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ABSTRACT. During the last five years common efforts have been made
within the KAPG cooperation to derive the spatial structure of the atmosphere
above the umbra of a typical large sunspot from subphotospheric layers up to
the lower corona, using complex observed data from soft X-ray, EUV, optical,
and microwave emissions. The main results from this work will be summarized
in the present paper.

The "Wroclaw-Ond¥ejov sunspot model" proved able to explain most of the
existing observations by a unified working model and to provide a good basis
for further investigations. Recent improvements include a two-component struc-
ture consisting of a main component (cold at photospheric levels, deep-set and
thin chromosphere-corona transition region) and a secondary component (filling
factor 5-10 percent, hot in the photosphere, extended transition region).

A model of a chromospheric resonator for slow-mode magneto-atmospheric
waves, together with the sunspot models mentioned above, proved able to ex-
plain velocity and intensity oscillations observed in lines which are formed
at different heights of the umbral atmosphere.

MOIEJY COJHEUHOA ATMOCSEPH HAJ ISATHAMM: B TeueHMEe NpPOWINX NATH JET B pam-
Kax coTpyaHuuecTBa HAIC coBmecTHHe ycuaus OuJM HBODPABJIEHH Ha paspaGOTKy MOJean
NIpPOCTPE8HCPBEHHO} CTPyKTypH ¢oTocdepH Haj TEHBD TUNMYECKOIro GOJbIOTr0 COJHEYHOr 0
naTHa ¢ noadorocfepHHX CIOEB JO.HUEHEH KOpOHH. JJI8 MOJEJNUDOBAHUS UCHOJABbBYDTCSH
KOMIUIEKCHHE HeOJWAEeHMd B DEHTIEHOBCKOM, KpajiHeM yabTpadnoseTOBOM, OHNTUUECKOM
M MUKDOBOJHOBOM IMaNas3OH&X. ['1@BHHe MTOrM 3TO# paboTH NOXBOZATCA B Hacrosmel
craThbe.

Oxasasoch, uTo "Bpomrae-OHApXelioBCKas MOJeNAb COJNHEUHOrO NATHE" cmocobHa
OGBACHUTH COJBUMHCTBO COBDEMEHHHX HaOJKIEeHMit M SaJOEUTH OOJE3HYD OCHOBY ZA8JAb-
Hejimux uccarenoBaHuil. HenaBHue yTOUHEHMS BKJIDYADT IBYXKOMIOHEHTHYD CTDPYKTYDY,
COCTOSIMYyD M3 raaBHOX kOoMMOHeHTH (Xoaoxuas Gorocdepa, yskuit nepexorHw# caoit
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uexay xpomocdepoll u KOpOHO#) ¥ BTopmuHO#k kKommoHeHTH (0.05 - 0,10 zoam o6nema,
ropagas dorTochepa, oSumMpHuHE mepexonHwit caoi).

Mozmeab xpoMoc¢epHOr'0 pEe3OHATOpPA A 38MeLNEHHHX MArHMTO-aTMOCfepHHX BOJH
¥ BHIEYKABQHHHE MOJNEeAM COJHEUHHX NATEeH CNOCOGHH OGBACHUTL KoJeGanus cropocTeil
¥ MHTEHCHMBHOCTe#, HAOAKDIAEMHX B JMHUAX, KOTOPHEe OGpa3yDOTCA HA DABANMYHHX BHCO-
Tax armocderH TeHM.

MODELY SLNESNEJ ATMOSFERY NAD SKVRNAMI: V rémci mnohostranne]j spolupréce
AV SK KAPG boli za poslednych piét rokov rozpracované modely priestorovej
Struktiry nad typickym jadrom velkej slnelnej S8kvrny a to od podfotosféric-
kych vrstiev a% do dolnej kordny. Pre modelovanie su pouZité komplexné pozo-
rovania v réntgenovej, ultrafialovej, optickej a mikrovlinnej &asti spektra.
Hlavné vysledky tejto prdce si nasledovné: '

"Wroclawsko-ondrejovsky model slne¥nej Skvrny" umoZiuje vysvetlit va¥3i-
nu stlasnych pozorovanf a tvor{ u¥ito¥nd zdkladfiu pre daldie vyskumy. Neddvne
spresnenia obsahuju dvojzloZkovi Btruktdru, ktord tvori hlavnd zloZka (stude-
nd fotosféra, dzka a nizko sa nachddzajica prechodové vrstva medzi chromosfé-
rou a kordnou) a sekundérnej zloZky (0.05 - 0.10 objemu 8kvrny, horica foto-
sféra, rozsiahla prechodovd vrstva).

Model chromosférického rezondtora pre spomalené magneto-atmosferické
vlny, spolu s vy38ie uvedenymi modelmi slneZnych ékvfn,méiu vysvetlit oscild-
cie rychlost{ a intenzit, ktoré si pozorované v spekirdlnych ¥iarach, vzni-
kajdicich v rbznych vySkach umbrélnej atmosféry.

1. INTRODUCTION

Sunspots are the strongest concemtrations of magnetic flux in the solar
atmosphere and the kernels of solar active regions. Their investigations is
of basic importance for our understanding of physical processes in solar ac-
tive regions or, generally speaking, in magnetically determined stellar at-
mospheres. Many reviews (e.g. Obridko and Teplitskaya, 1978; Maltby, 1981)
as well as complete conferences (Zwaan, 1981; Cram and Thomas, 1981 ) were
focused on the sunspot phenomena, and a comprehensive survey has been given
in the recently published book by Obridko (1985 ).

The present paper does not intend to repeat such complete reviews. In-
stead of it we plan to summarize the main results from common efforts within
the frame of the KAPG cooperation, theme '"Modelling of the atmosphere above
sunspots and faculae", made for the most part during the past five years.
This work was centred on the derivation of the spatial structure of the at-
mosphere, that is,the distribution of thermodynamic quantities, in the umbra
of a typical large sunspot from subphotospheric layers up to the lower corona,
using complex observations from soft X-ray, EUV, and optical emissions up to
microwaves. The elaboration of such a semi-empirical model provides the first
step in any attempt to investigate basic physical processes and structures
such as mechanical and energy balances, stability, waves and oscillations in
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sunspots. Of course, each sunspot is an individuum with its own structure and
dynamics, and ideally a model should be derived for a particular sunspot in a
fixed phase of its development. Unfortunately, not all of the necessary data

are available for such a situation, and we are forced to work up observed da-
ta from different sunspots into a model of a typical large sunspot umbra in a
stable phase of its development. Such a working model should be based on uni-
form and self-consistent physical assumptions for the whole range of heights,
it should be able to explain the majority of existing observations at various
wavelengths, and it should be improved if new and better data become availab-
le. Moreover, a reference model of the mean quiet solar atmosphere and a pla-
ge model should be derived for comparison using the same physical assumptions
and procedures which are also applied in modelling the umbra.

In the following sections the basic features of the existing models will
be outlined at photospheric and chromospheric levels (Section 2) as well as
in the transition region and lower corona (Section 3). An application of the
umbral model to the interpretation of umbral oscillations within a chromo-
spheric resonator model will be discussed in Section 4, and finally some con-
clusion and suggestions for further work will be given in Section 5.

2. PHOTOSPHERE AND CHROMOSPHERE

The modelling of subphctospheric sunspot layers will not be described in
detail. An earlier approach to the calculation of heat flux below the umbral
photosphere was based on a generalized version of Opik’s mixing length theory
of cellular convection (Staude, 1976, 1978) and could in principle explain
the observations of umbral granulation (Bumba et al., 1975; Bumba and Suda,
1980). For the quiet sun the procedure yields results in agreement with stan-
dard models of the solar convective zone. For the umbra, however, there re-
mains some ambiguity. We probably fail to understand the basic processes of
convection in a strong magnetic field; some kind of oscillatory convection
(Obridko, 1979a; Knobloch and Weiss, 1984) is likely to act here.

At photospheric levels umbral models seem to be well established due to
many observations in the visible and infrared spectral regions. This remark
relates to horizontally averaged models which disregard fine structures such
as umbral bright dots. Only six years ago the situation was not so clear at
chromospheric heights. Empiric models of the lower umbral chromosphere had
been derived by Baranovsky (1974 a,b), Teplitskaya et al. (1977, 1978) and
Kneer and Matting (1978), using line profiles of Call H and X, Hy , and some .
mediumstrong lines. Figure 1 shows the strong differences between the tempe-
rature distributions T(z) of these models; due to different assumptions con-
cerning the densities these differences are evident even between the models
from the same authors.
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Fig. 1: Temperature T versus geometrical height z in the photosphere and
lower chromosphere of several sunspot models. Full line - model pro-
posed by Staude (1981), where the letters indicate the original data
for separate heights levels: SW - Stellmacher and Wiehr (1975), TGS -
- Teplitskaya et al. (1978), S - the extension by Staude (1981).
Dashed curves: Bl and B2 - Baranovsky (1974 a,b), KM1 and KM2 - Kneer
and Matting (1978), ’thick’ and ’thin’ models, respectively.

The situation greatly improved when space-borne data with high spatial
resolution from Skylab, HRTS, and OSC-8 became available, including profiles
of H Ly-x , SiIII, and molecular lines in the ultraviolet. Such data have
been used to select the best model of the lower umbral chromosphere: it be-
came evident that only the model by Teplitskaya et al. (1978) was compatible
with the new information. This model has then been extended to the upper
chromosphere at T = 4 x 104 K to get a unified umbral working model up to a
height of about 2000 km above the umbral photosphere (Staude, 1981; the op-
tical dept‘in the umbral continuum at 5000 K, T; = 1, has been fixed at z=0).
A similar model has been derived by Lites and Skumanich (1982); both models
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Fig. 2: T(z) for the umbral model of Staude (1981; full line), the umbral
model of Lites and Skumanich (1982; dashdot), and the mean quiet
atmosphere (dashed) for comparison.

are shown in Figure 2, where also a model for mean quiet atmosphere is inclu-
ded for comparison. The model of Lites and Skumanich was based on new observed
data which were not available to Staude (1981); both models differ from each
other by the assumption of two plateaus of temperature at T=7000 K and

23 000 K in the Lites-Skumanich model, while a steady gradient of T(z) has
been proposed by Staude. Either of the two types of models has some advanta-
ges in explaining special observed spectral features, but a unique decision
in favour of one of these models is not yet possible. The model of Staude
(1981 ) has been adopted by our KAPG sunspot modelling group to form the lower
part of the more extended "Wroclaw-Ondrejov sunspot model" (hereafter, WOSM),
which will be described in more detail in the following section. The proce-
dures for calculating the described models, that means,for solving the equa-
tions of state, of hydrostatic equilibrium, of radiative transfer including
deviations from LTE, the conversion of different height scales, etc., have
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Fig. 3: T(z) of the two-component umbral model by Obridko and Staude (1986):
Main component (dash-dot), ’thin’ (b) and ’thick’ (a) secondary
component (dashed), and then mean quiet sun model VAL3C (Full curve).
Arrows on the right-hand side indicate the coronal values Tc which
are asymptotically approached at z »oo.

been described in a special report by Staude (1982).

Hitherto only a few attempts have been to consider the inhomogeneous
structure at photospheric levels of the umbra, which is evident in the umbral
bright dots or in the umbral granulation mentioned above. Years ago Makita
(1963) and Mogilevsky et al. (1968) suggested already empiric and theoretical
approaches to model the discrete fine structure of the plasma in sunspot.
Detailed two-component models of the umbral photosphere have been proposed by
Obridko (1974, 1985; Obridko and Teplitskaya, 1978) and by Adjabshirzahdeh
and Koutchmy (1981 ). Both models assume a cold main component of the umbra,
similar to the existing homogeneous models which were usually derived from
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Fig. 4: Electron pressure Pe (z) for the same models as in Figure 3.

the darkest umbral cores, and a hot secondary component with a volume filling
factor of B~ 0.05 to 0.10. While the earlier of the two-component models pro-
posed a secondary component with a temperature below that of the undisturbed
photosphere, T is even hotter than the quiest photosphere in the latter mo-
del. Recently an attempt has been made to improve our WOSM by considering the
inhomogeneous structure of the umbral atmosphere also at photospheric and
chromospheric levels in a two-component model (Obridko and Staude, 1986 ).
While the main component of the model is close to the earlier model by Staude
(1981) or to the WOSM, the secondary component has been constructed starting
from Obridko’s model. Two variants of the secondary component have been deri-
ved: in variant (b) the pressure in the upper chromosphere is close to that
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Fig. 5: Predicted continuum intensity ratiosgﬁk between spot and quiet sun
versus wavelength ) for different filling factors 5 of the seconda-
ry component (full curves). Dashed curves: modified variant using
the VAL3C model for the secondary component (only for , = 0.2 and
0.5). Crosses and vertical bars: observations by Wiehr and Stel-
macher (1985) and Albregtsen and Maltby (1981), respectively.

in the main component, in variant (a) this pressure is three times larger. In
order to test our procedures and for comparison with the umbral components
the often used model VAL3C of the mean quiet atmosphere (Vernazza et al.,
1981) has been recalculated, starting only from the given T(z) relation. All
models are assumed to be in hydrostatic equilibrium in vertical direction,
taking intoc account a turbulent pressure calculated from the given turbulent
velocity vtu(Z)‘ The T(z) structures of all model components are shown in
Figure 3, while Figure 4 gives the corresponding electron pressures. The mo-
del has been tested by comparing predictions of the continuum intensity ra-
tios g, = I(spot)/I(VAL3C) with observations at different wavelenths A. Fi-
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gure 5 shows that the agreement is good: our two-component model with a fil-
ling factor of ,3a0.05 to 0.10 fits the broad-band data of Albregtsen and
Maltby (1981; vertical bars in the figure) if we additionally consider a lo-
wering of the violet continuum by lines. The lower dashed curve indicates

that effect for .2= 0. The small-band, high-resolution data of Wiehr and Stel-
lmacher (1985; crosses in Figure 5) could be explained as well: the lowest in-
tensities would correspond to 4.5 0.05, while the highest intensities are clo-
se to a model with 4~ 0.50. A secondary component with quiet sun temperatu-
res (dash-dot curves for 4 = 0.2 and 0.5) or even higher values of T cannot
explain the existing observations.

The point z = 0 has been arbitrarily fixed at Ty = 0.1 in the umbral
main component in figures 2 and 3; the heights where Tb = 0.1 and 1.0 are in-
dicated in the T(z) curves for each model. A Wilson depression of 500 km has
been assumed between the T; = 0.1 levels in the quiet sun and the umbral
main component, while the depression is 200 km for the secondary component.
These values are compatible with the assumption of magnetohydrostatic equili-
brium in horizontal direction using known values of magnetic field strengths.

3. TRANSITION REGION AND LOWER CORONA

20 years ago Lifshits et al. (1966) proposed a model of the upper atmos-
bhere above sunspots which has been further elaborated by Gelfreikh and Luby-
shev (1979), when high-resolution radio data become available: the model as-
sumes a thin chromosphere-corona transition region starting at a height of
z = 2000 km above the umbral photosphere. Such a model could explain the ob-
served microwave emission (spectrum, brightness temperatures of Tb:=1.8x106 K,
and strong polarization) from sunspots due to gyromagnetic emission as main
contribution to the S-component in strong magnetic fields. The picture became
more complicated by high-resolution data obtained in the EUV (bright emission
at transition region temperatures) and in X-ray lines (very weak emission
from sunspot umbrae-contrary to the appearance of the surrounding plage re-
gions). These data cannot be explained simultaneously in the frame of a homo-
geneous model with plane-parallel stratification. Therefore, Obridko (1979 b)
suggested a two-component model consisting of cald and hot elements (loops)
where the fraction of cold elements decreases with height. Lately published
observed data of high quality, however, raised some objections even to this
scheme of a model.

In this situation our KAPG sunspot modelling group started its activity-
during a workshop held at the Astronomical Institute of the University of
Wroclaw, Poland; the work was continued during a working session held at the
Astronomical Observatoty Ondrejov, Czechoslovakia. Some preliminary results
from these efforts have been presented at two meetings (Bromboszcz et al.,
1981 a,b) while the finally resulting "Wroclaw-Ondrejov sunspot model"™ (WOSM)
has been published afterwards by Staude et al. (1983, 1984). At photospheric
and chromospheric levels the WOSM incorporated the homogeneous umbral model
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by Staude (1981 ) which has been descibed in the preceeding section. At hig-
her levels two components have been assumed: The hot main component with a vo-
lume filling factor of 1-/4=~0.9 has a shallow transition region and coronal
values of T=1.8 x 10 K and electron density neceﬂogcm"3 already at z 3000
to 4000 km. Such values are consistent with both the weak X-ray flux above
large umbrae and the strong and polarized microwave emission from the same
place. The hot matter encloses the feet of cold filaments (loops) which start
in a bundle from the umbra; this secondary component has an amply extended
transition region and emits the majority of the observed strong EUV emission
lines. In the corona of the main component and in the transition region of the
secondary component the z-dependence of all physical quantities and of the
filling factor /4 as well may be considered as being small over distances of
several 103 km. However, strong gradients of T and Pe may exist in horizontal
direction, i.e. perpendicularly to the strong magnetic field all transport
mechanisms are strongly reduced. Along the loops T slowly increases. Those
loops reaching greater distances tend to become more horizontal and hotter
corresponding to the occurrence of hot X-ray loops at distances and heights
of several 104 km above the plage region.

For both components of the WOSM hydrostatic equilibrium and a constant
conductive heat flux Fc for T>5 x 104 K were assumed (cf. Alissandrakis et
al., 1980), resulting in well defined model atmospheres, if the pressure Po
at the base of the transition region is prescribed.

The WOSM proved able to explain simultaneously many different sunspot ob-
servations. For comparison of model predictions with observed data detailed
emission models have been developed. The procedures for calculating non-LTE
emission in optical and UV lines and continua have been described in the pa-
pers mentioned above (Staude, 1981, 1982). X-ray line emission has been ana-
lysed using a modified Withbroe iteration procedure for deriving the differen-
tial emission measure (Sylwester et al., 1980). The emission model of the
S-component of solar microwave emission has been described by Kriger et al.
(1982, 1985); it has been successfully applied to the interpretation of high-
~-resolution radio data using the WOSM together with analytic sunspot magnetic
field models in cylindric symmetry (e.g., Urpo et al., 1982; Akhmedov et al.,
1983; Kriger et al., 1983), but also with more realistic magnetic field data
using measured magnetograms and a force-free field extrapolation procedure
(Seehafer et al., 1983; Hildebrandt et al., 1984). The WOSM has also been used
and discussed by other authors, among them Chiuderi-Dragc et al. (1982), Lang
and Willson (1982), Lang et al. (1983), Gurman (1984), Gurman and Leibacher
(1984), and Doyle et al. (1985). Applications of the WOSM to studies of umbral
oscillations and waves will be discussed in the next section.

During a recent workshop held by our KAPG sunspot modelling group in Oc-
tober 1984 at the Central Institute for Astrophysicsin Potsdam, G.D.R., latest-
ground-based and space-borne high-resolution sunspot observations have been
discussed. We tried to test the ability of the WOSM to explain the various new
data, but also to discover shortcommings which could suggest improvements of
the model (Staude, 1984). Mainly two modifications have been planned and sub-
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sequently worked out. Obridko (1985) suggested a general two-component struc-
ture of the umbra going through photosphere, chromosphere, transition region,
and corona with a fixed filling factor of the secondary component, 4x0.05 to
0.10. This new model is now available (Obridko and Staude, 1986) and shown in
the Figures 3 and 4. The photospheric and chromospheric part has already been
described in the preceding section. The analytic expressions for the transi-
tion region and lower corona have been modified: Fc = constant has now been
replaced by the more realistic assumption of a constant coronal temperature
Tc which is asymptotically approached at large heights, 2z # oo . Within the
transition region the new formulation practically agrees with the earlier ver-
sion, but at larger heights the differences become clearly visible (Staude,
1985). Two variants of the secondary component have been derived: The ’thin’
variant (b) has a value of Po close to that of the main component or the WOSM,
while in the ’thick’ variant (a) P, is three times larger. Variant (a) is ty-
pical for sunspots with strong EUV plumes and light bridges at lower levels.
In such ’active phases’ of the spot’s development also (5 may increase. Recent
EUV data from sunspots are well explained by the new model (Staude, 1985; Ob-
ridko and Staude, 1986 ).

4. UMBRAL OSCILLATIONS

Velocity and, often, intensity oscillations have been observed in spec-
tral lines formed at different heights of the umbral atmosphere. In the ehro-
mosphere and transition region the power spectra of these oscillations often
show closely packed narrow peaks at periods between 100 s and 200 s. Contrary
to these features oscillations at photospheric level occur in a much broader
range of periods between 2 and 8 min. A clear correlation among the parameters
period, amplitudes, umbral area, and magnetic field strongth does not exist
for the chromospheric oscillations.

These oscillations can be attributed to the resonant transmission of
slow-mode magneto-atmospheric waves which are semi-trapped in a chromospheric
cavity. Detailed calculations for such a model, together with the semi-empiric
models of the umbral atmosphere described above, have shown that the basic
features of the observed oscillations can be explained in this way (Zhugzhda
et al., 1983, 1984, 1985; Staude et al., 1985). The spectrum of resonance pe-
riods depends on the structure of the umbral atmosphere (the extent of the
chromosphere or the gradient of T), therefore the interpretation of the oscil-
lations provides some kind of ’sunspot seismology’, that means valuable infor=-
mation on the atmospheric fine structure can be derived. There is good agre-
ement between the spectrum of resonance periods predicted for the WOSM model
and the observed spectrum. Also the predicted differences between the phases
of velocity and intensity oscillations and their debendences on height z and
on period coincide well with the observed values, thus further corroborating
the assumed models of the chromospheric resonator and of the atmospheric struc-
ture. The oscillations observed in UV lines are concentrated in the cold fine
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structure elements of the umbral transition region, that is in the secondary
component.

Other resonator models have also been discussed in the literature, e.g.
Thomas (1984) argued in favour of a model of a photospheric resonator for
fast-mode waves. In our opinion, such a resonator could be excited as well
and coupled with the chromospheric resonator within a more complex system of
sunspot resonators (Zhugzhda, 1984). For the closely packed peaks of resonan-
ce periods in the umbral chromosphere and transition region only the chromo-
spheric resonator model is able to explain all existing observed data (cf.
Gurman end Leibacher, 1984; Zhugzhda et al., 1985 ).

5. CONCLUSIONS

Great progress has been made during the past five years in our knowledge
of physical processes and structures in sunspots. Owing to the publication of
new high-resolution observations at various wavelengths from X-ray, UV, and
optical emissions up to microwaves semi-empiric models of the spatial fine
structure of the sunspct atmosphere could be substantially improved and ap-
plied to the investigation of basic physical processes such as umbral oscil-
lations. Our KAPG sunspot modelling groups participated in this progress. The
'Wroclaw-Ondrejov sunspot model’, together with its recent improvements, pro-
vides a unified working model based on self-consistent physical assumptions
for a large of heights from the deepest photospheric levels up to the lower
corona. Using the WOSM together with emission models developed for the va-
rious wavelength regions, the theoretically predicted emissions have been
beautifully checked by comparison with the new observed data mentioned above.
Also dynamic processes such as umbral oscillations could be explained by a
combined model consisting of the WOSM and a chromospheric resonator model for
slow-mode magneto-atmospheric waves.

Of course, a lot of work remains to be done. Future work should consider
the dependence of the atmospheric structure on the development of the sun-
spots which is indicated, e.g., in the work of Pap (1985) and Sobotka (1985).
The latter work pointed out that differences in the photospheric structures
of sunspots are small for large and stable spots, thus confirming to some ex-
tent our approach to derive a model for a ’typical’large spot. It would be
highly desirable, however, to get more complete observed data of a single sun-
spot with high spatial and spectral resolutions which should be obtained si-
multaneously at many different wavelengths, but also in- different phases of
the spot’s development and with high time resolution to record dynamic pro-
cesses such as oscillations and mass motions at different height levels. The
emission models should be improved in various points (e.g., more exact non-
-LTE calculations, three-dimensional radiative transfer in fine structure ele-
ments) and also applied to features outside the umbra (penumbra, plage, acti-
ve region loops) to get better models also for these important structures of
active regions. In order to investigate the role of waves in the energetics of
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sunspots the theory of oscillations should include nonlinear and nonadiabatic
processes (e.g., radiative dissipation). Some of such activities are being
prepared. In this way improved information on plasma parameters could be pla-
ced at disposal which is necessary for a further investigation of physical
processes in magnetized atmospheres such as solar active regions in general
or sunspot umbrae in particular.

ACKNOWLEDGEMENTS

The author would like to thank all collaborators of our KAPG sunspot mo-
delling group for their active participation in our common work. I must apo-
logize for all shortcomings and incompleteness in this review.

REFERENCES

Adjabzhirzadeh, A., Koutchmy, S.: 1983, Astron. Astrophys. 122,1.

Akhmedov, S.B., Gelfreikh, G.B., Firstenberg, F., Hildebrandt, J., Krtiger, A.:
1983, Solar Phys. 88, 103.

Albregtsen, F., Maltby, P.: 1981, in ’The Physics of Sunspots’ (eds. L.E.
Cram, J.H. Thomas), Sacramento Peak Observatory, 127.

Alissandrakis, C.E., XKundu, M.R., Lantos, P.: 1980, Astron. Astrophys. 82, 30.

Baranovsky, E.A.: 1974a, Izv. Krymsk. Astrofiz. Observ. 49, 25.

Baranovsky, E.A.: 1974b, Izv. Krymsk. Astrofiz. Observ. 51, 56.

Bromboszecz, G., Jakimiec, J., Siarkowski, M., Sylwester, B., Sylwester, J.,
Obridko, V., Flrstenberg, F., Hildebrandt, J., KriYger, A., Staude, J.:
1981a, Physica solariterr. 16, 155; 1981b, in ’Solar Maximum Year’, Proc.
Intern. Workshop, Vol. 1, IZMIRAN, Moscow, 224.

Bumba, V., Hejna, L., Suda, J.: 1975, Bull. Astron. Inst. Czechosl. 26, 315.

Bumba, V., Suda, J.: 1980, Bull. Astron. Inst. Czechosl. 31, 101.

Chiuderi-Drago, F., Bandiera, R., Falciani, R., Antonucci, E., Lang, K.R.,
Willson, R.F., Shibasaki, K., Slottje, C.: 1982, Solar Phys. 80, T71.

Cram, L.E., Thomas, J.H. (eds.): 1981, ’The Physics of Sunspots’, Proc. Sa-
cramento Peak Observ. Conference, Sunspot, New Mexico.

Doyle, J.G., Raymond, J.C., Noyes, R.W., Kingston, A.E.: 1985, Astrophys. J.
297, B816.

Gelfreikh, G.B., Lubyshev, B.I.: 1979, Astron. Zh. 56, 562.

Gurman, J.B.: 1984, Solar Phys. 90, 13. .

Gurman, J.B., Leibacher, H.W.: 1984, Astrophys. J. 283, €59.

Hildebrandt, J., Seehafer, N., Krtiger, A.: 1984, Astron. Astrophys. 134, 1&E5

Kneer, F., Matting, W.: 1978, Astron. Astrophys. 65, 17.

Knobloch, E., Weiss, N.O.: 1984, Monthly Notices Roy. Astron. Soc. 207, 203.

Krliger, A., Hildebrandt, J., FiUrstenberg, F., Staude, J.: 1982, HHI-STP
Report No. 14, Berlin, 2.

Krtiger, A., Flrstenberg, F., Hildebrandt, J., Akhmedov, S.B., Bogod, V.M.,
Korzhavin, A.N.: 1983, Publ. Debrecen Heliophys. Observ. 5, 619.

n

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



Krtiger, A., Hildebrandt, J., Firstenberg, F.: 1985, Astron. Astrophys. 143,
T2,

Lang, K.R., Willson, R.F.: 1982, Astrophys. J. 255, Li111.

Lang, K.R., Willson, R.F., Gaizauskas, V.: 1983, Astrophys. J. 267, 455.

Lifshits, M.A., Obridko, V.N., Pikelner, S.B.: 1966, Astron. Zh. 43, 1135.

Lites, B.W., Skumanich, A.: 1982, Astrophys. J. Suppl. 49, 293.

Makita, M.: 1963, Publ. Astron. Soc. Japan 15, 145.

Maltby, P.: 1981, in ’Solar Activity’, Proc. Third Europ. Solar Meeting,
Oxford, 95.

Mogilevsky, E.I., Demkina, L.B., Ioshpa, B.A., Obridko, V.N.: 1968, in
’Structure and Development of Solar Active Regions’ (ed. K.O. Kiepenheuer),
D. Reidel, Dordrecht-Holland, 215.

Obridko, V.N.: 1974, Soln. dannye 4, 72.

Obridko, V.N.: 1979a, Soln. dannye 3, 72.

Obridko, V.N.: 1979b, Astron. Zh. 56, 67.

Obridko, V.N.: 1985, ’Sunspots and Complexes of Activity’ (in Russian),
Nauka, Moskva. -

Obridko, V.N., Staude, J.: 1986, Astron. Astrophys. (submitted).

Obridko, V.N., Teplitskaya, R.B.: 1978, Itogi nauki i tekhniki, Astronomiya
14, T.

Pap, J.: 1985, Solar Phys. 97, 21.

Seehafer, N., Hildebrandt, J., Krdger, A., Akhmedov, S., Gelfreikh, G.B.:
1983, Publ. Debrecen Heliophys. Observ. 5, 431.

Socbotka, M.: 1985, Astron. Zh. 62, 995.

Staude, J.: 1976, Bull. Astron. Inst. Czechosl. 27, 365.

Staude, J.: 1978, Bull. Astron. Inst. Czechosl. 29, 71.

Staude, J.: 1981, Astron. Astrophys. 100, 284.

Staude, J.: 1982, HHI-STP Report No. 14, Berlin, 24.

Staude, J.: 1984, Physica solariterr. 23, 5

Staude, J.: 1985, Astron. Nachr. 306, 197.

Staude, J., Firstenberg, F., Hildebrandt, J., Krtiger, A., Jakimiec, J.,
Obridko, V.N., Siarkowski, M., Sylwester, B., Sylwester, J.: 1983, Acta
Astron. 33, 441; 1984, Astron. Zh. 61, 956.

Staude, J., Zhugzhda, Y.D., Locans, V.: 1985, Solar Phys. 95, 37.

Stellmacher, G., Wiehr, E.: 1975, Astron. Astrophys. 45, 69.

Sylwester, J., Schrijver, J., Mewe, R.: 1980, Solar Phys. 67, 2&5.

Teplitskaya, R.B., Grijoryeva, S.A., Skochilov, V.G.: 1977, Issled. po geo-
magn., aeronomii i fizike Solntsa 42, 48.

Teplitskaya, R.B., Grigoryeva, S.A., Skochilov, V.G.: 1978, Solar Phys. 56,
293.

Thomas, J.H.: 1984, Astron. Astrophys. 135, 188.

Urpo, S., Hildebrandt, J., Pflug, K., Staude, J., Firstenberg, F., Krtiger, A.:
1982, Physica solariterr, 19, 5.

Vernazza, J.E., Avrett, E.H., Loeser, R.: 1981, Astrophys. J. Suppl. 45, 635.

Wiehr, E., Stellmacher, G.: 1985, in 'High Resolution in Solar Physics?,
Lecture Notes in Physics 233, 254.

312

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



Zhugzhda, Y.D.: 1984, Monthy Notices Roy. Astron. Soc. 207, 731%.

Zhugzhda, Y.D., Locans, V., Staude, J.: 1983, Solar Phys. 82, 369.
Zhugzhda, Y.D., Locans, V., Staude, J.: 1985, Astron. Astrophys. 143, 201.
Zhugzhda, Y.D., Staude, J., Locans, V.: 1984, Solar Phys. 91, 219.

Zwaan, C. (ed.): 1981, ’The MHD of Sunspots’, Space Sci. Rev. 28, 385.

Discussion

M.A. Mogilevsky:

lonycxaer-ayu Bema crTaTMyecKesd MONenb NATHA O60CmEHME HA CAydan ydyeTa IMHEMMU-
Jeckux nmpouneccoB? Hampumep, BOBMOXHOCTH MCHOJNBB3OBATH MeTOn ak. B.B. CoGoseBa
IJfi pelleHus ypaBHEHMS NepeHoCa C yUYeTOM IBUEEHMUS T

J. Staude:

In its present state, our semi-empirical umbral model atmospheres only pro-
vide information on the spatial distribution of thermodynamic parameters

(T, D, etc.) in some basic state. In our study of umbral chromospheric oscil-
lations small deviations from this basic state have been considered. In the
future, dynamic processes should be taken into azeount, by solving simulta-
neously the non-LTE equations of radiative transfer and of hydromagnetics,

but this can only be done for special purposes admitting simplifying assump-
tions in the complicated system of equations. A

Ye.Ya. Zlotnik:

You have no 20000°K plateau at the height 2000 km in your sunspot model. Does
it consist with observations?

J. Staude:

Considering models which try to explain Ly-alpha profiles in different solar
features (see e.g. Baéri et al., 1979) it is obvious that the extent of

T = 20000°K plateau decreases with increasing gradient of T in the chromosphe-
re, that means with increasing density in hydrostatic models. Sunspot umbrae
belong to the high-density models (close to plages) which do not require an
extended plateau of T. There is, however, some ambiguity in determing the de-
tailed T/z/ run, and better observations are required to exclude such uncer-
tainties.

G.B. Gelfreikh:

Radio observation made with the RATAN-600 have shown that the strength of mag-
netic field in CCTR above a sunspot is very high and are nearly two-fold hig-
her than the magnetic field strength found for the same sunspot from SMM ob-
servation in CIV line. Can your model explain this contradiction? ] -
J. Staude:

Yes, this is indeed possible within the frame of our two-component model: The
microwave emission is formed in the umbral main component, where coronal tem-
peratures of about 2 x 106 K exist at relatively small heights above the um-
bral photosphere (a few 103 km, where the magnetic field is still large). UV
lines such as the CIV line are formed mainly in the secondary component with
its largely extended transition region, that means at much larger heigth, where
the magnetic field strength is smaller.
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