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ABSTRACT

In this paper we study andmodify previous semiempirical models of the solar photosphere as observed at moderate
spatial and temporal resolution (�300 and �30 minutes, respectively) in the main quiet- and active Sun component
features. Our present models are constructed to match the relevant available observations at this resolution for which
a one-dimensional and time-independent stratification is reasonable. The models do not describe the fine structure
and temporal variability observed in high-resolution images but correspond to a ‘‘radiation averaging’’ over the fine-
structure and p-mode variations. We use the observed limb darkening in the range 0.3–2.4 �m, as well as the absolute
intensities and details of the spectral continua and lines in this range, to validate and adjust the models. Using the
method described in a previous paper, we compute the emergent radiation from ourmodels in full detail for the visible
and IR continuum and the lines in the interval 0.3–5 �m for which we have atomic data from NIST (�13,000 lines
used) and molecular data from HITRAN and Gray & Corbally (�480,000 molecular lines used). The observations,
abundances, and atomic/molecular data are improved over previous work and yield models that better fit the obser-
vations. In addition, we construct a new penumbra model. The visible and IR detailed spectra computed from these
models provide insight for understanding the effects of magnetic fields on the solar irradiance and are useful tools
for computing synthetic spectral irradiances in different solar activity configurations.

Subject headings: Sun: activity — Sun: atmosphere

Online material: machine-readable tables

1. INTRODUCTION

We construct new semiempirical models of the quiet- and ac-
tive Sun components of the photosphere in order to improve our
understanding of the effect on the spectra of various physical pro-
cesses considered in our models of the solar atmosphere and to
improve the parameters in these models that correspond to spatial
and temporal resolution of �300 and �30 minutes, respectively.
Our models are based on solving equations that describe the struc-
ture and the detailed transport of radiation through our model at-
mosphere consistently with the observed spectra at the moderate
spatial and temporal resolution we consider. The models provide
the distribution of temperature, density, and other physical pa-
rameters characterizing the one-dimensional model that provides
the best fit to the observed spectra. Since our knowledge of some
of the physical processes is incomplete, it is necessary to use ad
hoc parameters, e.g., to describe the effects of turbulence. In con-
structing these models we attempt to maintain physical consis-
tency to the extent possible, even though the underlying fine
structure is not explicitly accounted for and some processes are
not fully understood, e.g., magnetic heating.

This approach contrasts with, but does not oppose, the purely
theoretical modeling of physical processes in which the distri-
bution of temperature and density are computed from first prin-
ciples and from initial and boundary conditions, e.g., numerical
simulations of magneto-convection. The primary goal of theo-
retical modeling is to understand basic physical processes by a
fully consistent treatment, and secondarily to match the ob-

servations in detail, given the simplifications made. Both ap-
proaches are important for making progress in our understanding
of the solar atmosphere.

In the present paper we consider semiempirical models of the
solar photosphere at spatial resolution of a few arcseconds and
temporally averaged over several p-mode oscillation periods.
At this resolution, the granulation and other fine structures are
not resolved, and only ‘‘radiation-effective’’ physical parameters
can be derived that correspond to an averaging over the fine
structure. This averaging is weighted by its effects on the ob-
served emergent radiation. Our photospheric models are derived
from the observed visible and infrared (IR) continuum and from
photospheric line radiation.

An issue that affects any type of model is the assumed di-
mensionality. One-dimensional models are a good approxima-
tion when the horizontal scale is much larger than the vertical
scale of the resolution elements under consideration. In this case
the gradients and fluxes are predominantly vertical. The one-
dimensional approach is used in the present models because the
horizontal resolution scale we consider is much larger than the
gravitational height scale and also much larger than the overall
vertical extent of the photosphere. Therefore, the density and
temperature variations and the photon flux are mostly vertical
except at the boundaries of the resolution elements. However, as
we show in the case of the penumbra observations, some rela-
tively minor departures from one-dimensionality have small but
measurable effects on the emitted penumbral radiation.

In x 2 we discuss the implications of high-resolution obser-
vations and time-dependent simulations on the interpretation of
the medium-resolution models we consider. As more complete
higher resolution spectral observations become available, it would
be useful to apply our semiempirical analysis to those data as well.
(However, at very high resolution, three-dimensional modeling
would be necessary, since, for example, the width of intergranular
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3 Service d’Aéronomie du Centre National de la Recherche Scientifique,
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lanes is comparable with the height scale.) In some cases it may
not be practical to produce semiempirical models at too high a
resolution, and statistical approaches based on distribution func-
tions may be more convenient.

The quiet-Sun chromospheric/photospheric model C given by
Vernazza et al. (1981, hereafter VAL81) was modified by Avrett
(1985), increasing the temperature minimum, and by Maltby
et al. (1986), adjusting the photosphere to improve agreement
with the Neckel & Labs (1984) visible data and the Pierce (1954)
IR continuum data. Fontenla et al. (1990, 1991, 1993, 2002, here-
after FAL90, FAL91, FAL93, and FAL02, respectively) carried
out theoretical modeling of the transition region energy balance at
the footpoints of coronal loops, taking into account H and He par-
ticle diffusion andmass flows. These papers used the photospheric
and chromospheric parts of the reference model of Maltby et al.
(1986) and modified versions of VAL81models A and F to deter-
mine the boundary conditions for the transition region modeling.
FAL93 included a complete listing of models A, C, and F but with
the previous transition region replaced by the energy balance dis-
tribution. The FAL93 paper also includes a full listing of a faculae
model P based on a model by Lemaire et al. (1981).

Most of the models presented here are based on those by
Fontenla et al. (1999), which introduced small modifications to
the models listed by FAL93 and added several models: model E
for the network based on modifications of the corresponding
VAL81 model, model H for plage, and a sunspot umbra model
similar to the model M by Maltby et al. (1986), all with energy
balance transition regions.

In the present paper we study in detail the Fontenla et al.
(1999) models and significantly modify them (except model C)
to account for recent observations, and we add an additional
model devised for sunspot penumbrae, model R, again based on
moderate-resolution data. We compute in detail the emitted visi-
ble and IR continuum and line spectra produced by the models
at several disk positions, as well as the irradiance spectrum,
using an updated version of the computations described by
Fontenla et al. (1999) and the latest published elemental abun-
dance values.

As is usual in photospheric modeling (e.g., Gingerich &
de Jager 1968; Gingerich et al. 1971), we adjust the temperature
stratification as a function of gas pressure in such a way that the
computed intensities match the observed disk center intensities
and center-to-limb variation (CLV) at various wavelengths. We
base this study on our CLV observations using the Precision
Solar Photometric Telescope (PSPT, e.g., Vogler et al. 2005)4

operated at Mauna Loa Solar Observatory by the High Altitude
Observatory, especially in the red band, and on other data shown
by Pierce (2000) and Solanki (2000) from references therein. For
magnetic features models we examine the contrast with respect
to the cell center model C at several wavelengths, as given by
Cmodel ¼ ½(Imodel/IC)� 1�, where Imodel is the emergent intensity
for a certain model and position on the disk and IC is the inten-
sity for model C at the same position on the disk. For our analysis
we consider many wavelengths, but for simplicity we show in
detail here only the CLV of the model C intensity and active
features models contrast at two wavelengths, one representative
of the continuum from the top photospheric layers (606 nm) and
the other of the deepest observable photospheric layers (1600 nm).
We also compare the computed absolute flux for model C as a
function of wavelength with recent solar irradiance observations
for studying the temperature values on an absolute scale, and we
consider profiles of some well-known photospheric lines, mostly

for verification purposes and diagnosis of the microturbulent
broadening velocity.
In this paper we do not attempt to improve the models of the

upper chromosphere and transition region beyond the Fontenla
et al. (1999) models, but we use the temperature versus height
from them and only modify the photospheric layers. In subse-
quent papers of this series we will update the chromosphere and
transition region parts of all the models using recent ultraviolet
(UV) and extreme ultraviolet (EUV) observations and molec-
ular lines. For now the layers above the photosphere should be
considered only schematic, and consequently we do not include
them in the tables in Appendix A.
We integrate the computed visible and IR spectra to obtain the

total radiation flux from each model and assess the effects of the
magnetic features on the solar flux in various wavelength bands.
These results and the existing chromospheric models indicate
interesting trends in the effects of magnetic fields on the solar
irradiance and nonradiative heating.

2. INTERPRETATION

The density stratification used in our models results from an
equation that has a similar form as the hydrostatic equilibrium
equation but with added terms to account for large-scale mo-
tions, turbulent motions, and Lorentz forces similar to the terms
shown in FAL02, equation (37) (which coincides with FAL93
eq. [1] for our current static models). Through the ‘‘turbulent
pressure velocity’’ parameter, Vtp, we adjust the density strati-
fication within certain bounds in order to account for processes
not known in detail (see x 5.1). In our quiet-Sun models we as-
sume for simplicity that the turbulent pressure velocity has the
same value as the microturbulent line-broadening velocity, Vtb.
Of course this is not necessarily true. In our active region models
we do not use the same values for Vtp and Vtb, and we obtain
the values of Vtp from other assumptions indicated in x 5.1. Our
simplifying assumptions just reflect the difficulty obtaining di-
agnostics for the gas pressure scale height from existing obser-
vational data. Eclipse observations provide some data that are
consistent with our quiet-Sun models, but there are hardly suf-
ficient data, especially for active regions.
However, one can choose to interpret our one-dimensional

models without regard to heights and instead only consider the
relationship between gas pressure and temperature. The advan-
tage of this scale is that it only involves local parameters of the
gas that are not affected by Vtp, which is necessary to relate the
gas pressure and density with height relative to an arbitrary zero.
The disadvantage of a gas pressure scale is that it is possible that
the same pressure may occur at two different heights of a one-
dimensional atmosphere when velocities and Lorentz forces are
present, but this is unlikely in the photosphere and chromo-
sphere. Another alternative is the mass column density, but this
is not a local property of the gas and it is related to the gas
pressure through the pseudohydrostatic equilibrium equation,
which involves Vtp.
It is known from the observations that the conditions in all

layers of the solar atmosphere vary somewhat on timescales of
several minutes. For instance, the well-known p-mode oscilla-
tions affect the photosphere and low chromosphere and produce
an average profile of the weak absorption lines with a charac-
teristic curved bisector. Detailed observations of low and mid-
chromospheric lines (e.g., Balmer lines and Ca ii K2 and K3)
also show changing profiles (e.g., Kneer & von Uexkull 1986;
von Uexkull & Kneer 1995) and are related to the 3 minute
chromospheric oscillations. The Ultraviolet Spectrometer and
Polarimeter (UVSP) data for the Mg ii h and k lines (with a4 See also http://www.hao.ucar.edu/Public/research/fco.html.
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3 arcsec2 pixel size) that form at the top of the chromosphere
display about 10% asymmetric variations in the peaks with the
3 minute period (as found by one of us, J. M. F., in a 1989 un-
published study). Also, the UVSP Ly� data show more compli-
cated but similarly small variations and some additional features
due to transient cool material in the low corona (see Fontenla
et al. 1988). The Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) data for upper chromospheric and transi-
tion region lines showmotions at these frequencies and with am-
plitudes near the sound speed (Wikstøl et al. 2000). Sometimes
very small areas experience sudden large brightening (micro-
flares, e.g., Aschwanden et al. 2000) that is often attributed to
sudden magnetic energy release (e.g., Falconer et al. 2000).

Our models do not reflect these variations but instead corre-
spond to a ‘‘radiation average’’ of the less dynamic regions of
each type. The parameters in our models are expected to differ
somewhat from a strict Eulerian time average of varying phys-
ical parameters. These differences are small when the fluctua-
tions are small, as in the photosphere, but can be very significant
in the chromosphere. Thus, it is not meaningful to compare aver-
aged temperature values at a given height from a time-dependent
simulation to our model temperatures at that same height. In-
stead, the emergent radiation from a time-dependent simulation
should be quantitatively compared with both high-resolution data
and with medium-resolution observations such as those our
models reproduce.

Our models are indeed not of instantaneous or average phys-
ical parameters but only of radiation-effective ones. The valida-
tion of our models rests on the comparisons with observations of
the emergent radiation at the proper temporal and spatial reso-
lution and can be considered a compendium of a large variety of
observations, all at a certain resolution. Of course, the ultimate
goal of atmospheric models is to obtain a complete and consis-
tent physical description of all solar phenomena, in full agree-
ment with all observations. Such a goal is not yet achieved,
but our present models should be considered as a step in that
direction.

More complete theoretical models will have to explain more
details than are explained by the models we present here, such as
the time-dependent and three-dimensional fine structure displayed
by high-resolution images, as well as include full understanding
of the physics behind chromospheric heating. Carlsson & Stein
(1997) proposed that the passage of shocks with Mach numbers
substantially larger than unity can produce a temporary several-
fold temperature increase to account for the chromospheric emis-
sions in nonmagnetic regions. At this point, it seems that this
picture of chromospheric heating cannot explain the persistence
of the quiet-Sun upper chromospheric emission lines observed
at high temporal and spatial resolution (see Judge et al. 1997;
Kalkofen 2001). Also, it is well known that there is a close rela-
tionship between enhanced chromospheric heating andmagnetic
fields (e.g., in the quiet network and active regions) and a less
dynamic character in magnetic regions (e.g., Wikstøl et al. 2000),
neither of which has yet been physically explained (but mech-
anisms have been proposed, e.g., by Fontenla [2005]).

3. SOLAR FEATURES AND MODELS

For the purpose of producing models of the main solar fea-
tures observed on the disk we use a single model for each feature
category. However, it should be kept in mind that a category
represents a range of intensities in continua and lines and not a
single value and that in the observations there may not be a sharp
transition between these categories. By looking at an image one
can always identify the features, but the pixels at the boundaries

display a gradual transition and there are also variations within
each feature. Figure 1 shows typical images of quiet and active
regions at about 200–300 resolution and illustrates the chromo-
spheric network structure and active region features we model.
We show in this figure red-band and relatively broadband Ca iiK
images from the PSPTand a Ca iiK3 narrowband image from the
Meudon Observatory.5 From the two Ca ii K images it is clear
that the narrowband images display the network pattern with
more contrast but in a more diffuse way than the broadband im-
ages. This is because the network lanes result from magnetic
heating in mid- and high chromospheric layers that are better
displayed in narrowband images, but narrowband images also
show lower intensity emissions that occur in chromospheric and
higher layers and even absorptions due to prominence material.
We indicate in these figures the well-known categories of fea-
tures we model and the arbitrary letters we assign to the models.

At the resolution of a few arcseconds that corresponds to
these images, the quiet-Sun chromosphere observed in Ca ii K
images consists of a network structure of ‘‘network cells’’ sur-
rounded by brighter areas known as ‘‘network lanes.’’ In con-
tinuum and white-light images (e.g., the PSPT red-band data)
the active region areas may display very clearly defined sunspot
umbrae, penumbrae, and faculae. Plage areas appear in both
Ca ii K images. We note that there is an overlap in some active
region features because these definitions originate in observa-
tions of intensity levels at different wavelengths. In x 5 we clarify
the definitions we used for defining separate models for each of
the mentioned active region features.

4. QUIET-SUN FEATURES AND MODELS

Our quiet-Sun categories partially follow the VAL81 scheme.
In that work the continuous distribution of intensities measured
by Skylab in EUV lines and continuum was ‘‘discretized’’ by a
set of models labeled A through F representing various bins in
histograms of line intensities. However, for the purposes of our
paper we do not find it necessary, or even convenient, to use
so many categories. We use three categories that are known to
be associated with certain characteristics of the magnetic field.
These categories are labeled for historical reasons as C, E, and
F, because they roughly correspond to those in VAL81. Our
categories are described as follows:

C.—An area with the same intensity as the median in a his-
togram of a Ca iiK image of a quiet area of the Sun. We find that

Fig. 1.—Images covering quiet-Sun network, active network, and active
region features in the PSPT red and Ca ii K broad bands, and in Ca ii K3 (data
from the Meudon Observatory in 2005). The field of view is �12000 ; 12000.
While the PSPT images are simultaneous, the Meudon image was taken about
10 hr earlier.

5 See http://bass2000.obspm.fr/home.php.
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the median is very close to the peak of the distribution but is
statistically more stable. These intensities correspond to most of
the central area of supergranular cells that are usually known as
‘‘quiet-Sun cell interior.’’

E.—A bright area separating supergranulation (or network)
cells, often called ‘‘network lane.’’ We describe this category as
‘‘quiet-Sun network.’’

F.—Certain network lane areas that are much brighter than the
average. We describe this category as ‘‘active network.’’

Categories C and E are clearly not related to solar activity,
but there are many studies that show correlation between bright-
ness and magnetic fields in the quiet-Sun network. Small mag-
netic field elements are observed in the quiet Sun, and they
usually display larger fluxes and mixing of polarities (or strong
polarity gradients) at the network lanes. It is not clear whether
category F contains a solar activity cycle component because
these active network elements display magnetic element fluxes
larger than the average network lanes. Also, sometimes it is pos-
sible to track them as the by-product of decay and fragmenta-
tion of active regions, as we observe in movies from PSPT Ca ii
K images taken over several consecutive days. Thus, it is not
easy to establish if such bright network elements can exist in-
dependently of the solar activity cycle or only as a result of
this cycle.

The network lanes are not clearly observed in the PSPT red
continuum and are produced in chromospheric layers. Here we
only study in detail the photospheres of the models, but because
there are issues with the previously published E and F models
we still retain these models here.

4.1. Quiet-Sun Models

These models are based on the Fontenla et al. (1999) set of
models, but we now modify the photospheres of models E and
F to account for the absence of brightening in the quiet-Sun
network lanes as observed in the PSPT red-band images. (This
band contains continuum around 60608 with a few weak photo-
spheric lines.) We found that the previous models E and F display
significant unobserved contrast with respect to model C even at
disk center (Cmodel > 0). Thus, we revised the photospheric tem-
peratures of these models to remain identical to those of model C
up to slightly higher altitudes than before. The basic parameters
for model C are unchanged from Fontenla et al. (1999), but we
have introduced changes here in the elemental abundances that
affect the electron densities because of the contributions of low
first ionization potential (FIP) elements to the electron density.

The elemental abundances used in all our photospheric cal-
culations are assumed to be height independent and are listed in
Table 1. The photospheric layers of the models are not very
sensitive to elemental abundances of high-FIP elements but are
significantly affected by the changes to the low-FIP elements.

The abundances in Table 1 include reduced values for C, N,
and O relative to those used by Fontenla et al. (1999) and also
changes in low-FIP elements. Calculations of the semiforbidden
C i line at 5381.833 8 vacuum wavelength, with gf ¼ 0:02421
according to the National Institute of Standards and Technology
(NIST), shows good agreement with the Kitt Peak observations
(Wallace et al. 1998). Therefore, the reduced C abundance is in
agreement with our present models. Determination of the O abun-
dance from OH weak lines, using other models, by Melendez
(2004) yields a value compatible with the one we use. Also, our
calculations of the O i resonance lines at 1027.4 and 1028.5 8,
formed in the chromosphere, are in better agreement with
SUMER observations (Curdt et al. 2001) when the reduced

abundance is used.Whenwe examine the veryweak photospheric
O i lines near 6158.5 8 we find that a high O abundance would
not be consistent with the Kitt Peak observations. Even the low
value we use yields lines that are stronger than those observed.
The low abundances of C, N, and O have important effects on

the molecular lines that are strong above the photosphere and in
sunspots. For instance, these low abundances reduce the strength
of the CN violet band with a head at 3883 8 unless the tem-
perature minimum is lower than that the shown in the present
paper and given by Fontenla et al. (1999), as well as in FAL90,
FAL91, FAL93, and FAL02. Weaker CN absorption is incom-
patible with the Kitt Peak observations (Wallace et al. 1998) and
with an unpublished study of observations by one of us (J.M. F.).
The low O and C abundances pose even bigger problems for CO
lines with the temperature minimum shown in this paper. A
lower temperature minimum was proposed by Ayres & Rabin
(1996) based on CO observations. However, the quiet-Sun pho-
tospheric models are not substantially affected by the assumed C,
N, and O abundances because they are determined by the vis-
ible and IR continuum spectra, which are practically unaffected
by these abundances. Only photoionization edges from relatively
high energy excited levels of these atoms affect these continua
slightly. Thus, calculations of spectral lines from these elements
using the present models are useful diagnostics of these abun-
dances and will be used in conjunction with future observations.
Models C, E, and F are listed in Appendix A and include the

temperatures and densities as functions of gas pressure. Heights
are also listed for reference, but the height scale for one model
can be arbitrarily offset from that of another model. The heights

TABLE 1

Elemental Abundances in the Models

Element Atomic Number log (nelem/nH) References

He...................... 2 �1.00

Li ....................... 3 �10.95 4

Be ...................... 4 �10.62 4

B........................ 5 �9.30 1

C........................ 6 �3.61 2

N........................ 7 �4.22 4

O........................ 8 �3.34 3

F ........................ 9 �7.44 1

Ne...................... 10 �4.16 4

Na...................... 11 �5.83 4

Mg..................... 12 �4.47 4

Al....................... 13 �5.63 4

Si ....................... 14 �4.49 4

P ........................ 15 �6.64 4

S ........................ 16 �5.16 4

Cl....................... 17 �6.50 1

Ar ...................... 18 �5.82 4

K........................ 19 �6.92 4

Ca ...................... 20 �5.69 4

Sc....................... 21 �8.95 4

Ti ....................... 22 �7.10 4

V........................ 23 �8.00 1

Cr....................... 24 �6.36 4

Mn..................... 25 �6.61 1

Fe....................... 26 �4.55 4

Co...................... 27 �7.08 1

Ni....................... 28 �5.77 4

Cu...................... 29 �7.79 1

Zn ...................... 30 �7.40 1

References.— (1) Grevesse & Sauval 2000; (2) Allende Prieto et al. 2002;
(3) Asplund et al. 2004b; (4) Asplund et al. 2004a.
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in the tables are measured from the height at which �5000 ¼ 1
because this has been common practice. However, we note that
the zero height in each model is not geometrically constrained,
and the height offset between the different models is unknown in
our one-dimensional modeling.

In Figure 2 we plot the temperature as function of the gas pres-
sure for the three models. The temperature increase with respect
to model C starts at gas pressures of about 104 dyne cm�2 in
model F and a bit higher in model E. For reference we also show
for model C the arbitrary height scale in which the continuum
optical depth at 5000 8 is unity at the height zero. This arbitrary
zero height occurs at gas pressure of �1:16 ; 105 dyne cm�2

for this model.

4.2. CLV of Quiet-Sun Features

Figure 3 shows the CLV computed from model C in contin-
uum windows at 6060.5 and 15500.5 8 (0.2 8 bandwidth). The
shorter of these wavelengths is representative of the red band
observed with the PSPT. The intensities are computed at values
of � ¼ cos � in decrements of 0.1 from 1.0. The observed PSPT
values are shown for the same � values interpolated (and extrap-
olated for the case of � ¼ 1:0) from the median intensity value
for various intervals of �, namely, a circle � > 0:95 and a set of
annuli at intervals 0.1 centered at values of � of 0.9, 0.8, etc. The
median intensity value in each annulus is assigned to the � that
corresponds to the annulus center of gravity, which is slightly
shifted from the center of the � interval as described in Fontenla
et al. (1999) (also see Appendix B). Also, the figure shows the
CLV values from Pierce & Slaughter (1977) and Pierce et al.
(1977) at nearby wavelengths of 6000 and 15000 8. As this fig-
ure shows, the model calculations in the red reproduce the obser-
vations within a few percent, and thus the temperature gradient at
the photospheric layers responsible for the radiation at this wave-
length is well represented by model C. At very small � (0.1 and
smaller), problems may arise because of observational limita-
tions and also because the plane-parallel approach used in our
emergent radiation calculations breaks down due to curvature
effects. Again there is good agreement between the computed
and observed CLV in the IR, within a few percent, but there is a
slightly higher than observed computed value frommodel C near
� ¼ 0:4. We note that, according to the calculations, at around
� ¼ 0:4 the IR continuum formation region overlaps with that of
the red continuum at around � ¼ 1:0, and thus a model change
would affect the agreement with the observations in the red.
Thus, the small disagreement is probably due to inaccuracy in
the IR opacity (e.g., unaccounted departure from LTE in Hþ

2 ) or

to a somewhat different bandpass between the calculations and
observations.

For models E and F the computed intensity contrasts between
the quiet-Sun network models in the PSPT red band at most disk
positions are below but very close to zero (�1% < Cmodel <
0%). Observation of such small contrast is difficult, and we can-
not rule out the need for tiny photospheric temperature or density
variations that can change this contrast in the computations.
These computed contrasts are not due to the photospheric layers,
because for gas pressures greater than 3 ; 104 dyne cm�2, we
assume identical physical parameters for all quiet-Sun models.
Instead, they are due to the differences at small optical depths in
the layers above the photosphere.

4.3. The Quiet-Sun Irradiance Spectrum

An important test of the combined quiet-Sun models is their
ability to fit the observed solar irradiance spectrum. For this
comparison we use only model C, because models C, E, and F
have negligible differences in emitted radiation, and PSPT image
analysis shows that more than 70% of the solar disk corresponds
to model C. Since we have verified that the CLV computed from
model C agrees with the observations, comparing the computed
and observed irradiance amounts to testing the absolute values of
the model temperature. Here we use the full solar irradiance
spectrum from 0.3 to 2.4 �m (included in the range of Thuillier
et al. [2003] observations) with all lines computed using the ap-
proximate non-LTE (NLTE) procedure described in Fontenla
et al. (1999) but now using the NIST atomic data,6 molecular
lines fromGray&Corbally (1994)7 andHITRAN,8 and improved
values for continuum opacity edges arising from the most abun-
dant elements. Our calculations use photoionizations not only
from the ground level but also from excited levels. Also, we use
photodissociation molecular opacities by OH, CH from Kurucz
et al. (1987), and MgH from Weck et al. (2003).

At wavelengths outside of the visible and IR spectrum, and in
the deep lines, the network contrast becomes significant because
the emitted radiation forms in chromospheric layers. Thus, the
irradiance spectrum computed from model C would be just a
lower bound on the quiet-Sun irradiance spectrum, and it would
be necessary to add the network component for computing the
quiet-Sun irradiance spectrum accurately. Furthermore, solar
irradiance observations at UV and at millimeter and longer
wavelengths are very strongly affected by solar activity, and they

Fig. 2.—Temperature as a function of gas pressure for models C (quiet-Sun
cell center), E (quiet-Sun network), and F (active network).

Fig. 3.—CLV computed from model C and observed by PSPT and by
Pierce & Slaughter (1977) in the visible and by Pierce et al. (1977) in the IR.

6 See http://physics.nist.gov/PhysRefData /ASD/index.html.
7 See http://www.phys.appstate.edu/spectrum/spectrum.html.
8 See http://cfa-www.harvard.edu/HITRAN/.
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are not directly comparable to the quiet-Sun models but require
consideration of active Sun components. Since in this paper
we are only concerned with the visible and IR, comparison of
the computed model C irradiance at 1 AU with the absolute ir-
radiance measurements described by Thuillier et al. (2003) is
justified.

Our calculation resolves in full detail each of the lines we
included (about 50,000 atomic lines and several hundred thou-
sand molecular lines throughout the entire spectrum), but some
observed minor lines are missing in our data because their
atomic parameters are not found in the sources we used. In Fig-
ure 4 we show the computed and observed (Thuillier et al. 2003)
irradiance spectra at 1 AU expressed in brightness temperature
units (as described by Fontenla et al. [1999]). Both the computed
and the observed spectra were convolved with a 10 nm half-
width cos2(x) function truncated at the first zero. The instrument
set that produced these observations was absolutely calibrated
both in wavelength, by using reference lamps, and power, using
a blackbody cavity at the Heidelberg Observatory (Mandel et al.
1998). The observations we use here were obtained on 1994
November, nearly at solar minimum, and have an estimated error
of 3% in the measured irradiance. A comparison between these
observations and earlier data fromNeckel&Labs (1994) is shown
by Thuillier et al. (2003). Also, the IR data at wavelengths longer
than 1000 nm were subject to a smoothing procedure.

Figure 4 shows that the current computations yield a higher
than observed continuum at long wavelengths and a lower one
than observed at short wavelengths, below about 490 nm. The
slight differences in the overall levels are produced by relatively
small but noticeable photoionization edges in our calculations
that may be based on incorrect atomic data. In particular, photo-
ionization from many excited states of several elements (e.g.,
Si and Mg) are sometimes merged together in our calculations,
although they have somewhat different wavelengths. Also, the
smaller computed irradiance value compared with that observed
around 400 nm results from the large value of the CH and OH
opacities that we include, but if they are ignored, then the com-
puted irradiance would be larger than the observed; apparently
these opacities are important, but their current values are not
compatible with the observations and their determination should
be revised.

In Figure 5 we show two small wavelength intervals at 0.5 nm
resolution to illustrate the agreement in detail, but we note that
there is not a perfect match between the smoothing function we
use and the instrument profile corresponding to the observations,
which is variable and not well known at all wavelengths. This

figure shows that most of the computed spectral features in the
solar irradiance at 0.5 nm resolution match those observed rea-
sonably well, but there are some differences.
The comparisons in Figures 4 and 5 illustrate that the agreement

between the computed and observed spectra for wavelengths
longer than 430 nm is within the range defined by the probable
error of the observations and abundances, and the uncertainty in
the atomic data we used. However, there are systematic trends in
that the computed irradiance is low between 336 and 490 nm and
high between 293 and 325 nmand between 490 and 1300 nm. The
method and atomic data we use for the full spectrum synthesis at
this point are not accurate at short wavelengths where NLTE
effects are most important. This is because the approximate NLTE
method used for this synthesis (Fontenla et al. 1999) is not ac-
curate enough at these wavelengths. While not included here, we
currently perform more accurate computations for small wave-
length intervals using complete full NLTE with partial frequency
redistribution calculations (e.g., Ca ii, Mg ii, He, and H lines and
continua). These computations, however, are not important for
the photosphere.
We have also compared our computed full-resolution spectra

for disk center with the Kitt Peak data by Wallace et al. (1998).
We find general agreement in many photospheric lines and dis-
agreements in the depths of strong lines that are most likely due
to the approximate NLTE method we used for the full-spectrum

Fig. 4.—Computed 1 AU average disk brightness temperature, with reso-
lution degraded to 5 nm, from model C and the composite observations by
Thuillier et al. (2003).

Fig. 5.—Clusters of lines from model C at 0.5 nm resolution and the
composite observations by Thuillier et al. (2003).
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calculation and/or needed improvements in the chromospheric
layers of the models C, E, and F. Also, we find that a number of
weak lines from heavy elements are not present in our calcula-
tions. Many of these missing lines are present in our database but
do not have identified lower and upper levels and thus are not
computed. Also, changes in the low chromosphere of our current
models C, E, and F are needed to better account for the visible
and IR molecular spectra of CN, CH, and CO if the abundances
we used are correct.

Study of the discrepancies is ongoing, and we will improve
our photoionization cross section values using the most recent
data from Topbase (e.g., Cowley & Bautista 2003).9 Also, future
computations will include full NLTE effects in all relevant spe-
cies. We expect that the new computation will explain the still
unmatched edge around 325.5 nm and discrepancies between
our computations and the observations in the range between 208.6
and 325.5 nm and will improve the overall agreement throughout
the violet and UV spectrum. This portion of the solar spectrum is
extremely complicated because of the merging of the very dense
and deep absorption lines and the many photoionization contin-
uum edges that are all far from LTE. After these improvements
and the analysis of the low-FIP elemental abundances, we will
reevaluate the need to introduce changes to the quiet-Sun models.

5. ACTIVE SUN FEATURES AND MODELS

Early models for active region features were developed by
several authors, e.g., penumbrae by Kjeldseth-Moe & Maltby
(1969), umbrae byMaltby et al. (1986), and faculae by Chapman
(1977) andWalton (1987). Chromospheric models of plage were
obtained by Lemaire et al. (1981) from Orbiting Solar Obser-
vatory 8 data. Also, recently high-resolution data have been used
in studies of the fine structure in active region features, e.g.,
Malherbe et al. (2004).

We do not attempt to refer to all the research on these topics
but point out that some faculae models have been proposed that
resort to complex geometric effects due to subresolution fine

structure to account for the CLVin faculae, e.g., ‘‘hot wall’’ mod-
els of ‘‘flux tubes’’ by Spruit (1976). Recent high-resolution ob-
servations cast doubt on the existence of such ‘‘flux tubes’’; e.g.,
Berger et al. (2004) write, ‘‘The main result of this study is that
with �100 km resolution the majority of small-scale solar mag-
netic structure in this dataset is not resolved into discrete flux
tubes.’’ Current simulations of magneto-convection, e.g., Keller
et al. (2004), are promising, but they have yet to be improved
by considering more realistic overall active region magnetic to-
pology, exploring various boundary conditions, understanding
quantitatively how the radiative energy flux is accounted for, and
making quantitative comparisons with observations at all wave-
lengths. Keller et al. (2004) note, ‘‘Despite the excellent qual-
itative agreement between simulations and observations, there
remain quantitative disagreements. . .’’ Also, these models have
not yet been shown to quantitatively account for all the moderate-
resolution observations that our models discuss, and we consider
a discussion of such models beyond the scope of this paper.

In our previouswork, Fontenla et al. (1999), we discussed three
components of solar activity, namely, ‘‘average plage,’’ ‘‘bright
plage,’’ and ‘‘sunspot umbra.’’ However, our more recent work on
modeling the observed solar irradiance variations (e.g., Fontenla
et al. 2004) showed that penumbrae areas are very important for
this modeling, at least in solar cycle 23. Consequently, in this
paper we add a new model for sunspot penumbra, and the set of
solar activity features for which we construct radiation-effective
one-dimensional model atmospheres is as follows:

R.—Sunspot penumbra,
S.—Sunspot umbra,
P.—Faculae,
H.—Plage.

Figure 6 shows the temperature as a function of gas pressure
for these four models together with model C shown for refer-
ence. The photospheric part of these models is listed in Tables 6–
9; we remind the reader that the height scale can be arbitrarily
offset and that there is no correspondence between any particular
heights in the different models.9 Also see http://vizier.u-strasbg.fr/topbase/.

Fig. 6.—Temperature as a function of gas pressure for the active Sun models R (penumbrae), S (umbrae), P (faculae), and H (plage), compared to Model C.
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5.1. Density Stratification

An important issue, especially with the active feature models,
is how the magnetic field affects the density stratification. De-
tailed physical consideration of this issue is beyond the scope of
the present paper and depends on the details of the MHD pro-
cesses at work. As was mentioned before, in our previous work
(see FAL02, eq. [37]), we used a scheme by which we compute
the scale height of the material including the turbulent pressure
velocity, Vtp. This parameter was introduced to describe the ef-
fects of turbulent motions on the stratification and has the form
of a Bernoulli term (see FAL93). However, the same parameter
can also be used to describe effects of the magnetic field, or more
properly the Lorentz force, in the density stratification. In our
plane-parallel case the stratification is given by the equation

d

dz

�V 2
tp

2
þ �U 2 þ pg

 !
¼ �g�; ð1Þ

where pg is the gas pressure, U is the mass velocity (we set this
to zero in our current models), and Vtp is the turbulent pressure
velocity. By defining the ‘‘effective’’ gas pressure, peff, and using
the isothermal sound speed, Vsi ¼ ( pg/�)1/2, where � is the mass
density, this equation can be transformed to the following,
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which has the simple solution
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with
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The Lorentz force can also be expressed by the parameter Vtp,
and in some cases this value can be comparable to the Alfvén
velocity. For instance, if one assumes negligible magnetic ten-
sion and that the Lorentz force can be described by only the
magnetic pressure, then the stratification equation is

d

dz

B2

4�
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� �
¼ �g� ð5Þ

if we ignore other effects and the velocities. This equation can
be expressed in the previous form by assuming

V 2
tp

2
¼ B2

4��
¼ V 2

A; ð6Þ

where VA is the Alfvén velocity. However, we note that in
general the magnetic tension must be included, and in many
cases (in a potential field or in a so-called force-free field) the
magnetic tension exactly balances the magnetic pressure term.
The purpose of the example above is only to illustrate the sim-
ilarity between the ad hoc turbulent pressure velocity and the
Alfvén velocity in some cases.

In our previous papers, and here for the quiet-Sun models, the
turbulent pressure velocity was set equal to the microturbulent
velocity that broadens the line profiles. The microturbulent ve-
locity is usually regarded as due to unresolved motions needed

to account for the increased line broadening over that expected
from thermal atomic motions only and is especially important
for heavy elements. For the active region models in this paper we
have reduced the microturbulent line-broadening velocity to ac-
count for the observations of narrower spectral lines reported in
the literature, but depending on the case and altitude, we increase
the turbulent pressure velocity to account for the effects of the
magnetic field on the density stratification. Thus, we choose a
relatively high and decreasing turbulent pressure velocity for the
stronger magnetic field regions in an attempt to describe an in-
creased height scale due to the magnetic forces. However, this
issue is very complicated, and a better treatment requires a con-
sistent physical model of the MHD in active regions considering
the momentum and energy balance. Such analysis must consider
radiative energy transport in all layers, including the photosphere
where radiative energy transport is essential and where the dif-
fusion approximation does not apply for the radiative flux. Given
the complicated nature of the problem, we adopt here ad hoc em-
pirical values that are primarily chosen to match the observed
intensities at many wavelengths and disk positions. Secondarily,
we assume an approximate horizontal gas pressure equilibrium
between all models at a gas pressure of �1:9 ; 105 dyne cm�2,
which corresponds to the base ofmodel C, and look for only small
differences of the �5000 ¼ 1 height level, as suggested by the ob-
servations. The last of these criteria probably applies to faculae but
is dubious in the penumbramodels and not very significant for the
umbramodel. In this last model the 1:9 ; 105 dyne cm�2 gas pres-
sure value occurs above the �5000 ¼ 1 level and where Lorentz
forces are probably large (the plasma � is near unity). There are
currently insufficient observational constraints on Vtp and thus
much arbitrariness in our choice of values.

5.2. Sunspot Penumbra Model

Model R was built to represent an average penumbra at mod-
erate resolution. High-resolution data are available at some wave-
lengths and show very interesting fine structure and flow patterns
that are beyond our present effort to develop a medium-resolution
radiation-effective model. We discuss here some peculiarities
of the limb darkening as they seem to relate to the horizontal
structure of the penumbra and the Evershed flows at a scale much
larger than that of the fine details.
We base our penumbra model, R, on the data from del Toro

Iniesta et al. (1994) and Kjeldseth-Moe &Maltby (1969). These
were complemented with PSPT observations of the red contin-
uum and Ca ii K and with published data. We have also consid-
ered the model published by Ding & Fang (1989), but as noted
by del Toro Iniesta et al. (1994), these models propose a very low
photospheric temperature that is not consistent with the obser-
vations. At the red continuum (6060.5 8) our model produces,
at disk center, a contrast of�0.2 with respect to model C that is
consistent with published values and our PSPT observations.
We adjusted the temperatures in the deepest layers in our

model to values somewhat lower than in the quiet Sun (and also
lower than in faculae) at the same gas pressure in order to match
the observed contrast with respect to the quiet Sun at IR wave-
lengths (contrast��0.1 at 1.55�m). From the lower temperature,
one expects the scale height in sunspot penumbrae to be lower
than in the quiet Sun and even lower in umbrae. For the umbra, the
well-known Wilson depression leads to a lower absolute height
for the layer at �5000 ¼ 1. However, it is very hard to determine
differences in the absolute height from the observations alone,
especially in the inhomogeneous (even at moderate resolution)
penumbra. Also, themagnetic field is supposed to change strongly
with height, and significant Lorentz forces are expected (e.g., see
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Kjeldseth-Moe &Maltby 1974) in addition to the observed large-
scale Evershed flows whose vertical variation is not well known.

We observed systematic variations of brightness in the pen-
umbra in observations of penumbra in the PSPT red band. The
observations correspond to large, approximately round and sim-
ple spots that display almost annular penumbra. Besides a grad-
ual decrease in intensity from the outer to the inner penumbral
edge, we observe that when the sunspots are not at disk center the
part that is closer to disk center is systematically darker than the
part that is farthest from disk center. We interpret this observa-
tion by a geometric effect in which in addition to vertical tem-
perature stratification, there is also a horizontal variation. This
variation is consistent with an isobaric surface having a wide
‘‘funnel’’ shape as shown in Figure 7. This funnel shape of the
isobaric surface, in combination with a temperature decrease
with decreasing gas pressure, would explain the observed effect.
In the few cases we measured, the slope of the isobaric surface
with respect to the horizontal is about 5% and is probably con-
sistent with the Wilson depression of the corresponding umbrae,
but more comprehensive statistical studies are necessary. This
funnel shape is qualitatively consistent with the observations by
Balthasar & Collados (2005) that used a very different analysis.

5.3. Sunspot Umbra Model

Model S is built to represent an average sunspot umbra at
moderate resolution. High-resolution data show umbral dots and
structure that are beyond our present effort to develop a radiation-
effective model of medium scale. The question of differences be-
tween sunspots was addressed by Maltby et al. (1986), but we
think it should be studied further by comprehensive statistical
analysis of more solar cycles. Also, it is well known that even at
a resolution of several arcseconds there are significant variations
of intensity within the sunspot umbra, and these variations can
be greater than 10%. Thus, we present here a model based on a
‘‘typical’’ umbra location and do not attempt a more compre-
hensive description of the variations.

Starting with the Fontenla et al. (1999) umbramodel, wemade
significant changes, due to the changes in abundances, to obtain
agreement with the observations of Maltby et al. (1986). Also,
we improved the previous model by considering 15 levels of the
H atom instead of the previous five levels, by modifying Vtp for
expanding the density stratification that is affected by Lorentz
forces, and by introducing some other variations in the temper-
ature versus gas pressure function for reproducing the observed
CLVof the contrast with respect to model C.

An important limitation in the observation of sunspots is that
due to their large contrast with their surroundings, instrumental
scattered light may decrease the measured value. Thus, we do
not use PSPT data for estimating the contrast or constraining
the CLV but rather refer to the data used byMaltby et al. (1986).
The ratio of the intensity at disk center calculated for models
S and C and averaged over a 0.2 8 FWHM bandpass is 0.066 at
6060.58 and 0.52 at 15500.58, which corresponds to the ‘‘mid’’

case, M, inMaltby et al. (1986). However, a source of uncertainty
is the unknown details of the bandpass used by the observations,
since in sunspot spectra, there are molecular lines near these
wavelengths that can introduce some dependence on the band-
pass of the observed values.

Other modifications to the Fontenla et al. (1999) umbra model
are the lower height of the transition region and much lower
temperatures at chromospheric layers. These changes practically
eliminate the chromosphere and are an early attempt to reproduce
the single-peaked (i.e., lacking any central reversal) observed pro-
files of the lines of Ca ii H and K (see Ding & Schleicher 1998),
Mg ii h and k (J. M. Fontenla 1992, unpublished; Morrill et al.
2001), and Ly� (see Fontenla et al. 1988). Our chromospheric
umbra model will be addressed in more detail in later papers.

5.4. Faculae and Plage Models

Various authors use different, and sometimes unclear, defini-
tions of faculae and plage. Historically, faculae were first discov-
ered around sunspots in white-light images (Secchi 1865) that
correspond mostly to visible continuum photospheric radiation,
and plage were observed in filtergrams taken in H� and Ca ii K
(e.g., Ellison 1952; Dodson 1954, respectively), which are formed
in chromospheric layers. Faculae are also bright in the Ca ii line,
and they can also be regarded as bright plage, which is the source
of our notation of ‘‘bright plage’’ in Fontenla et al. (1999). How-
ever, from now onwe define in our work ‘‘faculae’’ as the parts of
active regions that are brighter than the quiet Sun at red continuum
wavelengths at disk positions with � < 0:5 and ‘‘plage’’ as those
parts that are visible in chromospheric lines, e.g., in the K3 and K2

features of the Ca ii line but are not visible in the red continuum.
Our models P and H, for faculae and plage, are modified

versions of those by Fontenla et al. (1999) for ‘‘bright plage’’
and ‘‘average plage,’’ respectively. Model P in that paper and in
FAL93 was based on the Lemaire et al. (1981) data and models.

We have modified our previous model P near the level of
�6060:5 ¼ 1 to produce an almost zero contrast, with respect to
model C, at disk center for this wavelength corresponding to the
PSPTobservations. In our current calculation the model P emer-
gent intensity at 6060.5 8 and � ¼ 1 is 0.3% higher than for
model C, but a calculation with a slight difference in the opacity
estimate can very well produce a small but different contrast, and
even one having an opposite sign. Thus, the exact value is not
significant below about 1%; therefore, our model P contrast at
disk center is effectively zero.

Also, in the current paper we do not assume a fixed relation-
ship between the turbulent pressure velocity and hydrogen den-
sity, as was used in Fontenla et al. (1999) and described in FAL91.
In our currentmodel the turbulent pressure velocitywas decreased
below and near the temperatureminimum from its previous values
to values close to those of model C, and as a result there is a slight
reduction of the chromospheric H density and pressure. Other
modifications were carried to produce the contrast with respect to
model C that is observed in the PSPT red band and other data, as
shown in x 5.4.

Our model H was revised in such a way that the contrast with
respect to model C at 6060.5 8 is practically zero at all disk
positions. This was done for consistency with the PSPT red-band
observations. At layers below that where �6060:5 ¼ 1 we adopted
the same temperatures as in model C because published obser-
vations we reviewed (e.g., Sanchez Cuberes et al. 2002) suggest
that only facular areas have a significantly different ( lower) in-
tensity at IR wavelengths. However, this issue remains to be
studied with better statistics using simultaneous observations at
multiple wavelengths.

Fig. 7.—Geometric structure of penumbra.
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5.5. Active Sun Features Contrast and CLV

The characterization of the contrast of active regions with re-
spect to the quiet Sun at all disk positions is complicated by the
lack of observations of the same active region at locations on the
disk that cover the entire range of � from 1 to 0.2 (the smallest �
at which we can neglect curvature effects). In addition, when a
feature is tracked across the solar disk the intrinsic temporal evo-
lution cannot be isolated from the CLV behavior. Because of all
this, and practical limitations with the data, we only measure a
number of cases from the available PSPT data.

Figure 8 shows the contrast with respect to model C as a func-
tion of � for the various solar activity features at a wavelength
representative of the red band of the PSPT instrument. The PSPT
observations of a few cases are also shown, but the intrinsic vari-
ations between these data can be very significant. The computed
intensity ratio of the penumbra model R to model C is 0.8 with
very little CLV, consistent with observations by the PSPT instru-
ment. Smaller ratios of up to 0.7 have also been reported and are
also consistent with values we find at some penumbral locations
within the PSPT data. The value we used above corresponds to
most of the observed central portions of the penumbra between
the umbra and the areas surrounding the penumbra in the simple
spots we studied.

The sunspot umbra computed contrast at 6060.5 8 is nearly
constant, in agreement with Maltby et al. (1986). The contrasts
of models P and Hwith respect to model C at this wavelength are
practically zero at disk center but increase toward the limb, i.e.,
models P and H have a slower emergent intensity decrease than
model C with decreasing �. Model P reaches a contrast of�10%
at � ¼ 0:3 in agreement with the PSPT observations. A very
small contrast, of a few percent with negative or positive sign,
can be sometimes observed at disk center in PSPT data. This is
explained by the sensitivity of the crossover between the tem-
peratures versus. gas pressure curves shown in Figure 6. A small
change in any atmospheric parameter between different facular
areas can produce small contrast variations at disk center.

Figure 9 shows the contrast and its CLV at an IR continuum
wavelength of 15500.58. At this wavelength, except at� < 0:4,
model P has a negative contrast, as was shown by Fontenla et al.
(2004) using the previous Fontenla et al. (1999) model. These
previous results are affected by our current modifications to this
model, but we still obtain a behavior in whichmodel P relative to
model C is dark at disk center and bright near the limb. The com-
parison with the observations by Sanchez Cuberes et al. (2002)
shows that the present model is close to the observations (for
g ¼ 1:5, which corresponds to all facular areas; see their eq. [3]
for the definition of g) except very close to the limb for � < 0:2

where the plane-parallel horizontally uniform model calcula-
tions would not be accurate. The current model crosses zero con-
trast at � ¼ 0:4, which is somewhat closer to the limb than the
observed crossing. According to our calculations the radiation at
this wavelength and � value is produced practically at the same
layer at which optical depth at 6060.5 8 is unity at � ¼ 1. Con-
sequently, a decrease in the temperature of this layer such that the
IR data would be matched may result in a mismatch at the vis-
ible. Thus, it is likely that the small difference between our cal-
culations and the IR observations reflects a small inaccuracy in
the IR opacity near this layer (e.g., unaccounted departure from
LTE inHþ

2 ) and not a change in the photosphere temperature. For
umbra, the ratio of model S to model C intensity at 15500.5 8
(not plotted) is �0.52 at disk center, decreases slightly toward
the limb to 0.42 at � ¼ 0:3, and is consistent with the observa-
tions by Maltby et al. (1986).
The current plage model yields practically zero contrast (unit

intensity ratio) for model H with respect to C because of our as-
sumption of identical temperature versus gas pressure in mod-
els H and C in the deep photosphere. Again, tiny contrasts of
either sign may be produced by very small variations in the pho-
tospheric gas pressure, temperature, or opacity.

6. EMITTED FLUX

The comparison between active and quiet-Sun models shows
that magnetic fields have two opposite effects on different parts
of the solar atmosphere. This is shown by the crossings of the
temperature versus gas pressure curves in Figure 6 where almost
all active region models cross the model C curve. These cross-
ings, discussed below, occur at very different gas pressures rang-
ing from those typical of the quiet-Sun photosphere up to the
mid-chromosphere (our present chromospheric models are only
schematic). Thus, the effects of magnetic heating follow a pro-
gression in which magnetic heating becomes effective at de-
creasing pressures in active region models.
In sunspot umbrae the crossing occurs high in the atmosphere

at low gas pressures, since the observations indicate that the
temperature remains depressed up to pressures<10 dyne cm�2,
which correspond to the model C chromosphere. At transition
region layers, as shown in FAL90, FAL91, FAL93, and FAL02,
local heating is not needed to explain the observations, but the
downward energy flux from the magnetically heated corona
can produce similar EUV emissions to those in active regions.
However, despite the large values of the magnetic field, little or
no magnetic heating seems to occur at gas pressures between
10 and 1000 dyne cm�2, as is shown by the weakness of most

Fig. 8.—Computed and observed contrast of active feature models relative
to the quiet Sun at the PSPT red band and its CLV.

Fig. 9.—Computed contrasts of active feature models relative to the quiet
Sun in the 1.55 �m continuum and its CLV compared with the Sanchez Cuberes
et al. (2002) faculae observations.
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chromospheric emissions (e.g., the lines in the 1300–1400 8
spectral range shown by Curdt et al. [2001]), in addition to the
lack of Ca ii (e.g., Ding & Schleicher 1998), Mg ii (J. M. Fontenla
1992, unpublished; Morrill et al. 2001; also see Fig. 7 in Lites &
Skumanich 1982), and Ly� (e.g., Fontenla et al. 1988) central
reversals. Over sunspots the temperature must rise very quickly
from temperatures near 4000–5000 K directly to coronal values.
Of course, at and below photospheric layers there appears to be
a large suppression of energy flux from below.

In sunspot penumbrae the crossing occurs at gas pressure of
several times 103 dyne cm�2, i.e., around the model C temper-
ature minimum. Penumbrae have significantly bright chromo-
spheres, as is shown by strong and centrally reversed Ca ii, Mg ii,
and Ly� emission cores. Thus, despite the lower magnetic field
compared with umbrae, magnetic heating occurs at higher pres-
sures and consequently is more effective than in umbra. The in-
hibition of the energy flux from below is less severe, as shown
by the much less depressed temperature than in umbrae at and
below the photosphere.

In facular areas the crossing occurs at gas pressures near
105 dyne cm�2, which corresponds to the model C photosphere
slightly above the �5000 ¼ 1 level. The trend continues; the mag-
netic field is smaller, but the magnetic heating is more effective
than in the penumbrae. Here the energy flux at deep photospheric
layers is even less depressed than in the penumbra.

In plage areas and in the network there is not a clear crossover,
since there appears to be no significant energy flux inhibition in
the deep photosphere. In these cases the magnetic heating be-
comes effective at low chromospheric layers and seems to in-
creasewith themagnetic field strength, as is suggested by reported
correlations of Ca ii K3 line strength with magnetic flux (e.g.,
Schrijver et al. 1989).

In the photosphere one expects that the magnetic field in
sunspot umbra, and to a lesser extent in penumbra and active re-
gions, suppresses convective energy flow. This can explain the
lower temperature at the base of the active region models.
However, it is not clear whether this process is significant within
photospheric layers because there the energy transport is sup-
posed to be due to radiation.

It does not appear that, in general, the magnetic heating de-
pends exclusively on the field strength or radial flux, because the
opposite trend is found in umbrae, penumbrae, and faculae, as
mentioned above. Instead the different dynamics and the incli-
nation of the field vector with respect to the vertical are likely
important factors. Observations of faculae and sunspots indicate
that horizontal fields have much less effect than vertical fields on
inhibiting mechanical energy flux from the deep layers and that
this flux together with the local magnetic field seems essential

for magnetic heating of the chromosphere. A simpler relation-
ship between the heating and the field strength may hold only
when the magnetic field is weaker and does not seem to inhibit
the heat flux in the deep photosphere.

Table 2 shows the total radiative energy flux for each of the
models. These quantities show the effects of magnetic fields on
the solar output at wavelength bands in the visible and IR and
over the whole range. Using the relative areas inferred from PSPT
images in Ca ii K (0.706 for model C, 0.258 for model E, and
0.036 for model F), the total radiation flux for the quiet Sun in
the band 400–2300 nm is 5:732 ; 107 W m�2. The inferred ra-
diation flux at the Sun from the Thuillier et al. (2003) irradiance
observations in a corresponding band is 5:606 ; 107 W m�2.
Thus, our computed quiet-Sun flux is 2% above the measured
value in this band and within the accuracy of the observations
and our atomic data.

As Table 2 shows, the faculae model produces an increased
emitted flux at most wavelengths, but the relative increase di-
minishes as the wavelength increases. This is consistent with the
observations and is an indication of the magnetic heating oc-
curring predominantly at low-pressure layers that have more in-
fluence on the lines than in the continuum. This is also consistent
with the low contrast of faculae at IR wavelengths near 1600 nm
(the minimum H� opacity) that show that deep photospheric
layers are insensitive to magnetic heating.

In the band 400–50008, which comprisesmost of the radiative
energy flux, model P radiates an excess of about 2:0 ; 106 Wm�2

over model C (about 3% of the total radiative flux). Geometric ef-
fects such as ‘‘hot walls’’ can explain an angular, and sometimes a
wavelength, redistribution of the radiation flux due to inhomoge-
neities at relatively small horizontal scales. However, by definition,
radiative energy balance over larger features produces the same
outward radiative energy flux at any solar radius and thus would
require an increased radiative flux present at the top of the con-
vective layers underneath faculae to explain the excess radiation
in faculae and plage. Such an increased convective flux is contrary
to the usual view in which the magnetic field reduces convective
transport underneath active regions. Instead, dissipation of mag-
netic free energy is a possible source for compensating a some-
what reduced convective flux underneath and supplying energy
for the increased emergent radiative flux.

7. DISCUSSION AND CONCLUSIONS

The models presented here provide reasonable but simpli-
fied explanations for a large number of medium-resolution solar
observations. Thus, these models provide a way to estimate the
physical parameters of the solar atmosphere in the quiet-Sun net-
work and in active regions. However, the models are a discrete

TABLE 2

Radiation Fluxes between 400 and 5000 nm

Radiation Flux

(W m�2)

Feature 400–5000 nm 400–500 nm 500–600 nm 600–1000 nm 1000–5000 nm

C.............................. 5.974E+7 9.084E+6 8.900E+6 2.188E+7 1.988E+7

E .............................. 5.954E+7 9.039E+6 8.851E+6 2.178E+7 1.987E+7

F .............................. 5.963E+7 9.07E+6 8.867E+6 2.181E+7 1.988E+7

H.............................. 6.162E+7 1.009E+7 1.009E+7 2.188E+7 1.988E+7

P .............................. 6.176E+7 9.613E+6 9.265E+6 2.282E+7 2.007E+7

R.............................. 4.966E+7 3.213E+5 6.967E+6 1.839E+7 1.794E+7

S .............................. 1.243E+7 6.367E+6 5.89E+5 3.814E+6 7.704E+6
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representation of a wide range of characteristics, and each model
represents (but is not identical to) a range of conditions in the
Sun.

Our quiet-Sun models are validated through a number of ob-
servations. In particular, the comparison of the observed spectral
irradiance (Thuillier et al. 2003) with that produced by themodel
provides an absolute scale. This comparison is presented here
and shows that the combination of our quiet-Sun models repro-
duces the observed visible and IR spectral irradiance. The differ-
ences between the computed and observed irradiance brightness
temperature are within a few percent, but in some line-dominated
regions somewhat larger differences occur especially at shortwave-
lengths. Some of these differences are due to unknown atomic
parameters for certain lines, and other differences seem related to
incorrect or missing photoionization atomic data.

The present photospheric models are very useful in obtaining
estimates of the solar spectral and total irradiance and their vari-
ations. As shown in this paper, the entire visible and IR irradiance
spectrum is well described by our models, at least in the range
0.4–3�m, except for some small details. These details range from
differences in the continuum level to the cores of deep chromo-
spheric lines. They are sometimes due to inadequacy of the current
chromospheric layers and other times apparently due to lack of ac-
curate atomic data, lack of full NLTE computations in all species,
and issues with certain abundances. Comparison between the
spectral irradiance variations observed by the Spectral Irradiance
Monitor instrument (Harder et al. 2005) and the synthesis method
(Fontenla et al. 1999) using the current models will be addressed
in future papers.

We also show here that at least in the range we consider there
are no significant ‘‘missing’’ opacities, in agreement with Kurucz
(1992b), because most of the previously identified problems have
been solved more recently by including the CH, OH, and MgH
photodissociation continua from excited vibrational levels (as
suggested by Tarafdar & Vardya [1972]), and by photoionization
continua from low-lying excited levels ofmany elements.We now
include the most important of these opacity sources but find that
at around 400 nm they seem too high and produce an unobserved
decreased irradiance. Also, we find significant problems with the
opacity at a few seemingly well-defined edges at about 490 and
325.5 nm, at which we probably have inaccurate photoionization
cross section values. We continue to improve the atomic data
and, in particular, the photoionization continua using the more
recent calculations from Topbase. These improvements in our
calculations are not trivial because we need to consider each of
these continua in great detail for each ion, level, and sublevel,
considering accurate wavelengths. As the available atomic data
used improve, we will performminor adjustments in the models
to improve the agreement with the observations.

The synthesis method described by Fontenla et al. (1999)
presented a frame for the application of the models presented
here to study the solar irradiance. In the computation of the com-
plete solar spectrum shown here we use full NLTE computa-
tion only for hydrogen, and we carry out an approximate NLTE
method, as is described in that paper for computing the whole
spectrum. This approximation is reasonably accurate for visible
and IR wavelengths, but certainly it is not good enough at short
wavelengths. We are currently working on eliminating the use
of the approximate NLTE for the spectral synthesis and instead
carrying out full NLTE computations for all elements. This will
improve our synthesis at short wavelengths and also permit us
to compute the UV solar spectrum in full detail.

Also, our models provide a way to quantitatively estimate the
effect of the various levels of magnetic activity observed on the

solar disk on the radiative losses. The differences between the
models indicate a progression in the gas pressure at which mag-
netic heating starts being significant. In sunspot umbrae this heat-
ing deposits only a small amount of energy at the low-temperature
chromospheric layers. In the penumbra, the heating affects higher
pressure layers at values around those of the quiet-Sun tempera-
ture minimum and produces a chromosphere with line emissions
similar to those of the active regions. In the active regions sur-
rounding sunspots, the magnetic heating occurs much earlier and
at very high pressures typical of the photosphere. Thus, magnetic
heating is more effective in active regions than in umbrae despite
the lower magnetic field magnitude.
The inhibition of energy flux shown by the decreased deep

photospheric temperatures relative to the quiet Sun appears re-
lated to the reducedmagnetic heating with increasing field mag-
nitude in many active region features. This suggests that the
upward energy flux plays an important role in the magnetic
heating. The sequences shown by the observations and reflected
in our models are not consistent with a direct relationship be-
tween magnetic field strength and magnetic heating. Also, there
is a clear ambivalence in the effects of the magnetic field in that
it favors an increased temperature in some layers and a decreased
temperature in others.
We think that the reason for the different characteristics of the

magnetic heating in umbra, penumbra, faculae, and plage is the
different magnetic field geometry in them and not just the field
strength. Mostly horizontal fields are present in heated layers,
while mostly vertical fields are present in cool regions. Thus, a
magnetic heating mechanism needs to consider the field geom-
etry and explain the characteristics and trends we describe in this
paper.
Magnetic heating mechanisms should enable quantitative vali-

dation by expressing the heating as a function of the relevant
physical parameters. When such a specification is available we
should be able to compute models in which the temperature
structure is derived instead of the present set in which the tem-
perature structure is arbitrarily chosen to fit the observations.
We caution readers not to use partial specifications of our

models, e.g., just the heights and temperatures, in other codes for
computing the emitted spectra. Our model listings include the
turbulent pressure velocity and the electron, proton, and H atom
densities. We have included in this paper the elemental abun-
dances we used. All these values should be used consistently to
apply our models. Use of other abundances or densities derived
from different approximations changes the models.
Penza et al. (2004) used values from Fontenla et al. (1999),

together with the program by Gray and Corbally (1994), for
computing the emitted intensity. They found that their emitted in-
tensity computations yielded a negative contrast of model P with
respect tomodel C at 6060–60708wavelengths. This contradicts
our calculations using the complete models that show a positive
contrast of these models at those same visible wavelengths at disk
center and increasing at other positions. The reason for the dis-
crepancy is most likely that the code they used does not take into
account all our densities but computed them in LTE with elemen-
tal abundances that slightly differ from ours. Small differences in
the densities, and especially in the electron density, would produce
differences from our H� and other species opacities and thereby
from our emergent intensities. These differences are likely to be of
only a few percent and should not be considered significant but
can lead to conflicting results when small differences are exam-
ined, as those wementioned above. The use of our complete mod-
els, including densities, improves the agreement between different
calculations, although minor differences can still occur due to
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different atomic data, interpolation procedures for tabulations, or
other approximations.

Our model tabulations include the NLTE departure coefficients
for H� when different from unity (in model S), as well as the
H ionization computed in NLTE. Near the photosphere the de-
partures from LTE are small, but the contributions of the NLTE
upper photospheric and lower chromospheric layers to the inte-
grals that determine the optical depth and the emitted intensity
can have minor effects on the emitted intensity. Our computations
are based on two codes, namely, the Solar Radiation Physical
Modeling (SRPM) code developed in C++ by Fontenla and the
PANDORA code developed in FORTRAN by Avrett & Loeser
(2003). In addition to using different languages, these codes use
different approximations for the NLTE, emergent intensity, and
radiative loss calculations. However, we routinely compare results
from both codes and only find minor differences that are fully ex-
plained by the different approximations. In particular, PANDORA
uses opacity sampling based on line data from Kurucz (1992a)10

to account for the many photospheric lines, while SRPM com-
putes the lines given by NIST in detail using the approximate
NLTEmethod discussed by Fontenla et al. (1999). These different
approximations turn out to be somewhat significant for evaluating
the radiative flux and radiative losses.We believe that the sampled
opacities are less accurate for this purpose, and therefore, we have
used SRPM for the calculations of these quantities. Also, the
detailed wavelength dependence of the SRPM opacities permits
us to compute and compare with observed high-resolution spec-
tra. However, the current SRPM NLTE approximations are not
exact and produce incorrect line cores that have important effects
in the UV flux. Currently we are working on using SRPM full
NLTE computations similar to those now used for H, as neces-
sary, for all levels of all species.

This work was supported by NASA contract NAS5-97045 at
the University of Colorado. We thank M. Rust and R. Meisner,
and the High Altitude Observatory for providing the PSPT data.
We acknowledge the referee for his constructive comments that
helped improve this paper.

APPENDIX A

THE MODELS

In Tables 3–9we list themodel photospheres. The electron densities listed assume LTE for species other than H andH�.We are able
to solve the full NLTE equations for all elements, resulting in slightly different electron densities at the top of the listed photospheric
models. However, the NLTE values depending on chromospheric layers above that will be addressed in future papers; for this reason
we do not consider these NLTE values in this paper.

The turbulent pressure velocities, Vtp , contribute to the density stratification in our models and are not used for computing
broadening of the line profiles. The turbulent line-broadening velocity, Vtb , is used as usual to compute line profiles. For the quiet Sun,
we compute the line profiles assuming that Vtb ¼ Vtp, and this choice does not conflict with observations. However, for active region

10 See http://kurucz.harvard.edu.

TABLE 3

Model C

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.501E+03.................. 4.610E+03 4.032E+02 6.847E+11 1.439E+10 6.430E+15 3.945E�01

7.089E+03.................. 4.690E+03 3.532E+02 1.009E+12 2.437E+10 9.954E+15 3.396E�01

1.107E+04.................. 4.780E+03 3.032E+02 1.498E+12 4.356E+10 1.524E+16 3.581E�01

1.709E+04.................. 4.880E+03 2.532E+02 2.237E+12 8.338E+10 2.306E+16 4.812E�01

2.609E+04.................. 4.990E+03 2.032E+02 3.357E+12 1.727E+11 3.442E+16 6.717E�01

3.210E+04.................. 5.060E+03 1.782E+02 4.141E+12 2.688E+11 4.177E+16 7.352E�01

3.927E+04.................. 5.150E+03 1.532E+02 5.154E+12 4.586E+11 5.021E+16 8.786E�01

4.784E+04.................. 5.270E+03 1.282E+02 6.567E+12 8.827E+11 5.978E+16 9.922E�01

5.791E+04.................. 5.410E+03 1.032E+02 8.611E+12 1.777E+12 7.049E+16 1.130E+00

6.968E+04.................. 5.580E+03 7.816E+01 1.192E+13 3.768E+12 8.222E+16 1.258E+00

8.316E+04.................. 5.790E+03 5.316E+01 1.797E+13 8.365E+12 9.456E+16 1.414E+00

9.216E+04.................. 5.980E+03 3.816E+01 2.588E+13 1.533E+13 1.015E+17 1.493E+00

1.018E+05.................. 6.180E+03 2.316E+01 3.857E+13 2.701E+13 1.084E+17 1.572E+00

1.085E+05.................. 6.340E+03 1.316E+01 5.279E+13 4.052E+13 1.126E+17 1.628E+00

1.156E+05.................. 6.520E+03 3.159E+00 7.457E+13 6.153E+13 1.166E+17 1.672E+00

1.229E+05.................. 6.720E+03 �6.841E+00 1.081E+14 9.420E+13 1.202E+17 1.709E+00

1.303E+05.................. 6.980E+03 �1.684E+01 1.700E+14 1.552E+14 1.227E+17 1.756E+00

1.380E+05.................. 7.280E+03 �2.684E+01 2.770E+14 2.610E+14 1.244E+17 1.792E+00

1.457E+05.................. 7.590E+03 �3.684E+01 4.429E+14 4.255E+14 1.256E+17 1.859E+00

1.536E+05.................. 7.900E+03 �4.684E+01 6.853E+14 6.664E+14 1.267E+17 1.888E+00

1.615E+05.................. 8.220E+03 �5.684E+01 1.040E+15 1.019E+15 1.274E+17 1.940E+00

1.693E+05.................. 8.540E+03 �6.684E+01 1.531E+15 1.509E+15 1.277E+17 2.000E+00

1.776E+05.................. 8.860E+03 �7.684E+01 2.195E+15 2.170E+15 1.279E+17 2.000E+00

1.859E+05.................. 9.140E+03 �8.684E+01 2.954E+15 2.927E+15 1.284E+17 2.000E+00

1.944E+05.................. 9.400E+03 �9.684E+01 3.834E+15 3.805E+15 1.289E+17 2.000E+00

Note.—Table 3 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
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TABLE 4

Model E

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.532E+03.................. 4.647E+03 4.037E+02 7.350E+11 1.998E+10 6.422E+15 3.927E�01

7.115E+03.................. 4.717E+03 3.537E+02 1.073E+12 3.179E+10 9.933E+15 3.397E�01

1.109E+04.................. 4.791E+03 3.037E+02 1.583E+12 5.158E+10 1.524E+16 3.584E�01

1.711E+04.................. 4.880E+03 2.537E+02 2.348E+12 9.054E+10 2.309E+16 4.812E�01

2.612E+04.................. 4.990E+03 2.037E+02 3.504E+12 1.801E+11 3.447E+16 6.694E�01

3.214E+04.................. 5.060E+03 1.787E+02 4.306E+12 2.749E+11 4.183E+16 7.337E�01

3.933E+04.................. 5.150E+03 1.537E+02 5.333E+12 4.618E+11 5.028E+16 8.763E�01

4.791E+04.................. 5.270E+03 1.287E+02 6.747E+12 8.804E+11 5.986E+16 9.931E�01

5.799E+04.................. 5.410E+03 1.037E+02 8.780E+12 1.766E+12 7.058E+16 1.131E+00

6.977E+04.................. 5.580E+03 7.872E+01 1.206E+13 3.747E+12 8.233E+16 1.258E+00

8.327E+04.................. 5.790E+03 5.372E+01 1.809E+13 8.336E+12 9.468E+16 1.415E+00

9.227E+04.................. 5.980E+03 3.872E+01 2.598E+13 1.530E+13 1.016E+17 1.497E+00

1.019E+05.................. 6.180E+03 2.372E+01 3.865E+13 2.699E+13 1.085E+17 1.574E+00

1.086E+05.................. 6.340E+03 1.372E+01 5.287E+13 4.051E+13 1.128E+17 1.631E+00

1.157E+05.................. 6.520E+03 3.721E+00 7.466E+13 6.155E+13 1.167E+17 1.674E+00

1.230E+05.................. 6.720E+03 �6.279E+00 1.082E+14 9.425E+13 1.204E+17 1.707E+00

1.305E+05.................. 6.980E+03 �1.628E+01 1.701E+14 1.552E+14 1.228E+17 1.758E+00

1.382E+05.................. 7.280E+03 �2.628E+01 2.772E+14 2.612E+14 1.245E+17 1.795E+00

1.458E+05.................. 7.590E+03 �3.628E+01 4.432E+14 4.258E+14 1.257E+17 1.863E+00

1.538E+05.................. 7.900E+03 �4.628E+01 6.858E+14 6.669E+14 1.269E+17 1.889E+00

1.616E+05.................. 8.220E+03 �5.628E+01 1.041E+15 1.020E+15 1.275E+17 1.951E+00

1.695E+05.................. 8.540E+03 �6.628E+01 1.532E+15 1.510E+15 1.278E+17 2.000E+00

1.778E+05.................. 8.860E+03 �7.628E+01 2.196E+15 2.172E+15 1.280E+17 2.000E+00

1.862E+05.................. 9.140E+03 �8.628E+01 2.956E+15 2.929E+15 1.285E+17 2.000E+00

1.946E+05.................. 9.400E+03 �9.628E+01 3.837E+15 3.808E+15 1.290E+17 2.000E+00

Note.—Table 4 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

TABLE 5

Model F

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.597E+03.................. 4.688E+03 4.042E+02 7.476E+11 2.843E+10 6.458E+15 3.898E�01

7.191E+03.................. 4.752E+03 3.542E+02 1.096E+12 4.335E+10 9.965E+15 3.399E�01

1.117E+04.................. 4.831E+03 3.042E+02 1.616E+12 7.103E+10 1.522E+16 3.590E�01

1.718E+04.................. 4.910E+03 2.542E+02 2.390E+12 1.156E+11 2.304E+16 4.838E�01

2.616E+04.................. 5.018E+03 2.042E+02 3.556E+12 2.188E+11 3.433E+16 6.689E�01

3.217E+04.................. 5.060E+03 1.792E+02 4.324E+12 2.845E+11 4.187E+16 7.320E�01

3.937E+04.................. 5.150E+03 1.542E+02 5.347E+12 4.694E+11 5.034E+16 8.690E�01

4.796E+04.................. 5.270E+03 1.292E+02 6.757E+12 8.844E+11 5.993E+16 9.873E�01

5.805E+04.................. 5.410E+03 1.042E+02 8.787E+12 1.766E+12 7.065E+16 1.128E+00

6.984E+04.................. 5.580E+03 7.923E+01 1.207E+13 3.744E+12 8.241E+16 1.260E+00

8.335E+04.................. 5.790E+03 5.423E+01 1.810E+13 8.335E+12 9.477E+16 1.416E+00

9.236E+04.................. 5.980E+03 3.923E+01 2.599E+13 1.530E+13 1.017E+17 1.498E+00

1.020E+05.................. 6.180E+03 2.423E+01 3.867E+13 2.700E+13 1.086E+17 1.576E+00

1.087E+05.................. 6.340E+03 1.423E+01 5.289E+13 4.053E+13 1.129E+17 1.632E+00

1.158E+05.................. 6.520E+03 4.231E+00 7.469E+13 6.158E+13 1.168E+17 1.674E+00

1.231E+05.................. 6.720E+03 �5.769E+00 1.082E+14 9.429E+13 1.205E+17 1.709E+00

1.306E+05.................. 6.980E+03 �1.577E+01 1.702E+14 1.553E+14 1.229E+17 1.760E+00

1.383E+05.................. 7.280E+03 �2.577E+01 2.774E+14 2.613E+14 1.246E+17 1.797E+00

1.460E+05.................. 7.590E+03 �3.577E+01 4.434E+14 4.260E+14 1.258E+17 1.865E+00

1.539E+05.................. 7.900E+03 �4.577E+01 6.861E+14 6.672E+14 1.270E+17 1.892E+00

1.617E+05.................. 8.220E+03 �5.577E+01 1.041E+15 1.020E+15 1.276E+17 1.959E+00

1.697E+05.................. 8.540E+03 �6.577E+01 1.533E+15 1.510E+15 1.280E+17 2.000E+00

1.780E+05.................. 8.860E+03 �7.577E+01 2.197E+15 2.173E+15 1.281E+17 2.000E+00

1.864E+05.................. 9.140E+03 �8.577E+01 2.957E+15 2.930E+15 1.287E+17 2.000E+00

1.948E+05.................. 9.400E+03 �9.577E+01 3.839E+15 3.810E+15 1.292E+17 2.000E+00

Note.—Table 5 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
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TABLE 6

Model H

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.670E+03.................. 4.781E+03 4.061E+02 6.802E+11 5.801E+10 6.432E+15 5.501E�01

7.391E+03.................. 4.832E+03 3.537E+02 1.037E+12 7.679E+10 1.007E+16 5.200E�01

1.135E+04.................. 4.897E+03 3.041E+02 1.551E+12 1.092E+11 1.527E+16 5.466E�01

1.718E+04.................. 4.970E+03 2.553E+02 2.298E+12 1.635E+11 2.277E+16 6.206E�01

2.556E+04.................. 5.072E+03 2.074E+02 3.405E+12 2.875E+11 3.319E+16 7.612E�01

3.185E+04.................. 5.130E+03 1.803E+02 4.243E+12 4.002E+11 4.088E+16 8.652E�01

3.842E+04.................. 5.196E+03 1.569E+02 5.176E+12 5.766E+11 4.869E+16 9.580E�01

4.737E+04.................. 5.306E+03 1.301E+02 6.656E+12 1.026E+12 5.879E+16 1.061E+00

5.720E+04.................. 5.410E+03 1.055E+02 8.479E+12 1.739E+12 6.961E+16 1.157E+00

6.929E+04.................. 5.580E+03 7.965E+01 1.178E+13 3.697E+12 8.176E+16 1.257E+00

8.223E+04.................. 5.790E+03 5.575E+01 1.770E+13 8.227E+12 9.350E+16 1.353E+00

9.201E+04.................. 5.980E+03 3.953E+01 2.571E+13 1.522E+13 1.013E+17 1.414E+00

1.021E+05.................. 6.180E+03 2.401E+01 3.849E+13 2.696E+13 1.087E+17 1.473E+00

1.085E+05.................. 6.340E+03 1.456E+01 5.262E+13 4.042E+13 1.127E+17 1.510E+00

1.158E+05.................. 6.520E+03 4.268E+00 7.451E+13 6.152E+13 1.169E+17 1.551E+00

1.231E+05.................. 6.720E+03 �5.636E+00 1.080E+14 9.421E+13 1.204E+17 1.593E+00

1.307E+05.................. 6.980E+03 �1.568E+01 1.701E+14 1.553E+14 1.230E+17 1.639E+00

1.385E+05.................. 7.280E+03 �2.588E+01 2.774E+14 2.614E+14 1.248E+17 1.682E+00

1.462E+05.................. 7.590E+03 �3.578E+01 4.437E+14 4.263E+14 1.261E+17 1.728E+00

1.541E+05.................. 7.900E+03 �4.583E+01 6.864E+14 6.675E+14 1.272E+17 1.785E+00

1.621E+05.................. 8.220E+03 �5.587E+01 1.042E+15 1.021E+15 1.279E+17 1.821E+00

1.698E+05.................. 8.540E+03 �6.519E+01 1.533E+15 1.511E+15 1.280E+17 1.830E+00

1.780E+05.................. 8.860E+03 �7.509E+01 2.197E+15 2.173E+15 1.282E+17 1.830E+00

1.876E+05.................. 9.140E+03 �8.647E+01 2.967E+15 2.940E+15 1.295E+17 1.830E+00

1.957E+05.................. 9.400E+03 �9.604E+01 3.848E+15 3.819E+15 1.298E+17 1.830E+00

Note.—Table 6 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

TABLE 7

Model P

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.741E+03.................. 4.940E+03 4.158E+02 8.202E+11 1.328E+11 6.319E+15 5.520E�01

7.243E+03.................. 5.000E+03 3.658E+02 1.203E+12 1.881E+11 9.539E+15 5.202E�01

1.100E+04.................. 5.070E+03 3.158E+02 1.768E+12 2.774E+11 1.428E+16 5.416E�01

1.658E+04.................. 5.144E+03 2.658E+02 2.597E+12 4.157E+11 2.123E+16 6.111E�01

2.479E+04.................. 5.227E+03 2.158E+02 3.822E+12 6.513E+11 3.123E+16 7.487E�01

3.020E+04.................. 5.275E+03 1.908E+02 4.651E+12 8.403E+11 3.770E+16 8.397E�01

3.668E+04.................. 5.341E+03 1.658E+02 5.744E+12 1.177E+12 4.522E+16 9.358E�01

4.440E+04.................. 5.446E+03 1.408E+02 7.367E+12 1.917E+12 5.368E+16 1.027E+00

5.352E+04.................. 5.544E+03 1.158E+02 9.468E+12 2.987E+12 6.357E+16 1.119E+00

6.424E+04.................. 5.660E+03 9.079E+01 1.255E+13 4.878E+12 7.473E+16 1.212E+00

7.677E+04.................. 5.794E+03 6.579E+01 1.722E+13 8.186E+12 8.722E+16 1.305E+00

8.520E+04.................. 5.922E+03 5.079E+01 2.246E+13 1.254E+13 9.472E+16 1.363E+00

9.432E+04.................. 6.081E+03 3.579E+01 3.115E+13 2.029E+13 1.021E+17 1.420E+00

1.008E+05.................. 6.192E+03 2.579E+01 3.922E+13 2.768E+13 1.071E+17 1.459E+00

1.075E+05.................. 6.326E+03 1.579E+01 5.127E+13 3.903E+13 1.119E+17 1.500E+00

1.146E+05.................. 6.482E+03 5.793E+00 6.954E+13 5.656E+13 1.163E+17 1.540E+00

1.219E+05.................. 6.663E+03 �4.207E+00 9.775E+13 8.396E+13 1.203E+17 1.584E+00

1.294E+05.................. 6.855E+03 �1.421E+01 1.386E+14 1.239E+14 1.240E+17 1.638E+00

1.370E+05.................. 7.096E+03 �2.421E+01 2.090E+14 1.934E+14 1.268E+17 1.698E+00

1.448E+05.................. 7.358E+03 �3.421E+01 3.185E+14 3.016E+14 1.290E+17 1.768E+00

1.528E+05.................. 7.621E+03 �4.421E+01 4.732E+14 4.550E+14 1.311E+17 1.825E+00

1.612E+05.................. 7.862E+03 �5.421E+01 6.694E+14 6.498E+14 1.337E+17 1.830E+00

1.698E+05.................. 8.127E+03 �6.421E+01 9.556E+14 9.343E+14 1.358E+17 1.830E+00

1.786E+05.................. 8.378E+03 �7.421E+01 1.313E+15 1.290E+15 1.379E+17 1.830E+00

1.875E+05.................. 8.623E+03 �8.421E+01 1.764E+15 1.739E+15 1.398E+17 1.830E+00

Note.—Table 7 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
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TABLE 8

Model R

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1)

4.120E+03.................. 4.590E+03 4.198E+02 6.961E+11 1.385E+10 5.910E+15 4.200E�01

5.327E+03.................. 4.622E+03 3.917E+02 8.563E+11 1.759E+10 7.590E+15 3.800E�01

6.875E+03.................. 4.658E+03 3.637E+02 1.056E+12 2.285E+10 9.718E+15 3.600E�01

8.853E+03.................. 4.701E+03 3.357E+02 1.306E+12 3.055E+10 1.240E+16 3.600E�01

1.138E+04.................. 4.727E+03 3.075E+02 1.623E+12 3.671E+10 1.586E+16 3.621E�01

1.462E+04.................. 4.759E+03 2.794E+02 2.018E+12 4.543E+10 2.023E+16 3.789E�01

1.876E+04.................. 4.801E+03 2.511E+02 2.513E+12 5.945E+10 2.573E+16 4.127E�01

2.404E+04.................. 4.856E+03 2.226E+02 3.142E+12 8.276E+10 3.261E+16 4.639E�01

3.080E+04.................. 4.927E+03 1.937E+02 3.957E+12 1.257E+11 4.117E+16 5.333E�01

3.382E+04.................. 4.951E+03 1.826E+02 4.320E+12 1.457E+11 4.498E+16 5.869E�01

3.843E+04.................. 4.972E+03 1.674E+02 4.858E+12 1.672E+11 5.089E+16 6.351E�01

4.373E+04.................. 4.991E+03 1.519E+02 5.470E+12 1.915E+11 5.769E+16 6.892E�01

4.986E+04.................. 5.044E+03 1.361E+02 6.237E+12 2.609E+11 6.509E+16 7.498E�01

5.696E+04.................. 5.115E+03 1.197E+02 7.189E+12 3.924E+11 7.333E+16 8.176E�01

6.523E+04.................. 5.218E+03 1.028E+02 8.456E+12 6.898E+11 8.231E+16 8.940E�01

7.489E+04.................. 5.356E+03 8.504E+01 1.028E+13 1.395E+12 9.208E+16 9.802E�01

8.621E+04.................. 5.517E+03 6.635E+01 1.313E+13 2.974E+12 1.029E+17 1.078E+00

9.675E+04.................. 5.637E+03 5.056E+01 1.630E+13 5.000E+12 1.130E+17 1.166E+00

1.031E+05.................. 5.740E+03 4.160E+01 1.938E+13 7.412E+12 1.183E+17 1.219E+00

1.109E+05.................. 5.826E+03 3.125E+01 2.299E+13 1.021E+13 1.253E+17 1.282E+00

1.185E+05.................. 5.939E+03 2.163E+01 2.841E+13 1.486E+13 1.313E+17 1.342E+00

1.272E+05.................. 6.101E+03 1.099E+01 3.844E+13 2.404E+13 1.372E+17 1.411E+00

1.369E+05.................. 6.290E+03 �3.555E�01 5.519E+13 3.982E+13 1.432E+17 1.487E+00

1.473E+05.................. 6.452E+03 �1.201E+01 7.585E+13 5.943E+13 1.502E+17 1.568E+00

1.580E+05.................. 6.630E+03 �2.362E+01 1.063E+14 8.881E+13 1.568E+17 1.651E+00

1.690E+05.................. 6.809E+03 �3.508E+01 1.480E+14 1.293E+14 1.632E+17 1.736E+00

1.801E+05.................. 7.015E+03 �4.622E+01 2.124E+14 1.924E+14 1.687E+17 1.821E+00

1.912E+05.................. 7.223E+03 �5.707E+01 3.013E+14 2.800E+14 1.738E+17 1.907E+00

2.023E+05.................. 7.443E+03 �6.763E+01 4.268E+14 4.039E+14 1.782E+17 1.992E+00

2.133E+05.................. 7.682E+03 �7.795E+01 6.097E+14 5.852E+14 1.817E+17 2.078E+00

2.244E+05.................. 7.980E+03 �8.814E+01 9.192E+14 8.927E+14 1.835E+17 2.165E+00

2.355E+05.................. 8.215E+03 �9.829E+01 1.252E+15 1.223E+15 1.864E+17 2.254E+00

2.560E+05.................. 8.616E+03 �1.165E+02 2.050E+15 2.018E+15 1.918E+17 2.393E+00

2.677E+05.................. 8.845E+03 �1.269E+02 2.663E+15 2.628E+15 1.943E+17 2.490E+00

Note.—Table 8 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

TABLE 9

Model S

Gas Pressure

(dyne cm�2)

Temperature

(K)

Height

(km)

Ne

(cm�3)

Np

(cm�3)

Na

(cm�3)

Turb. Pres. Vel.

( km s�1) BHminus

2.285E+03.................. 3.593E+03 4.278E+02 6.999E+10 1.158E+06 4.189E+15 8.800E�01 1.059E+00

5.590E+03.................. 3.587E+03 3.501E+02 1.276E+11 1.798E+06 1.026E+16 9.772E�01 1.024E+00

1.399E+04.................. 3.600E+03 2.698E+02 2.518E+11 3.263E+06 2.559E+16 1.096E+00 1.009E+00

3.160E+04.................. 3.611E+03 1.978E+02 4.592E+11 5.520E+06 5.764E+16 1.228E+00 1.003E+00

6.480E+04.................. 3.642E+03 1.333E+02 8.089E+11 1.032E+07 1.172E+17 1.362E+00 1.001E+00

1.151E+05.................. 3.692E+03 8.099E+01 1.327E+12 2.131E+07 2.054E+17 1.451E+00 1.000E+00

1.719E+05.................. 3.772E+03 4.330E+01 2.028E+12 5.351E+07 3.001E+17 1.580E+00 9.999E�01

2.226E+05.................. 3.896E+03 1.798E+01 3.040E+12 1.765E+08 3.763E+17 1.709E+00 9.999E�01

2.652E+05.................. 4.040E+03 6.451E�01 4.444E+12 6.122E+08 4.324E+17 1.731E+00 9.999E�01

2.921E+05.................. 4.170E+03 �9.587E+00 5.895E+12 1.707E+09 4.613E+17 1.809E+00 9.999E�01

3.208E+05.................. 4.320E+03 �1.968E+01 7.848E+12 5.319E+09 4.890E+17 1.858E+00 9.999E�01

3.513E+05.................. 4.490E+03 �2.958E+01 1.046E+13 1.808E+10 5.152E+17 1.873E+00 9.999E�01

3.799E+05.................. 4.680E+03 �3.871E+01 1.392E+13 6.394E+10 5.345E+17 1.931E+00 9.999E�01

4.096E+05.................. 4.890E+03 �4.796E+01 1.851E+13 2.312E+11 5.516E+17 2.000E+00 9.999E�01

4.442E+05.................. 5.120E+03 �5.826E+01 2.446E+13 8.431E+11 5.713E+17 2.060E+00 9.999E�01

4.801E+05.................. 5.360E+03 �6.888E+01 3.194E+13 2.859E+12 5.898E+17 2.156E+00 1.000E+00

5.255E+05.................. 5.620E+03 �8.143E+01 4.375E+13 9.179E+12 6.157E+17 2.212E+00 1.000E+00

5.685E+05.................. 5.870E+03 �9.311E+01 6.240E+13 2.356E+13 6.378E+17 2.292E+00 1.000E+00

6.222E+05.................. 6.140E+03 �1.072E+02 9.797E+13 5.487E+13 6.672E+17 2.386E+00 1.000E+00

6.689E+05.................. 6.420E+03 �1.184E+02 1.599E+14 1.133E+14 6.859E+17 2.404E+00 1.000E+00

7.122E+05.................. 6.700E+03 �1.284E+02 2.609E+14 2.111E+14 6.996E+17 2.419E+00 1.000E+00

7.564E+05.................. 7.000E+03 �1.385E+02 4.324E+14 3.790E+14 7.108E+17 2.434E+00 1.000E+00

Note.—Table 9 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.



models (H, P, R, S) the line-broadening velocities should be determined from spectral line observations that are beyond the scope of
this paper. For line broadening in active region models we recommend using values such that Vtb < Vtp and also to take into account
the Zeeman splitting.

The NLTE departure coefficients for H� are listed here for the sunspot model only. For the other models these coefficients are unity
over the range of these tables.

APPENDIX B

THE ANNULI MEDIAN AND THE CLV

The average of a function within an annulus should be considered using the weight given by the area at each value of �. Thus, this
average is given by the following equation,

fh i ¼
R �a

�b
fr drR �a

�b
r dr

¼
R �b

�a
f � d�R �b

�a
� d�

¼
2
R �b

�a
f � d�

�2
b � �2

a

� � ; ðB1Þ

where h f i is the average value of the function in the interval of � between �a and �b and r is the relative radius.
Using this formula we derive the center-of-gravity value of � in an annulus

�h i ¼
2 �3

b � �3
a

� �
3 �2

b � �2
a

� � and �2
� �

¼
�2
b þ �2

a

� �
2

: ðB2Þ

For our study of the PSPT CLVwe split the solar disk in 10 annuli (or bins in �) and use this formula within each of them to determine
� for the center of gravity of the pixels. Then, we evaluate the median of the pixel intensities in each annulus and assign that value to
this �. The reason for using the median to obtain the quiet-Sun limb darkening, instead of the average, is that any solar activity present
on the disk can significantly affect the average values because of the large contrast of sunspots. Even when the area of sunspots is
relatively small, if one uses too small bins in �, then the average value can be significantly affected. To minimize this issue we use the
median for each bin because in using this, each pixel value is weighted by the same amount regardless of its contrast (this is a standard
technique for minimizing the effects of ‘‘outliers’’ in the fitting process).

A fit to a Legendre polynomial can be used to approximate the CLV curves for the observations; using a fixed degree of this
polynomial, it is possible to perform simple comparisons between various types of observations. Considering a second-order
Legendre polynomial that passes through three points, namely, a, b, and c, it is not difficult to find analytical expressions for the
coefficient of the polynomial given as follows,

f �ð Þ ¼ F0 þ F1�þ F2 �2 � 1
� �

; ðB3Þ

and the coefficients are

F2 ¼
�b � �cð Þ fa � fbð Þ � �a � �bð Þ fb � fcð Þ

�b � �cð Þ �2
a � �2

b

� �
� �a � �bð Þ �2

b � �2
c

� � ; ðB4Þ

F1 ¼
fa � fbð Þ � F2 �2

a � �2
b

� �
�a � �bð Þ ; ðB5Þ

F0 ¼ fa � F1�a � F2 �2
a � 1

� �
: ðB6Þ

If we consider the weighted average of this polynomial over an interval of �, it is

f �ð Þh i ¼ F0 þ F1 �h i þ F2 �2
� �

� 1
� �

; ðB7Þ

and if we now consider three intervals of � and the corresponding averages of f, one can solve for the coefficients as before and
obtain similar formulas, but where the values of � and its square correspond to the average � and average �2 as shown above. In
this case, of course, h�2i is different from h�i2.

However, as before, it is best to use the median instead of the average, and when using the median in the bins, the medians of �
and �2 should be used.
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