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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 Call H and K, andlide profiles observed in a 1958 flash spectrum and the Balmer and
Srll 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 Call 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 2,000km. The Call H and K, andsHemissions 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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ents will thus deviate from the density gradient.
Section 1 gives the derivation of the above distribu-
Physical parameters of the solar chromosphere are deter-tions from emission gradients of metallic and Balmer lines in
mined in two ways. One is the way that they can reproduce the the high chromosphere, which extend the low chromosphere
solar UV spectrum. The other uses flash spectra of the total so- model (Hiei 1963) obtained with the continuous spectrum.
lar eclipse. Height distributions of the total hydrogen density The derived model reveals the spicule structure in the high
and of the electron times proton density are shown in figure 1b chromosphere. Section 2 is an application of the model to
and d. The thin curve distributions are the latest result from Call H and K, and H line profiles obtained during the 1958
fitting the UV spectrum (Fontenla et al. 1993). In this deter- total solar eclipse (Suemoto and Hiei 1959, 1962). The same
mination the hydrostatic assumption confines the vertical ex- analysis is made for Balmer and Srll lines using 1962 eclipse
tension and the chromosphere extends to around a height ofdata (Dunn et al. 1968) in section 3. Section 4 studies 24 Call
1800 km by the usual lifting forces of pressure and turbulence H and K spicules observed during the 1958 eclipse. Attached
against gravity. In the second case the hydrostatic assumptionappendices give line profile data of Call H and K, and H
is not necessary because the flash spectrum is a “side view” observed during the 1958 eclipse and other information neces-
of the chromosphere. The thick curve distributions extending sary for the text.
to the higher levels in figure 1b and d are the results of this The reference coordinate system for the flash spectrum
study which will explain the emission lines visible in the flash data used in this paper is depicted in figure 2 (ref. Thomas
spectrum of these levels. and Athay 1961). The whole area outside the moon’s limb
The analysis made here is rather coarse and uses two sim-contributes to the emission in the slitless flash spectrum.
plifications: 1) The emission gradients of the eclipse curves Numerical constants in the text are described in cgs-units.
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 An empirical model of the low chromosphere has been
the chromosphere. In the low density chromosphere the rela- obtained by Hiei (1963) with the use of a continuous spec-
tive populations among the atomic levels are mainly governed trum of the 1958 total solar eclipse. The higher chromosphere,
by radiative processes which have far longer scale heights thanwhere many emission lines are visible during the eclipse, may
the density. This makes the excitation and ionization tempera- be studied using their emission gradients. These are measured
tures of each emission line change less against height and thewhere the emission lines are weak and are closely related to
chromospheric emission gradient equal to the density gradient. the gradient of the emitting atom densi(). Let 8'(h) be
Zirker (1958) shows this in the case of metallic lines. In the the density gradient of the emitting atom, then
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-
By integration

1. Introduction

2. Model of the Chromosphere
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* Osaka-Gakuin Junior College, Kishibe-Minami, Suita, Osaka

h
564-8511. n(h)zn(O)eXp[— / ﬁ’(h)dh] 2
0



Mitsugu Makita

12X 108cm~" (@) 10x107%cm" (c)
107 Emission Gradient 8 Emission Gradient
8 H—=
..\-.. 6
6"
e
4
4
0 2 4 X 1000km 0 2 4 X 1000km
16

(b)) 24 t (d)
,4\\\ log ny ZZN‘\IM nenp
12 20

10 18
8 16
6 2 4 X1000km 14 2 4  X1000km

Fig. 1. Emission gradients and density distributions of the chromosphere. (a) Filled circles are emission gradients of the metallic lines
compiled by Unsold (1955). The open circle is obtained from the Call 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 fromdduring the 1958 eclipse. The solid curve is the emission gradient calculated from the dotted curve
(the gradient ofi.n, distribution). (d) Filled and open circles show thg:, distribution from Hiei's work (Hiei 1963). The open
circles are the values from the assumption,= n,. The thick curve is the.n, 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.

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

i distance from the sun’s limh, is
o0
Observer N(x) = / n(h)dy €))
—00
where
---------------- Moon’s Limb . 2 < R 4
) =x+ 2R < (4)
¥ The total numberN’(x), contributing to the intensity is
o0
N'(x) =/ N (x)dx (5)
R x
Therefore, the emission gradiefix), determined from weak
Sun emissions, should be
dInN'(x)
Fig. 2. The coordinate systefx, y) for the flash spectrum B(x) = A (6)

data. R: Sun’s radius/: height of an emitting atom f . . , - ale heiah
at P from the base of the chromosphere. All the emit- It an approximation,f’(h = x + emission scale height) ~

ting atoms outside the moon’s limb contribute to the B(x) (e.g., van de Hulst 1953), is applied, equation (6) can
emission of the slitless flash spectrum. be calculated with the use of equations (1)—(5). The resultant
B(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 (%) is replaced with the to-
tal hydrogen density; 7, equation (6) provides the emission
gradient of the metallic lines. The compiled values by Un-
s6ld (1955) are adopted as the observed emission gradients
The gradient at = 6,000 km is added from the Call 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 la.
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. hLetbe the
number density of thg-th level of hydrogen. Then by the
Saha-Boltzmann equation it is

/e
where

C1 = (2nmk)¥?2/h3 = 2.4147 x 10,

k : Boltzmann constant,

n. : electron density,

n, . proton density,

T : temperature,

X ; . excitation potential of thg-th level,
Xion : IONnization potential of hydrogen.

Xion — Xj

T ()

nj= jz(nenp)T_g’/2 exp[

This equation shows that the gradient of the Balmer line in-
tensity is equal to that of the cross produets ,, 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 wh@nis
replaced withz.n, (h). Thep(x) are derived from Balmer line
intensities from 1962 eclipse data (Dunn et al. 1968, see ap-
pendix 3). The gradient at= 4,000 km is added from thH ¢
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. Hieilsn, distribution is adopted
below 2,000 km.

Theny andn.n, distributions in figure 1 give the ratio

NeNp /N = NeX [ (8)

wherexy is the ionization degree of hydrogen. Singg < 1,
the ratio (8) gives the minimum of,. At » = 5,000 km,
logny = 8.83 and logn.n,/ng) = 10.73. This means the
minimumn, exceeds:y 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 Call H and a hydro-
gen line ofH e 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)

wheren,, is the electron density of the spicule ang, n.n,

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) xy = 1aboveh = 4,200 km. At this height log:.

becomes- 10.73 and equal to the hydrogen density;, of
the spicule, since the main electron source is hydrogen.
thus obtained is close to a recent theoretical value; jag=
10.6 ath = 4,000 km, obtained by Kudoh and Shibata (1999).
An highern ¢ with a lowerxy leads to the denser atmosphere.

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

With the above two assumptions the spicule electron den-
sity is drawn by hand between = 2,000 km and 4,200 km.
Oncen,; is fixed, xy is obtained from equation (9). On the
other handi g, is calculated for: > 2,000 km by the follow-
ing formula,

lognys = logn.s — logxy (20)

under the assumption that the main source of the electrons is
hydrogen. Comparison afy; with ny gives the filling factor,

log f =logny — logny, (12)

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

3. Call H and K, and He 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)
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Fig. 3. Chromospheric model with spiculesg,: hydrogen

density and nes : electron density of the spicule, re-
spectively, read by the left scaley : ionization degree

of hydrogen and’: filling factor of the spicule, read by
the right scale. Thin part of the.s curve is drawn by
hand (see the text).
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Table 1. Chromosphere Model.

height Log/?H Log/lelp Log(Mellp Loglles LogXH  Log(7-XH) LogllHs Log F
x1000km /1A

5.0 8.829 19.555 10.726 10.73 -1.901
48 8.946 19.676 10.730

4.6 9.069 19.800 10.731

4.4 9.199 19.929 10730

42 9.335 20.060 10.725 10.733 -0.008 -1.739 10.741 -1.406
40 9.479 20.196 10.717 10.740 -0.023 -1.288 10.763 -1.284
3.8 9.630 20.334 10.704 10.749 -0.045 -1.007 10.794 -1.164
3.6 9.789 20.476 10.687 10.763 -0.076 -0.794 10.839 -1.050
3.4 9.955 20.621 10.666 10.781 -0.115 -0.633 10.896 -0.941
3.2 10.130 20.769 10.639 10.798 -0.159 -0.513 10.957 -0.827
3.0 10.313 20.920 10.607 10.820 -0.213 -0.412 11.033 -0.720
2.8 10.505 21.079 10.574 10.846 -0.272 -0.332 11.118 -0.613
2.6 10.706 21.251 10.545 10.871 -0.326 -0.277 11.197 -0.491
2.4 10.916 21.437 10.521 10.893 -0.372 -0.240 11.265 -0.349
2.2 11.135 21.638 10.503 10918 -0.415 -0.211 11.333 -0.198
2.0 11.364 21.842 10.478 10.940 -0.462 -0.184 11.402 -0.038
1.8 11.605 21919 10.314 10.963 -0.649 -0.110 11.612 -0.007
1.6 11.860 21971 10.111 10.987 -0.876 -0.062 11.863 -0.003
1.4 12.130 22.033 9.903 11.018 -1.115 -0.035 12.133 -0.003
1.2 12.423 22116 9.693 11.055 -1.362 -0.019 12.417 0.006
1.0 12.740 22.252 9512 11.110 -1.598 -0.011

0.8 13.110 22.420 9.310 11.180 -1.870 —-0.006

0.6 13.575 22.592 9.017 11.280 -2.263 -0.002

0.4 14.165 22.785 8.620 11.450 -2.830

0.2 14.960 23.160 8.200 11.700 -3.500

0.0 15.836 (23.290) (7.454)

is one of a few which can provide line profiles. The peak in-

tensity, Eq, total intensity,E, and Ye-line width, Aiy/,, of

the Call H and K, andH ¢ 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 functirihe
intensity at the projected heightand the wavelength distance
from the line centerix is

I(x, AL) = S[1 — exp(—t(AL))] (12)
7 is the optical thickness in the line of sight and given by

T(AR) = Cohfuns f T 4 vy (13)

—00 VD (h)
where

Co = J/me?/(me) = 1.4977x 1072,

A : wavelength of the line,

fabs : @bsorption transition probability of the line,

n(h) : number density of the absorbing atom,

Vp : Doppler width in velocity scale,

H (a, v) : Voigt function with damping parameterand
v=AAr/Vp.

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

1.7+ 0.0051x h < 3,580k
Vp(km/s) = M =2 m (14)
19.959 h > 3,580 km
The measured quantities are
(0.¢]
Eo(x) = / I(x,0)dx (15)
X
o0 oo
E(x) = / d(A)) f I(x, AN)dx (16)
—0oQ X

and ALy, is obtained from

oo
Eo(x) = e/ I(x, Ak1/e)dx a7
X
The number density in the ground level of Call is
n(h) = Acann (h)(1 — xcan) (18)

where the calcium abundance relative to hydrogésa, is
—5.65 in logarithmsp g (h) is from table 1 and the ionization
degree of the Call atomcay, is

-1

xcall = [1 e Tony? eXp< kXTCC aa|:|> / Clj| (19)
from the Saha equation. The electron density in equation (19)
is the spicule’s value in table T4y is the ionization tem-
perature of Call angkcay = 11.871 eV is the ionization po-
tential of Call. The fitting parameters to the observed Call
H and K lines are the source functiofi, the ionization tem-
perature,Tca ), and the damping parameter, in equations
(12)—(19). The other constant parameters ggg(Call K) =
0.682, fups(CallH) = 0.331, A(CallK) = 3,934A, and
A(Call H) = 3,968 A. The result is shown in figures 4a and b.
S is equivalent to the excitation temperatufg,, of 4,300 K
andTca ) = 6,000K 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 Call is necessary,
otherwise it leads to a stronger intensity at greater heights and
a broader width at lower heighta. = 0.001 can explain the
intensity and width increases near 0.

The number density in the second level of hydrogen is

n(h)=4[nenp](h)Tga?g2exp|:y:| / C1 (20)

TBac
(see equation (7)), whefi@.n,](h) is given by table 1 and
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Fig. 4a. Fitting of the calculated curves (thick) to the observed Call H eclipse curves (thin).

Tsac is the ionization temperature from the second level. The

Doppler width should take into account the thermal broaden- 4. Balmer and Sr 11 Emissions during the 1962 Eclipse

ing of hydrogen and equation (14) thus changes to The chromospheric model in section 2 is applied to the
total intensity of Balmer lines and Call-like Srll resonance
= \/ZkTBaC + [equation(14)2 (21) lines observed during the 1962 eclipse (Dunn et al. 1968).
Ha, HB, Hy, He, H10, H15, and H20 are calculated with

where my is the hydrogen mass and the kinetic tempera- the use of the scheme fdf¢ in section 3 but changing the
ture is assumed to bsac. The other constant parameters wavelengths and transition probabilities (ref. Allen 1973). The
are fups = 0.0127,A(He) = 3,970A, xion = 13595¢eV, result is shown in figure 5, with predictions of the peak in-
x2 = 10.20 eV. Fitting to the observation df ¢ is made with tensities and /e widths. The fitting parameters are = 0,

the use of equations (12)—(17), (20) and (21). Figure 4c is the Teac = 5,200K, the same as for the 1958 eclipse, and ex-
result with7,, = 4,520K, Tgac = 5,200 K anda = O for the citation temperatures of 5,020K, 4,860K, 4,740K, 4,720K,
less active region. For the active region only an increase of the 4,800K, 4,840K, 4,790K for the above Balmer lines, respec-
excitation temperature to 5,110 K is sufficient. tively. Leth; be NLTE factors and the electron temperature,

the relations
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Fig. 4b. Fitting of the calculated curves (thick) to the observed Call K eclipse curves (thin).

-3/2 Xion — X2 -3/2 Xion — X2
T3 2 exp( KON X2 _ o132 exp( XN " X2 (2
BaC p( kTgac > 2le p( kT, ) (22)

from the Saha equation and

X2 — Xj bj X2 = Xj
eXp< KTox.s > = b eXp( KT, >
from the Boltzmann formula are obtained (ref. Thomas and
Athay 1961). T, ; is the excitation temperature of theth
Balmer line. Ifbyg = 1, the combination of the above rela-
tions givesT, = 7,900K, bp = 24.8, b3 = 5.1, by = 2.4,
bs = 1.5, b7 = b1g = b1s = 1.1. These values can be com-
pared with those of the VAL-C model (see tables 12 and 17,

(23)

Srl14078 and 4216 intensities are calculated with the
use of the scheme for Call in section 3 but changing the
wavelengths, transition probabilities, abundance ratio, and
ionization potential. The constant parameters usedfae
(Sr114078)=0.708, f,ps (Sr114216)=0.339,xsr1 =11.03 eV,
log As, = —9.1. The result is shown in figure 6, with predic-
tions of the peak intensities andélwidths. The fitting param-
eters are the ionization temperature of 5,140 K, the excitation
temperature of 4,500 K and= 0.

The Call 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).

Vernazza et al. 1981). The electron temperature is comparables_ Call H and K Spicules observed during the 1958

with Matsuno and Hirayama'’s result derived from Balmer and
metallic line widths obtained from 1966 eclipse data (Matsuno
and Hirayama 1988).

Eclipse
The total and peak intensities of the Call H and K
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Fig. 4c. Fitting of the calculated curves (thick) to the observedttlips curves (thin).

spicules have nearly the same emission gradients in the highintensity by a small amount of 0.05 in logarithms and therefore
chromosphere. Figure 7 shows the intensities overlapped by athe spicules are concluded to be thin.
shift on the Call K total intensity. Special attention is paid to Correlations between the top height, the total intensity at
the top height regions where the curves are linear. The spiculesthe top height, the emission gradient, and the Doppler width
there are assumed not to be overlapped but isolated. are shown in figure 8. Taller spicules have smaller emission
According to equation (13), in the thin atmosphere, the gradients (a), spicules with brighter intensity at the top might
shifts give the intensity ratio of (Ca ll K)/(Call H) asequalto 2  be shorter (b) and have stronger turbulence (e). The other cor-
and the total to peak intensity ratio as equalteVp, respec- relations are not remarkable. A difference between the active
tively. The emission gradients, intensity ratios and Doppler spicules and the less active ones is not obvious. However, their
widths of the 24 spicules are listed in table 2. The averaged average total intensities at the top height (see table 2) are dif-
intensity ratio, (Call K)/(Call H), is less than 2 and might sug- ferent by 0.2 in logarithms, which is equivalent to the excita-
gest thick spicules. However, Hirayama’s examination (private tion temperature difference obtained in section 3. The derived
communication, ref. Hirayama 1964) found that the color cor- Doppler widths are compared with the measurggwidths in
rection increased the Call K intensity relative to the Call H 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 Fig. 6. Fitting of the calculated curves (solid) to the observed
total intensities of the Balmer lines (circles). Each total intensities of Srll 4078 and 4216 (circles). Each
frame shows, from top to bottom, curves or circles for frame shows a curve or circles for Sr 1l 4078 upwards.

Ho, HB, Hy, He, H10, H15, and H20.

] ) by the Boltzmann formula. The total number in the line of
has a narrower core and broader wing than the Doppler profile g
does. N1
. . . . . . 73/2 XCall
The total intensity of the spicules can give the intensity ~ Np(x) = . [1+ C1 Ca”eXp( )/nes] (27)
Ca

at the projection height by the following formula (ref. equa- kTcan
tions (3) and (5)), If the temperatures of the active and less active region

obtained earlier are used, the total number of hydrogen can be

. ) Ix) :,ﬂ(x)E(x) (24) calculated for reasonable electron densities. Furthermore, the
Since the spicules are thin, geometrical thickness of the spicules will be estimated with
I(x) = C3N2A21 /M (25) ny ~ nes. In table 2 the thicknesses at the top are listed as-
where suming logny = 10 which is a little denser than the probable

C3 = hc/(4m) = 1.581x 10717, Ap1 = 1.5 x 1P is the density of the corona. They are comparable with the “diam-
spontaneous emission coefficient from the second level, and eters” obtained by Nishikawa (1988). 14 spicules are thinner
N3 is the number in the line of sight of the second level of the than 1,000km and 19 thinner than 2,000 km. With an assump-
Call atom. The number in the line of sight of the ground state tion of constant thickness along the height (Lynch et al. 1973;
is Nishikawa, private communication) , equation (27) gives the

N2 electron density at the bottom of the linear sections in figure
N1 = —-ex P( ) (26) 7. The bottom densities plotted in figure 10 are on the av-

kTex
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Fig. 7. Overlapped total and peak intensity eclipse curves of Call H and K spicules. Ordinates give the scale of the Call 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 spiculeered (e.g., Suemoto and Hiei 1962; Kanno et al. 1971) if the
model in figure 3. This supports the assumption of the aver- spicule density near the top is increased tordgg= 11. The
age top height density, log;, = 10. The large thickness of  spicule model presented by Beckers (1968) has in the pertinent
the short spicule no. 24 reduces to 870km if a revised top den- heights considerably high electron densities and fairly small
sity, logn.; = 10.5, is adopted. This still gives a reasonable filling factors.
bottom density of log.; = 10.74. The Call H and K profiles observed at lower projection
The electron density obtained from the red continuum of heights than 2,500 km during the 1958 eclipse are not always
the 1970 eclipse data (Makita 1972) is plotted in figure 10. symmetric and are classified into 3 groups: 28 percent with
This assumed a thickness of 1000km. If this increases to double equal intensity peaks, 14 percent with two unequal
2,500 km, the plot moves on to the mean model. 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
1) Chromospheric structures 19km/s.
The spicules start around 2,000 km and have a filling fac- The optical thicknesses of Call K and:ldecome thin at
tor of 0.05 at 4,000 km. Their starting height might be low- higher projection heights than 4,500 km and 2,000 km, respec-

6. Resultsand Discussion
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Table 2. Call H and K Spicule Data.

No. height grad- Log -———— Line Ratio# -——— Line Log Log Log Thick- Log Log Log
range ientx  Ftop K/H KO/HO K/KO H/HO Width /top N2top Nitop ness Nibot. nibot. Nebot.
(km) ¥ ¥ -85 -85 (km/s) (km)
bottom—top
1 4580-7560 1.227 1137 02 0.2 025 025 241 346 768 11.07 684 1266 482 10.88
2 6500-7730 1.577 1139 025 02 0.1 005 16.1 359 781 1120 920 12.04 408 1044
3 4500-6860 1.089 11.54 0.25 03 0.0 -05 128 358 780 1119 897 1231 435 10.60
4 5980-9220 0.951 11.15 025 04 -1 005 130 313 735 1074 319 1208 457 10.72
5 4920-9300 0583 1168 025 025 005 005 152 345 757 1096 527 1207 435 10.59
6 5400-9480 1.094 11.14 0275025 0325 0325 28.7 318 740 10.79 359 1273 517 11.09
7 6900-9500 0.537 1135 03 03 015 015 191 308 730 1069 286 11.30 3.84 10.33
8 4100-7620 0952 1162 025 035 02 0.3 243 360 7.82 1121 942 1267 469 10.80
9 4500-6400 1.096 1217 03 03 025 025 241 421 843 1182 3855 1273 414 1049
10 5360-9970 0.284 1231 025 025 025 025 241 376 798 1138 1377 1194 381 1030
11 8370-10280 0.897 1154 03 0.2 0.2 0.15 203 349 771 1111 740 1185 3.98 10.39
12 3700-7550 0.998 11.76 025 025 025 025 241 376 798 1137 1364 13.04 491 1094
13 7900-111800.813 1131 0.25 03 0.3 025 256 322 744 1064 252 1180 439 10.62
14 4600-6180 1.742 11.79 025 0.2 0.2 0.15 203 403 825 1145 1629 1264 443 10.64
15 5100-6500 1.820 11.90 02 025 02 025 228 416 838 1158 2193 1268 434 10.60
16 5900-8520 0.968 11.49 0.25 03 0.05 0.1 16.1 348 7.70 1089 454 1199 434 1060
17 4300-7560 1.396 11.74 025 025 025 025 241 389 810 1130 1164 1328 521 11.14
18 3900-5970 1.442 1225 02 0.5 03 025 256 441 863 1183 3890 13.12 453 10.70
19 4300-8710 1.089 1157 03 03 025 025 241 361 783 11.02 614 1311 532 11.23
20 4500-5720 2.163 1188 025 025 03 0.3 271 422 843 11.63 2489 1278 438 10.62
21 5200-9750 0.598 1221 025 025 03 035 287 399 821 1140 1472 1259 442 10.64
22 10700-13950 0.94411.42 025 025 0.0 0.0 136 340 761 1081 377 1214 457 10.72
23 6440-8380 0.752 11.38 025 0.3 0.2 025 228 326 748 1067 276 11.31 3.87 1033
24 4600-5280 1.991 1240 025 0.2 0.3 025 256 470 892 1212 7586 12.70 3.82 10.30
mean 1.125 0.253 0.260 0.191 0.195 21.8
-8 -1
* multiply by 10 (cm )
# in logarithms
¥ should be increased by 0.05 (see the text)
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Fig. 8. Correlations of spicule parameters. The open and gray circles are from the less active and active regions, regpectiisdion
gradient,i;,p: top height,E;,,: total intensity at the top, andi . Doppler width.
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Fig. 9. Measured L widths (symbols) and Doppler widths from the peak to total intensity ratio (solid lines).

tively, as shown in figure 11. Call and 5,140K for Srll. They correspond to UV radiation
The radial or vertical optical thicknesses of Call K and of5,450K and 5,100K, respectively (see figure 3, Vernazza et

Ha lines can be estimated from the spicule densities given in al. 1981). Call is half doubly ionized &t = 1,100 km, Srll

table 1. The dotted curves in figure 11 suggest that the Call remains singly ionized below = 4,000 km, in contrast with

K and Hx filtergrams see the chromosphereiot= 4,000- the half-ionized hydrogen at= 2,700 km (see figure 3).

5,000 km. The excitation and ionization obtained should be ex-

2) Excitation and ionization. plained by more detailed analysis.

Figure 12 shows a summary of the source functions ob- 3) Individual spicules
tained from this study, the brightness temperature curves, and The individual spicules have a Doppler width of 22 km/s
the photospheric intensity from Allen (1973). The lémis- on the average and a typical top density of dgg = 10,
sion and the Balmer continuum roughly correspond to half the which are consistent with theoretical predictions (e.g., Ku-
photospheric intensity. The other emissions are weaker than doh and Shibata, 1999). Their thicknesses are comparable
this. The Call H and K, and Hemissions from the active re-  with Nishikawa’s (1988) and most of them are thinner than
gion are mainly enhanced by the increase of their source func- 2,000 km. The spicules of the active and less active region
tions (gray circles, see section 3). are similar in their physical parameters except that the active
The ionization temperatures obtained are 6,000K for 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.

\ Optical Thicknelss
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X 1000km
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Fig. 11. Optical thickness of Call K, 4 and Hx 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.
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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. Call H and K, and He 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, an@-1
width of Call H and K, and H profiles have been mea-
sured with a scanning slot equivalent to 5km/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 Call K and Call H wavelength regions (private
communication, ref. Hirayama 1964). The Call K intensity
should be increased by 0.05 in logarithms relative to the Call
H and H intensities. The listed intensities in the following
tables do not take into account this correction. Table Al gives
the projected heights of the moon’s limb at the measured posi-
tions, table A2a—c gives the Call H data, table A3a—c gives the

The author expresses his hearty thanks to Professors Ei-C2 !l K data, and table Ada—c gives the Hata. A graphic pre-
jiro Hiei and Tadashi Hirayama for their encouragements. sentation of these data was made earlier (Makita 2000). Figure

Thanks are also due to Professor Tadashi Hirayama for critical A1 Shows comparison of the total intensities obtained by other
and valuable comments and to Dr. David Brooks for checking ©Pservers (Cillie and Menzel 1935; Houtgast 1957; Vjazani-

the manuscript.

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. Al. Total intensities of Call H and K, andeH 1962D:
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Cillie and Menzel (1935) are compared with the solid
curves calculated in the text.

Appendix 2. Correlation between Call H and He Emis-
sions
The Call Hand He emissions tabulated in 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 gradientsi, 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 gradieniof,. To
increase the accuracy,

Ej / [csm,;/k,-)cljzﬂ/zexp(%)]

are plotted against the projected height as in figure A3 and
logarithmic gradients of.n, are obtained from the averaged
curve. The Balmer lines, H4—-H33, during the 1962 eclipse
(Dunn et al. 1968), with logt; < 1356, are used. The
constant parameters,;, 1;, x;, 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.

Reference
Allen, C. W. 1973, Astrophysical Quantities, The Athlone Press,
Univ. London.
Beckers, J. M. 1968&0lar Phys., 3, 367.

Cillie, G. G. and Menzel, D. H. 193%arvard College Obs. Circular,
410.

Dunn, R. B., Evans, J. W., Jefferies, J. T., Orrall, F. Q., White, O. R.,
and Zirker, J. B. 1968Astrophys. J. Suppl., 15, 275.

Fontenla, J. H., Avrett, E. H. and Loeser, R. 198&rophys. J., 406,
3109.

Hiei, E. 1963,Publ. Astron. Soc. Japan, 15, 277.

Hirayama, T. 1964Publ. Astron. Soc. Japan, 16, 104.

Houtgast, J. 195Rech. Astron. Obs. Utrecht, X111, 3.

Kanno, M., Tsubaki, T. and Kurokawa, H. 19%bjar Phys., 21, 314.
Kudoh, T. and Shibata, K. 1998strophys. J., 514, 493.

Lynch, D. K., Beckers, J. M. and Dunn, R. B. 19®)ar Phys., 30,
63.

Makita, M. 1972 ,Solar Phys., 24, 59.

Makita, M. 2000, inThe Last Total Solar Eclipse of the Milleniumin
Turkey, ASP Conference, vol. 205, p. 97.

Matsuno, K. and Hirayama, T. 1988lar Phys., 117, 21.
Nishikawa, T. 1988Publ. Astron. Soc. Japan, 40, 613.
Suemoto, Z. and Hiei, E. 195Bubl. Astron. Soc. Japan, 11, 122.
Suemoto, Z. and Hiei, E. 196Rubl. Astron. Soc. Japan, 14, 33.

are combined in figure A2. They are close neighbors in the Suemoto, Z. 1963ubl. Astron. Soc. Japan, 15, 531.
spectrum and measured by one and the same scanning. If dif-Thomas, R. N. and Athay, R. G. 1962hysics of the Solar Chromo-

ferent volumes of the chromosphere contribute to the emis-

sphere, Interscience Publ., New York.

sion, they may show separate behaviors. A good correlation Unsold, A. 1955Physik d. Sternatmosphéaren, Il-ed., Springer.
of the two emissions in figure A2 is not contrary to the View ernazza, J. E., Avrett, E. H. and Loeser, R. 198&rophys. J.

that both the emissions are from the same volume. The slight

Suppl., 45, 635.

dispersion seen in the active region diagram is due to the un- yan de Hulst, H. C. 1953, The Chromospher and the Cororigén
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Fig. A3. Reduced Balmer line emissions to the integrated
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Chromospheric Structure Derived from Flash Spectra of the Total Solar Eclipse
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Chromospheric Structure Derived from Flash Spectra of the Total Solar Eclipse
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