curves (solid) to the observed
total intensities of the Balmer lines (circles). Each
frame shows, from top to bottom, curves or circles for
Hα, Hβ, Hγ , Hε, H10, H15, and H20.

than the calculated ones. This may suggest that the line profile
has a narrower core and broader wing than the Doppler profile
does.

The total intensity of the spicules can give the intensity
at the projection heightx by the following formula (ref. equa-
tions (3) and (5)),

I (x) = β(x)E(x) (24)

Since the spicules are thin,

I (x) = C3N2A21/λ (25)

where
C3 = hc/(4π) = 1.581× 10−17, A21 = 1.5× 108 is the

spontaneous emission coefficient from the second level, and
N2 is the number in the line of sight of the second level of the
Ca II atom. The number in the line of sight of the ground state
is

N1 = N2

2
exp

(
χ2

kTex

)
(26)

Fig. 6. Fitting of the calculated curves (solid) to the observed
total intensities of Sr II 4078 and 4216 (circles). Each
frame shows a curve or circles for Sr II 4078 upwards.

by the Boltzmann formula. The total number in the line of
sight of hydrogen is calculated from equations (18) and (19),
as

NH(x) = N1

ACa

[
1 + C1T

3/2
Ca II exp

(
− χCa II

kTCa II

) /
nes

]
(27)

If the temperatures of the active and less active region
obtained earlier are used, the total number of hydrogen can be
calculated for reasonable electron densities. Furthermore, the
geometrical thickness of the spicules will be estimated with
nH ∼ nes . In table 2 the thicknesses at the top are listed as-
suming lognH = 10 which is a little denser than the probable
density of the corona. They are comparable with the “diam-
eters” obtained by Nishikawa (1988). 14 spicules are thinner
than 1,000 km and 19 thinner than 2,000 km. With an assump-
tion of constant thickness along the height (Lynch et al. 1973;
Nishikawa, private communication) , equation (27) gives the
electron density at the bottom of the linear sections in figure
7. The bottom densities plotted in figure 10 are on the av-
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Fig. 7. Overlapped total and peak intensity eclipse curves of Ca II H and K spicules. Ordinates give the scale of the Ca II K total intensity.
The solid lines give the emission gradients near the top of the spicules.

erage connected to the electron density of the mean spicule
model in figure 3. This supports the assumption of the aver-
age top height density, lognes = 10. The large thickness of
the short spicule no. 24 reduces to 870km if a revised top den-
sity, lognes = 10.5, is adopted. This still gives a reasonable
bottom density of lognes = 10.74.

The electron density obtained from the red continuum of
the 1970 eclipse data (Makita 1972) is plotted in figure 10.
This assumed a thickness of 1 000 km. If this increases to
2,500 km, the plot moves on to the mean model.

6. Results and Discussion

1) Chromospheric structures
The spicules start around 2,000 km and have a filling fac-

tor of 0.05 at 4,000 km. Their starting height might be low-

ered (e.g., Suemoto and Hiei 1962; Kanno et al. 1971) if the
spicule density near the top is increased to lognes = 11. The
spicule model presented by Beckers (1968) has in the pertinent
heights considerably high electron densities and fairly small
filling factors.

The Ca II H and K profiles observed at lower projection
heights than 2,500 km during the 1958 eclipse are not always
symmetric and are classified into 3 groups: 28 percent with
double equal intensity peaks, 14 percent with two unequal
intensity peaks, and the rest with a single peak. This indi-
cates that they are mainly shaped not by self absorption but by
macroscopic motion. Suemoto (1963) reports a line shift of
19 km/s.

The optical thicknesses of Ca II K and Hε become thin at
higher projection heights than 4,500 km and 2,000 km, respec-
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Table 2. Ca II H and K Spicule Data.

Fig. 8. Correlations of spicule parameters. The open and gray circles are from the less active and active regions, respectively.β: emission
gradient,htop : top height,Etop: total intensity at the top, and∆λD : Doppler width.
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Fig. 9. Measured 1/e widths (symbols) and Doppler widths from the peak to total intensity ratio (solid lines).

tively, as shown in figure 11.
The radial or vertical optical thicknesses of Ca II K and

Hα lines can be estimated from the spicule densities given in
table 1. The dotted curves in figure 11 suggest that the Ca II
K and Hα filtergrams see the chromosphere ofh = 4,000–
5,000 km.

2) Excitation and ionization.
Figure 12 shows a summary of the source functions ob-

tained from this study, the brightness temperature curves, and
the photospheric intensity from Allen (1973). The Hα emis-
sion and the Balmer continuum roughly correspond to half the
photospheric intensity. The other emissions are weaker than
this. The Ca II H and K, and Hε emissions from the active re-
gion are mainly enhanced by the increase of their source func-
tions (gray circles, see section 3).

The ionization temperatures obtained are 6,000K for

Ca II and 5,140 K for Sr II. They correspond to UV radiation
of 5,450 K and 5,100 K, respectively (see figure 3, Vernazza et
al. 1981). Ca II is half doubly ionized ath = 1,100 km, Sr II
remains singly ionized belowh = 4,000 km, in contrast with
the half-ionized hydrogen ath = 2,700 km (see figure 3).

The excitation and ionization obtained should be ex-
plained by more detailed analysis.

3) Individual spicules
The individual spicules have a Doppler width of 22 km/s

on the average and a typical top density of lognes = 10,
which are consistent with theoretical predictions (e.g., Ku-
doh and Shibata, 1999). Their thicknesses are comparable
with Nishikawa’s (1988) and most of them are thinner than
2,000 km. The spicules of the active and less active region
are similar in their physical parameters except that the active
spicules have an higher excitation temperature (see section 5).
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Fig. 10. Electron density of the spicules at their bottom heights
(see the text). The open and gray circles are from the
less active and active regions, respectively. The filled
circle is from the 1970 eclipse (Makita 1972). The
solid curve shows the average model in figure 3.

Fig. 11. Optical thickness of Ca II K, Hε, and Hα emission.
The solid curves are for the flash spectrum. The dot-
ted curves are radial or vertical optical thicknesses es-
timated from the spicule densities given in table 1.

The author expresses his hearty thanks to Professors Ei-
jiro Hiei and Tadashi Hirayama for their encouragements.
Thanks are also due to Professor Tadashi Hirayama for critical
and valuable comments and to Dr. David Brooks for checking
the manuscript.

Fig. 12. Source functions of the emission lines. The open and
gray circles are from the 1958 eclipse and for the less
active and active regions, respectively. The crosses
are from the 1962 eclipse. The square corresponds
to the ionization temperature of the second level of
hydrogen. The thick curve shows the photospheric
brightness (Allen 1973). The thin curves are half and
one tenth of the photospheric brightness. The dotted
curves are brightnesses with the equivalent tempera-
tures shown at their left ends.

Appendix 1. Ca II H and K, and Hε Emissions during

the 1958 Total Solar Eclipse

The slitless flash spectrum of the 1958 total solar eclipse
is rare in that it can provide line profiles (Suemoto and Hiei
1959, 1962). The peak intensity, total intensity, and 1/e-
width of Ca II H and K, and Hε profiles have been mea-
sured with a scanning slot equivalent to 5 km/s (wavelength
resolution)×0.65′′ (spatial resolution). 24 spicules were se-
lected for the measurement and half of them (Nos. 13–24)
were below an active corona. The identity of the spicules was
lost below 4,000–5,000 km and the measured positions there
relied on the scale of the microphotometer. The sun’s visi-
ble limb, the base of the chromosphere, was determined from
eclipse curves of the continuum. For the active region the de-
termination was made by eye instead of scanning. This seems
to produce a little more scatter in analyses of the active region
data. The absolute calibration of the intensity was made by
Hiei (1963). Hirayama later found a color sensitivity differ-
ence between Ca II K and Ca II H wavelength regions (private
communication, ref. Hirayama 1964). The Ca II K intensity
should be increased by 0.05 in logarithms relative to the Ca II
H and Hε intensities. The listed intensities in the following
tables do not take into account this correction. Table A1 gives
the projected heights of the moon’s limb at the measured posi-
tions, table A2a–c gives the Ca II H data, table A3a–c gives the
Ca II K data, and table A4a–c gives the Hε data. A graphic pre-
sentation of these data was made earlier (Makita 2000). Figure
A1 shows comparison of the total intensities obtained by other
observers (Cillie and Menzel 1935; Houtgast 1957; Vjazani-
tyn 1956; Dunn et al. 1968) with our average eclipse curves
calculated in the text for the less-active region. The eclipse
curves for the active region may pass through the data points
of the other observers better.
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Fig. A1. Total intensities of Ca II H and K, and Hε. 1962D:
Dunn et al. (1968), 1952H: Houtgast (1957), 1941V,
1945V and 1952V: Vjazanityn (1956), and 1932C:
Cillie and Menzel (1935) are compared with the solid
curves calculated in the text.

Appendix 2. Correlation between Ca II H and Hε Emis-

sions

The Ca II H and Hε emissions tabulated in appendix 1
are combined in figure A2. They are close neighbors in the
spectrum and measured by one and the same scanning. If dif-
ferent volumes of the chromosphere contribute to the emis-
sion, they may show separate behaviors. A good correlation
of the two emissions in figure A2 is not contrary to the view
that both the emissions are from the same volume. The slight
dispersion seen in the active region diagram is due to the un-
certainty of the height determination (see appendix 1).

Appendix 3. Emission Gradients of the Balmer Lines

Equation (7) in the text shows that the emission gradient
of the Balmer lines is described by gradients ofnenp and tem-
perature. The latter gradient will be far smaller than the former
in the high chromosphere where the density is low and the ra-
diation is dominant. If this is the case, the emission gradient
of the Balmer lines are related only to the gradient ofnenp. To
increase the accuracy,

Ej

/ [
C3(Aj /λj )C1j

2T 3/2 exp

(
χj − χion

kT

)]
are plotted against the projected height as in figure A3 and
logarithmic gradients ofnenp are obtained from the averaged
curve. The Balmer lines, H4–H33, during the 1962 eclipse
(Dunn et al. 1968), with logEj < 13.56, are used. The
constant parameters,Aj , λj , χj , are taken from Astrophysi-
cal Quantities by Allen (1973). The temperature is taken as
5,000 K which is effective only for low Balmer lines. The de-
rived gradients are in table A5.
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Fig. A2. Correlation between Ca II H (abscissa) and Hε(ordinate) emissions from the 1958 eclipse data.

Fig. A3. Reduced Balmer line emissions to the integrated
nenp. H8 runs higher due to the blend with the He
line. The part with the thin lines corresponds to the
weaker intensity, logE < 11.8, and they run lower,
probably due to a calibration problem.
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