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variability in the UV and visible (Harder et al. 2009).  According to the SORCE data the 11-year variability in UV is 

several times higher than all recent estimates (see Fig. A1). Besides a larger amplitude of the 11-year variability in UV, the 

infrared wavelength range and the visual wavelength range is in anti-phase with the variability in Total Solar Irradiance 

(TSI) (see Fig. A2).  

 
Figure A2. Figure adapted from Ermolli et al. (2012). Relative contribution of the UV (200-400 nm), visible (400-700 nm), 

near-IR (700-1000 nm) and IR (1000-2430 nm) ranges to the TSI change over the solar cycle as derived from measure-

ments and models. For SORCE/SIM, only the period between 2004 and 2008 is considered. For other data and models, the 

plotted relative differences are between solar maximum and minimum. Within each wavelength bin, from left to right: WR-

2002 (light green, only in UV; Woods and Rottman, 2002), UARS/SUSIM (green, only in UV; Morrill et al., 2011), 

NRLSSI (black), SATIRE-S (blue), COSI (purple), OAR (light blue), SCIAMACHY (brown), SORCE (red), and SORCE 

re-analysis (orange, only in UV; Woods, 2012). The exact wavelength ranges used for SUSIM and SCIAMACHY in the 

UV are 150–400 nm and 240–400 nm, respectively. The possible related corrections are, however, expected to lie within 

2–3 %. Note that for the SCIAMACHY-based model, the original values listed by Pagaran et al. (2009) are shown. As 

discussed by Krivova and Solanki (2012), these values should most likely be corrected by a factor of roughly 1.2. The 

horizontal line at the 400-700 nm column (added to the original Ermolli et al. 2012 graph) corresponds to the extrapolation 

of the SPM/VIRGO measurements (Wehrli et al., 2013). 

 

One of the proposed mechanisms for explaining the large UV variability observed by SORCE is the evolution of the non-

active solar components, which contribute to the 11-year variability, without affecting rotational solar variability (Fontenla 

2012). Such changes might also contribute to the long-term solar variability (i.e. variability on a centennial time scale). 

Wehrli et al. (2013) analyzed SPM/VIRGO measurements for the period from January 2002 to March 2012. They showed 

that the measurements in the green channel (500 nm) indicate a robust positive correlation between SSI and solar activity, 

with an amplitude that exceeds considerably the theoretical expectations. The measurements in blue (402 nm) and red 

(862 nm) channels point to an anticorrelation (although direct correlation cannot be statistically excluded). For illustration 

purposes we marked on Fig. A2 the level of 400-700 nm variability which is obtained by assuming that the relative vari-

ability of the 400-700 nm interval is equal to the relative variability yielded by the green (500 nm) SPM/VIRGO channel. 

In reality the SSI variability depends on the wavelength so the proper extrapolation of the SPM/VIRGO result to broader 

spectral interval can only be made with a physical model, which we will develop during FUPSOL-II. 

The strong variability in UV and visible has a significant effect on climate simulations. Haigh et al. (2010) showed that the 
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Fig. 8. Solar UV irradiance between 220 and 240 nm calculated
with NRLSSI (black), SATIRE-S (blue) and COSI (magenta), and
measured with UARS/SUSIM (darker green), UARS/SOLSTICE
(light green), SORCE/SOLSTICE (orange) and SORCE/SIM (red).
The pale green shading in the upper panel marks the period when
the sensitivity of the UARS/SUSIM instrument (and thus the flux)
changed, so that a shift was applied to the data before that (see
Krivova et al., 2006, 2009 for details). Top panel shows 3-month
smoothed values over the period 1993–2009, while the bottom panel
is limited to the period when SORCE was in operation, i.e. after
2003, and shows daily values, except for the COSI model, for which
only yearly averages are available. All quantities are normalised to
the corresponding mean values during the last activity minimum
(2009).

magnetograms and continuum images. So far, ground-based
KP/NSO (Kitt Peak National Solar Observatory; 1974–2003)
and space-based SOHO/MDI (Michelson Doppler Interfer-
ometer; 1996–2010) and SDO/HMI (Helioseismic and Mag-
netic Imager; since 2010) data have been employed. The fol-
lowing model atmospheres are used: the quiet Sun model by
Kurucz (1991) with an effective temperature of 5777K, sim-
ilar but cooler model atmospheres for umbra and penumbra,
and model P of Fontenla et al. (1999) slightly modified by
Unruh et al. (1999) to achieve better agreement with obser-

vations in the visible and near-UV. Since the ATLAS9 code
uses the LTE approximation, which is known to fail in the
UV, fluxes below 270 nm are re-scaled using UARS/SUSIM
observations (Krivova et al., 2006).
The SATIRE-S modelled variability was found to be

in very good agreement, on both rotational and cyclic
timescales, with the PMOD TSI composite (Wenzler et al.,
2009; Ball et al., 2012), SORCE/TIM TSI measurements
(Ball et al., 2011, 2012), UARS/SUSIM spectral irradiance
(Krivova et al., 2006, 2009; Unruh et al., 2012), as well as
with UARS/SUSIM and UARS/SOLSTICE Ly-↵ measure-
ments (Figs. 2 and 8). On rotational times scales, good agree-
ment is also found between the SSI provided by SATIRE-
S and the SORCE/SIM and SORCE/SOLSTICE measure-
ments (Unruh et al., 2008, 2012; Ball et al., 2011, see
also bottom panel in Fig. 8) and between SATIRE-S and
SOHO/VIRGO observations in three spectral channels in the
near-UV, visible, and near-IR (Krivova et al., 2003). Due to
strong sensitivity trends, VIRGO spectral data could not be
used on longer timescales. On time scales longer than a few
months, the SATIRE-S trends, however, diverge significantly
from those shown by SORCE/SIM and SORCE/SOLSTICE:
the change in the UV is significantly weaker in SATIRE-S,
and the inverse solar cycle change in the visible is not repro-
duced (Figs. 7 and 8; Ball et al., 2011; Unruh et al., 2012).
Interestingly, Ball et al. (2011) have shown that when inte-
grated over the spectral range of SIM (200–1630 nm) and
corrected for the missing UV and IR wavelengths, SATIRE-
S still reproduces over 94% of TSI fluctuations measured
by SORCE/TIM. The trends of smoothed data agree to over
99%. At the same time, wavelength-integrated SORCE/SIM
data show different trends (only about 60% of the TIM
changes are reproduced over the SORCE/SIM life time),
though the uncertainties in the integrated SORCE/SIM data
are quite large (see Ball et al., 2011).

3.2.3 SRPM

The Solar Radiation Physical Modelling4 (SRPM) is a set of
tools used to construct semi-empirical models of the solar at-
mosphere and to derive solar radiance (or emitted intensity)
and high-resolution irradiance spectra of the Sun. SRPM
covers all levels of the solar atmosphere from the photo-
sphere to the corona and takes, for most species, NLTE con-
ditions into account. The calculations include a large num-
ber of atomic levels and lines, as well as molecular lines
and molecular photo-dissociation opacities. Seven compo-
nents have been used in SRPM, until recently, correspond-
ing to different features that can be identified on the Sun at
a medium-resolution of ⇡ 2 arcsec: quiet-Sun inter-network,
quiet-Sun network lane, enhanced network, plage (that is
not facula), facula (i.e. very bright plage), sunspot umbra
and sunspot penumbra. The atmospheric models adopted for

4http://www.digidyna.com/Results2010/

www.atmos-chem-phys.net/13/3945/2013/ Atmos. Chem. Phys., 13, 3945–3977, 2013

from Ermolli et al. (2013)



Page 14 of 35 
 
variability in the UV and visible (Harder et al. 2009).  According to the SORCE data the 11-year variability in UV is 

several times higher than all recent estimates (see Fig. A1). Besides a larger amplitude of the 11-year variability in UV, the 

infrared wavelength range and the visual wavelength range is in anti-phase with the variability in Total Solar Irradiance 

(TSI) (see Fig. A2).  

 
Figure A2. Figure adapted from Ermolli et al. (2012). Relative contribution of the UV (200-400 nm), visible (400-700 nm), 

near-IR (700-1000 nm) and IR (1000-2430 nm) ranges to the TSI change over the solar cycle as derived from measure-

ments and models. For SORCE/SIM, only the period between 2004 and 2008 is considered. For other data and models, the 

plotted relative differences are between solar maximum and minimum. Within each wavelength bin, from left to right: WR-

2002 (light green, only in UV; Woods and Rottman, 2002), UARS/SUSIM (green, only in UV; Morrill et al., 2011), 

NRLSSI (black), SATIRE-S (blue), COSI (purple), OAR (light blue), SCIAMACHY (brown), SORCE (red), and SORCE 

re-analysis (orange, only in UV; Woods, 2012). The exact wavelength ranges used for SUSIM and SCIAMACHY in the 

UV are 150–400 nm and 240–400 nm, respectively. The possible related corrections are, however, expected to lie within 

2–3 %. Note that for the SCIAMACHY-based model, the original values listed by Pagaran et al. (2009) are shown. As 

discussed by Krivova and Solanki (2012), these values should most likely be corrected by a factor of roughly 1.2. The 

horizontal line at the 400-700 nm column (added to the original Ermolli et al. 2012 graph) corresponds to the extrapolation 

of the SPM/VIRGO measurements (Wehrli et al., 2013). 

 

One of the proposed mechanisms for explaining the large UV variability observed by SORCE is the evolution of the non-

active solar components, which contribute to the 11-year variability, without affecting rotational solar variability (Fontenla 

2012). Such changes might also contribute to the long-term solar variability (i.e. variability on a centennial time scale). 

Wehrli et al. (2013) analyzed SPM/VIRGO measurements for the period from January 2002 to March 2012. They showed 

that the measurements in the green channel (500 nm) indicate a robust positive correlation between SSI and solar activity, 

with an amplitude that exceeds considerably the theoretical expectations. The measurements in blue (402 nm) and red 

(862 nm) channels point to an anticorrelation (although direct correlation cannot be statistically excluded). For illustration 

purposes we marked on Fig. A2 the level of 400-700 nm variability which is obtained by assuming that the relative vari-

ability of the 400-700 nm interval is equal to the relative variability yielded by the green (500 nm) SPM/VIRGO channel. 

In reality the SSI variability depends on the wavelength so the proper extrapolation of the SPM/VIRGO result to broader 

spectral interval can only be made with a physical model, which we will develop during FUPSOL-II. 

The strong variability in UV and visible has a significant effect on climate simulations. Haigh et al. (2010) showed that the 
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Main assumption.Variations in solar irradiance are directly 
related to the evolution of surface magnetic flux Origin of solar brightness variability
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Figure 5
Sketch of the vertical cross section through a slender magnetic flux tube. The arrows illustrate the various
forms of energy transfer. Red arrows represent vertical convective and radiative energy flux below the solar
surface inside the flux tube (subscript i) and in the external medium (subscript e). Yellow arrows represent
horizontal influx of radiation through the walls of the flux tube (the blue thick lines outline the optical depth
unity, τ c = 1, surface, as seen from above). "Z represents the Wilson depression. Green arrows represent
mechanical energy flux. The cloud sketches the hot chromospheric layers of the magnetic feature [roughly
following a sketch by Zwaan (1978)].

the surroundings into the tubes is represented in Figure 5 by the green horizontal arrows, whereas
the upward transport of the mechanical energy by waves is indicated by the vertical green arrow.

In particular, the longitudinal tube waves steepen as they propagate upward, due to the drop
in density, finally dissipating their energy at shocks in the chromosphere (e.g., Carlsson & Stein
1997; Fawzy, Cuntz & Rammacher 2012). Other forms of heating may also be taking place, but are
not discussed further here. This leads to a heating of the upper photospheric and chromospheric
layers of magnetic elements, which explains their excess brightness in the UV and in the cores
of spectral lines (e.g., CaII H and K; see Rezaei et al. 2007, Schrijver et al. 1989). Whereas the
radiation flowing in from the walls penetrates the small magnetic features completely, for features
with horizontal dimensions greater than roughly 400 km the radiation cannot warm the inner
parts and they remain cool and dark, cf. Grossmann-Doerth et al. (1994). The radiative properties
of sunspots (and to a lesser extent the smaller, but still dark pores) and magnetic elements are
responsible for most of the irradiance variations on timescales of days to the solar cycle and very
likely also beyond that to centuries and millennia, as described in the following sections.
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unity, τ c = 1, surface, as seen from above). "Z represents the Wilson depression. Green arrows represent
mechanical energy flux. The cloud sketches the hot chromospheric layers of the magnetic feature [roughly
following a sketch by Zwaan (1978)].

the surroundings into the tubes is represented in Figure 5 by the green horizontal arrows, whereas
the upward transport of the mechanical energy by waves is indicated by the vertical green arrow.

In particular, the longitudinal tube waves steepen as they propagate upward, due to the drop
in density, finally dissipating their energy at shocks in the chromosphere (e.g., Carlsson & Stein
1997; Fawzy, Cuntz & Rammacher 2012). Other forms of heating may also be taking place, but are
not discussed further here. This leads to a heating of the upper photospheric and chromospheric
layers of magnetic elements, which explains their excess brightness in the UV and in the cores
of spectral lines (e.g., CaII H and K; see Rezaei et al. 2007, Schrijver et al. 1989). Whereas the
radiation flowing in from the walls penetrates the small magnetic features completely, for features
with horizontal dimensions greater than roughly 400 km the radiation cannot warm the inner
parts and they remain cool and dark, cf. Grossmann-Doerth et al. (1994). The radiative properties
of sunspots (and to a lesser extent the smaller, but still dark pores) and magnetic elements are
responsible for most of the irradiance variations on timescales of days to the solar cycle and very
likely also beyond that to centuries and millennia, as described in the following sections.
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Fig. 1. The TSI from the SATIRE-S reconstruction (red curves) and from the PMOD composite (black curves) for the entire period of observations
(upper left panel), and for the annual intervals representing high, intermediate, and low levels of solar activity (upper right, lower left, and lower
right panels, respectively). Three black rectangles on the upper left panel constrain the time periods and TSI ranges shown in other panels.

daily cadence. These reconstructions are based on solar disk cov-
erages (i.e. ↵k

i j

(t) values from Eq. (2)) by magnetic features de-
duced from the magnetograms and continuum images obtained
by Kitt Peak Vacuum Telescope (KPVT; Livingston et al. 1976)
for 1974.08.23–1999.02.01 period, Michelson Doppler Imager
onboard the Solar and Heliospheric Observatory (SOHO/MDI;
Scherrer et al. 1995) for 1999.02.02–2010.04.29 period, and the
Helioseismic and Magnetic Imager onboard the Solar Dynamics
Observatory (SDO/HMI; Schou et al. 2012) since 2010.04.30.
In the present paper we utilise solar disk coverages by mag-
netic features deduced from the SOHO/MDI and SDO/HMI data
(1999.02.02–2014.08.01 period). These are the most accurate
segments of the SATIRE-S reconstructions, which also contain
less data gaps than the KPVT segment (proportion of period cov-
ered is 0.91 for SOHO/MDI and 1.00 for SDO/HMI, see Table
1 from Yeo et al. 2014b). The harmonising procedure applied by
Yeo et al. (2014b) allows avoiding any inconsistencies between
SOHO/MDI and SDO/HMI segments.

While SATIRE-S has been demonstrated to successfully re-
produce multiple irradiance observations (see Ball et al. 2012,
2014; Yeo et al. 2014b, and references therein), significant un-
certainties of the observed SSI time series (Ermolli et al. 2013;
Wehrli et al. 2013; Solanki et al. 2013) undermines our abil-
ity to unambiguously test SATIRE-S against SSI measurements.

The accuracy of the TSI measurements (see, e.g. Fröhlich 2013;
Schmutz et al. 2013; Kopp 2014) are significantly higher than
those of the SSI, allowing a meaningful comparison between
SATIRE-S output and observed values. Fig. 1 presents a com-
parison between daily TSI values from the from SATIRE-S re-
construction and observed TSI (according to the PMOD com-
posite; Fröhlich 2006). SATIRE-S reproduces the observed 11-
year TSI variability (see upper right panel of Fig. 1) as well
as TSI modulation caused by transits of dark (i.e. spots) and
bright (i.e. faculae) magnetic features (see upper left and lower
panels of Fig. 1). Conspicuous spikes in the observations (e.g.
September 2000 and October 2003) are associated with tran-
sits of large sunspot groups. The agreement between SATIRE-S
and observations worsens somewhat in 2008 which we associate
with increased noise contribution to the observations (note that
the typical amplitude of the TSI modulation on the rotational
timescale is order of magnitude less in 2008 than in 2000 and
2003). Overall, SATIRE-S replicates 92% of the TSI variability
in PMOD composite and 96% of the TSI variability when only
the most reliable 1996–2013 segment of the PMOD composite
is considered (both numbers are according to Yeo et al. 2014b).

SATIRE-S vs PMOD composite
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sits of large sunspot groups. The agreement between SATIRE-S
and observations worsens somewhat in 2008 which we associate
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the typical amplitude of the TSI modulation on the rotational
timescale is order of magnitude less in 2008 than in 2000 and
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replicates over 92% of the observed TSI variability over the entire period of spaceborne 
observations.  
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decreases with wavelengths faster than the spot contribution (in
particular, the umbral component, see left upper panel of Fig. 1)
so that starting from 600 nm both contribution almost cancel
each other (while starting from 1-2 µm spots overweight the fac-
ulae and SSI varies out-of-phase with solar cycle, see e.g. Fig. 7
from Ermolli et al. 2013). As a result the dominant part of the ir-
radiance variability over the 11-year activity cycle originates in
the 300 – 450 nm spectral domain, which is especially affected
by the molecular lines (see middle panels of Fig. 1).

The SSI variability on the timescale of solar rotation is
mainly caused by transits of active features across the visible
solar disc as the Sun rotates. Since faculae and network are dis-
tributed over the solar disc more homogeneously than the spots
their contribution to the rotational variability is diminished in
comparison to the contribution to the 11-year cycle (e.g. ho-
mogeneously distributed feature would not contribute to the ro-
tational variability at all). Hence, the transition from faculae-
dominated to spot-dominated regime of rotational variability
happens at substantially shorter wavelengths than in the case of
the 11-year variability – around 400 nm. This is immediately
longward of the CN violet system which amplifies the facular
contrast and by this ensures the faculae-dominated regime of the
variability.

In contrast to the SSI variability on the 11-year timescale
the transition from the faculae-dominated to spot-dominated
regimes on the timescale of solar rotation does not lead to a de-
crease of the SSI variability (i.e. it is invisible in the upper panel
of Fig. 2). This is because spots and faculae rarely cancel each
other at any specific moment of time but can do it when some
time averaging is applied (e.g. for calculating the 11-year vari-
ability). Consequently the large part of the SSI variability on the
timescale of solar rotation comes from the infrared spectral do-
main (where it is mainly associated with umbral contribution)
and the role of the wavelengths affected by the molecular lines
is significantly smaller than in the case of the 11-year variability.

In our model the spectral profile of the irradiance variability
on centennial timescale is directly given by the spectral profile
of the facular brightness contrast (because the same atmospheric
model is used for faculae and network, see Sect. 2). In the in-
frared the centennial SSI variability is larger than the 11-year
SSI variability (since there is no competing effect from spots)
but substantially smaller than the variability on the time scale of
solar rotation.

5. Effect of the Fraunhofer lines on the spectral
profiles of the irradiance variability

Despite the difference in overall shape, all three spectral profiles
of the irradiance variability, introduced in Sect. 4, have similar
spectral features which are mostly attributed to different molec-
ular bands and strong atomic lines. To pinpoint the contributions
of variations in molecular and atomic lines to these profiles we
employed intensity spectra Ik (λ, r) calculated by first putting
the opacity in molecular lines to zero and then opacity in all
Fraunhofer lines to zero, as well as Eq. 1 to produce “SATIRE-
COSI no molecules” and “SATIRE-COSI no atoms” SSI time series,
respectively. These SSI time series were then substituted into
Eqs. 2–4 to recalculate the spectral profiles of the irradiance vari-
ability as they would be measured without contributions from
molecular/Fraunhofer lines. To maintain the consistent normali-
sation of the spectral profiles, the TSI time series used in Eqs. 2–
4 were calculated taking the molecular and atomic lines into ac-
count.
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).

5.1. Molecular lines

In Fig. 3 we present a comparison of the spectral profiles cal-
culated employing the “SATIRE-COSI” (produced with a full
linelist) and “SATIRE-COSI no molecules” SSI time series. In line
with the discussion in Sect. 3.1 molecular lines mainly affect the
visible spectral domain. They almost double the SSI variability
on the 11-year and centennial timescales between 300 and 450
nm. As mentioned in Sect. 4 this spectral domain also happens
to be the major contributor to the TSI variability on the 11-year
timescale. By integrating the spectral profiles of the centennial
and 11-year variability over the wavelengths one can estimate
the contribution of the molecular lines to the TSI variability.
Our calculations indicate that 23% of the TSI variability on the
11-year timescale is attributed to molecular lines. On centennial
timescale the relative contribution of the 300–450 nm spectral
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).
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to be the major contributor to the TSI variability on the 11-year
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of variations in molecular and atomic lines to these profiles we
employed intensity spectra Ik (λ, r) calculated by first putting
the opacity in molecular lines to zero and then opacity in all
Fraunhofer lines to zero, as well as Eq. 1 to produce “SATIRE-
COSI no molecules” and “SATIRE-COSI no atoms” SSI time series,
respectively. These SSI time series were then substituted into
Eqs. 2–4 to recalculate the spectral profiles of the irradiance vari-
ability as they would be measured without contributions from
molecular/Fraunhofer lines. To maintain the consistent normali-
sation of the spectral profiles, the TSI time series used in Eqs. 2–
4 were calculated taking the molecular and atomic lines into ac-
count.
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).

5.1. Molecular lines

In Fig. 3 we present a comparison of the spectral profiles cal-
culated employing the “SATIRE-COSI” (produced with a full
linelist) and “SATIRE-COSI no molecules” SSI time series. In line
with the discussion in Sect. 3.1 molecular lines mainly affect the
visible spectral domain. They almost double the SSI variability
on the 11-year and centennial timescales between 300 and 450
nm. As mentioned in Sect. 4 this spectral domain also happens
to be the major contributor to the TSI variability on the 11-year
timescale. By integrating the spectral profiles of the centennial
and 11-year variability over the wavelengths one can estimate
the contribution of the molecular lines to the TSI variability.
Our calculations indicate that 23% of the TSI variability on the
11-year timescale is attributed to molecular lines. On centennial
timescale the relative contribution of the 300–450 nm spectral
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decreases with wavelengths faster than the spot contribution (in
particular, the umbral component, see left upper panel of Fig. 1)
so that starting from 600 nm both contribution almost cancel
each other (while starting from 1-2 µm spots overweight the fac-
ulae and SSI varies out-of-phase with solar cycle, see e.g. Fig. 7
from Ermolli et al. 2013). As a result the dominant part of the ir-
radiance variability over the 11-year activity cycle originates in
the 300 – 450 nm spectral domain, which is especially affected
by the molecular lines (see middle panels of Fig. 1).

The SSI variability on the timescale of solar rotation is
mainly caused by transits of active features across the visible
solar disc as the Sun rotates. Since faculae and network are dis-
tributed over the solar disc more homogeneously than the spots
their contribution to the rotational variability is diminished in
comparison to the contribution to the 11-year cycle (e.g. ho-
mogeneously distributed feature would not contribute to the ro-
tational variability at all). Hence, the transition from faculae-
dominated to spot-dominated regime of rotational variability
happens at substantially shorter wavelengths than in the case of
the 11-year variability – around 400 nm. This is immediately
longward of the CN violet system which amplifies the facular
contrast and by this ensures the faculae-dominated regime of the
variability.

In contrast to the SSI variability on the 11-year timescale
the transition from the faculae-dominated to spot-dominated
regimes on the timescale of solar rotation does not lead to a de-
crease of the SSI variability (i.e. it is invisible in the upper panel
of Fig. 2). This is because spots and faculae rarely cancel each
other at any specific moment of time but can do it when some
time averaging is applied (e.g. for calculating the 11-year vari-
ability). Consequently the large part of the SSI variability on the
timescale of solar rotation comes from the infrared spectral do-
main (where it is mainly associated with umbral contribution)
and the role of the wavelengths affected by the molecular lines
is significantly smaller than in the case of the 11-year variability.

In our model the spectral profile of the irradiance variability
on centennial timescale is directly given by the spectral profile
of the facular brightness contrast (because the same atmospheric
model is used for faculae and network, see Sect. 2). In the in-
frared the centennial SSI variability is larger than the 11-year
SSI variability (since there is no competing effect from spots)
but substantially smaller than the variability on the time scale of
solar rotation.

5. Effect of the Fraunhofer lines on the spectral
profiles of the irradiance variability

Despite the difference in overall shape, all three spectral profiles
of the irradiance variability, introduced in Sect. 4, have similar
spectral features which are mostly attributed to different molec-
ular bands and strong atomic lines. To pinpoint the contributions
of variations in molecular and atomic lines to these profiles we
employed intensity spectra Ik (λ, r) calculated by first putting
the opacity in molecular lines to zero and then opacity in all
Fraunhofer lines to zero, as well as Eq. 1 to produce “SATIRE-
COSI no molecules” and “SATIRE-COSI no atoms” SSI time series,
respectively. These SSI time series were then substituted into
Eqs. 2–4 to recalculate the spectral profiles of the irradiance vari-
ability as they would be measured without contributions from
molecular/Fraunhofer lines. To maintain the consistent normali-
sation of the spectral profiles, the TSI time series used in Eqs. 2–
4 were calculated taking the molecular and atomic lines into ac-
count.
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).

5.1. Molecular lines

In Fig. 3 we present a comparison of the spectral profiles cal-
culated employing the “SATIRE-COSI” (produced with a full
linelist) and “SATIRE-COSI no molecules” SSI time series. In line
with the discussion in Sect. 3.1 molecular lines mainly affect the
visible spectral domain. They almost double the SSI variability
on the 11-year and centennial timescales between 300 and 450
nm. As mentioned in Sect. 4 this spectral domain also happens
to be the major contributor to the TSI variability on the 11-year
timescale. By integrating the spectral profiles of the centennial
and 11-year variability over the wavelengths one can estimate
the contribution of the molecular lines to the TSI variability.
Our calculations indicate that 23% of the TSI variability on the
11-year timescale is attributed to molecular lines. On centennial
timescale the relative contribution of the 300–450 nm spectral
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decreases with wavelengths faster than the spot contribution (in
particular, the umbral component, see left upper panel of Fig. 1)
so that starting from 600 nm both contribution almost cancel
each other (while starting from 1-2 µm spots overweight the fac-
ulae and SSI varies out-of-phase with solar cycle, see e.g. Fig. 7
from Ermolli et al. 2013). As a result the dominant part of the ir-
radiance variability over the 11-year activity cycle originates in
the 300 – 450 nm spectral domain, which is especially affected
by the molecular lines (see middle panels of Fig. 1).

The SSI variability on the timescale of solar rotation is
mainly caused by transits of active features across the visible
solar disc as the Sun rotates. Since faculae and network are dis-
tributed over the solar disc more homogeneously than the spots
their contribution to the rotational variability is diminished in
comparison to the contribution to the 11-year cycle (e.g. ho-
mogeneously distributed feature would not contribute to the ro-
tational variability at all). Hence, the transition from faculae-
dominated to spot-dominated regime of rotational variability
happens at substantially shorter wavelengths than in the case of
the 11-year variability – around 400 nm. This is immediately
longward of the CN violet system which amplifies the facular
contrast and by this ensures the faculae-dominated regime of the
variability.

In contrast to the SSI variability on the 11-year timescale
the transition from the faculae-dominated to spot-dominated
regimes on the timescale of solar rotation does not lead to a de-
crease of the SSI variability (i.e. it is invisible in the upper panel
of Fig. 2). This is because spots and faculae rarely cancel each
other at any specific moment of time but can do it when some
time averaging is applied (e.g. for calculating the 11-year vari-
ability). Consequently the large part of the SSI variability on the
timescale of solar rotation comes from the infrared spectral do-
main (where it is mainly associated with umbral contribution)
and the role of the wavelengths affected by the molecular lines
is significantly smaller than in the case of the 11-year variability.

In our model the spectral profile of the irradiance variability
on centennial timescale is directly given by the spectral profile
of the facular brightness contrast (because the same atmospheric
model is used for faculae and network, see Sect. 2). In the in-
frared the centennial SSI variability is larger than the 11-year
SSI variability (since there is no competing effect from spots)
but substantially smaller than the variability on the time scale of
solar rotation.

5. Effect of the Fraunhofer lines on the spectral
profiles of the irradiance variability

Despite the difference in overall shape, all three spectral profiles
of the irradiance variability, introduced in Sect. 4, have similar
spectral features which are mostly attributed to different molec-
ular bands and strong atomic lines. To pinpoint the contributions
of variations in molecular and atomic lines to these profiles we
employed intensity spectra Ik (λ, r) calculated by first putting
the opacity in molecular lines to zero and then opacity in all
Fraunhofer lines to zero, as well as Eq. 1 to produce “SATIRE-
COSI no molecules” and “SATIRE-COSI no atoms” SSI time series,
respectively. These SSI time series were then substituted into
Eqs. 2–4 to recalculate the spectral profiles of the irradiance vari-
ability as they would be measured without contributions from
molecular/Fraunhofer lines. To maintain the consistent normali-
sation of the spectral profiles, the TSI time series used in Eqs. 2–
4 were calculated taking the molecular and atomic lines into ac-
count.
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).

5.1. Molecular lines

In Fig. 3 we present a comparison of the spectral profiles cal-
culated employing the “SATIRE-COSI” (produced with a full
linelist) and “SATIRE-COSI no molecules” SSI time series. In line
with the discussion in Sect. 3.1 molecular lines mainly affect the
visible spectral domain. They almost double the SSI variability
on the 11-year and centennial timescales between 300 and 450
nm. As mentioned in Sect. 4 this spectral domain also happens
to be the major contributor to the TSI variability on the 11-year
timescale. By integrating the spectral profiles of the centennial
and 11-year variability over the wavelengths one can estimate
the contribution of the molecular lines to the TSI variability.
Our calculations indicate that 23% of the TSI variability on the
11-year timescale is attributed to molecular lines. On centennial
timescale the relative contribution of the 300–450 nm spectral
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decreases with wavelengths faster than the spot contribution (in
particular, the umbral component, see left upper panel of Fig. 1)
so that starting from 600 nm both contribution almost cancel
each other (while starting from 1-2 µm spots overweight the fac-
ulae and SSI varies out-of-phase with solar cycle, see e.g. Fig. 7
from Ermolli et al. 2013). As a result the dominant part of the ir-
radiance variability over the 11-year activity cycle originates in
the 300 – 450 nm spectral domain, which is especially affected
by the molecular lines (see middle panels of Fig. 1).

The SSI variability on the timescale of solar rotation is
mainly caused by transits of active features across the visible
solar disc as the Sun rotates. Since faculae and network are dis-
tributed over the solar disc more homogeneously than the spots
their contribution to the rotational variability is diminished in
comparison to the contribution to the 11-year cycle (e.g. ho-
mogeneously distributed feature would not contribute to the ro-
tational variability at all). Hence, the transition from faculae-
dominated to spot-dominated regime of rotational variability
happens at substantially shorter wavelengths than in the case of
the 11-year variability – around 400 nm. This is immediately
longward of the CN violet system which amplifies the facular
contrast and by this ensures the faculae-dominated regime of the
variability.

In contrast to the SSI variability on the 11-year timescale
the transition from the faculae-dominated to spot-dominated
regimes on the timescale of solar rotation does not lead to a de-
crease of the SSI variability (i.e. it is invisible in the upper panel
of Fig. 2). This is because spots and faculae rarely cancel each
other at any specific moment of time but can do it when some
time averaging is applied (e.g. for calculating the 11-year vari-
ability). Consequently the large part of the SSI variability on the
timescale of solar rotation comes from the infrared spectral do-
main (where it is mainly associated with umbral contribution)
and the role of the wavelengths affected by the molecular lines
is significantly smaller than in the case of the 11-year variability.

In our model the spectral profile of the irradiance variability
on centennial timescale is directly given by the spectral profile
of the facular brightness contrast (because the same atmospheric
model is used for faculae and network, see Sect. 2). In the in-
frared the centennial SSI variability is larger than the 11-year
SSI variability (since there is no competing effect from spots)
but substantially smaller than the variability on the time scale of
solar rotation.

5. Effect of the Fraunhofer lines on the spectral
profiles of the irradiance variability

Despite the difference in overall shape, all three spectral profiles
of the irradiance variability, introduced in Sect. 4, have similar
spectral features which are mostly attributed to different molec-
ular bands and strong atomic lines. To pinpoint the contributions
of variations in molecular and atomic lines to these profiles we
employed intensity spectra Ik (λ, r) calculated by first putting
the opacity in molecular lines to zero and then opacity in all
Fraunhofer lines to zero, as well as Eq. 1 to produce “SATIRE-
COSI no molecules” and “SATIRE-COSI no atoms” SSI time series,
respectively. These SSI time series were then substituted into
Eqs. 2–4 to recalculate the spectral profiles of the irradiance vari-
ability as they would be measured without contributions from
molecular/Fraunhofer lines. To maintain the consistent normali-
sation of the spectral profiles, the TSI time series used in Eqs. 2–
4 were calculated taking the molecular and atomic lines into ac-
count.
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Fig. 3. The spectral profiles of the irradiance variability calculated on
the solar rotational (upper panel), 11-year activity cycle (middle panel),
and centennial (lower panel) timescales. Plotted are the values calcu-
lated with “SATIRE-COSI” model taking the full linelist into account
(red curves) as well as putting the opacity in molecular lines to zero
(black curves).

5.1. Molecular lines

In Fig. 3 we present a comparison of the spectral profiles cal-
culated employing the “SATIRE-COSI” (produced with a full
linelist) and “SATIRE-COSI no molecules” SSI time series. In line
with the discussion in Sect. 3.1 molecular lines mainly affect the
visible spectral domain. They almost double the SSI variability
on the 11-year and centennial timescales between 300 and 450
nm. As mentioned in Sect. 4 this spectral domain also happens
to be the major contributor to the TSI variability on the 11-year
timescale. By integrating the spectral profiles of the centennial
and 11-year variability over the wavelengths one can estimate
the contribution of the molecular lines to the TSI variability.
Our calculations indicate that 23% of the TSI variability on the
11-year timescale is attributed to molecular lines. On centennial
timescale the relative contribution of the 300–450 nm spectral
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat

from Fluri et al. 1999
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Eddington-Barbier approximation. The emergent intensity at the stellar surface
(τν = 0, µ > 0) is given by:

I+
ν (τν =0, µ) =

! ∞

0
Sν(tν) e−tν/µ dtν/µ. (2.43)

Substitution of

Sν(τν) =
∞
"

n=0

anτν
n = a0 + a1τν + a2τν

2 + . . . + anτν
n

and use of
#∞
0 xn exp(−x) dx = n! gives

I+
ν (τν =0, µ) = ao + a1µ + 2a2µ

2 + . . . + n! anµn.

Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.

Sν 0

1

2

0 1 2 3 4
0

−τνe
θ I

τν

ν

−τνeSν

ντ

Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.

Sν 0

1

2

0 1 2 3 4
0

−τνe
θ I

τν

ν

−τνeSν

ντ

Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Barbier approximation
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ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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ν (τν =0, µ) = ao + a1µ + 2a2µ

2 + . . . + n! anµn.

Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Eddington-Barbier approximation. The emergent intensity at the stellar surface
(τν = 0, µ > 0) is given by:

I+
ν (τν =0, µ) =
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Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.

Sν 0

1

2

0 1 2 3 4
0

−τνe
θ I

τν

ν

−τνeSν

ντ

Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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(τν = 0, µ > 0) is given by:
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0
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and use of
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0 xn exp(−x) dx = n! gives

I+
ν (τν =0, µ) = ao + a1µ + 2a2µ

2 + . . . + n! anµn.

Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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(τν = 0, µ > 0) is given by:
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Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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(τν = 0, µ > 0) is given by:

I+
ν (τν =0, µ) =

! ∞

0
Sν(tν) e−tν/µ dtν/µ. (2.43)

Substitution of

Sν(τν) =
∞
"

n=0

anτν
n = a0 + a1τν + a2τν

2 + . . . + anτν
n
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ν (τν =0, µ) = ao + a1µ + 2a2µ

2 + . . . + n! anµn.

Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
spheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
netic component of a plagemodel, AYP2 a plagemodel, and
AYCOOL8 the non-magnetic component of a plage region.

– MACKKL6: This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continu-
ous intensity spectrum over a wide wavelength range from
X-rays to radio waves.

– FALA7, FALC5, FALF4, FALP3: These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
threemodels describe the quiet Sun: FALA7 the supergranu-
lar cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).

– AND9: This is model 2 of Anderson (1989). It is a the-
oretical, non-LTE solar model atmosphere in hydrostatic

and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mecha-
nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.

3.1. Purely scattering atmosphere

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure ab-
sorption occurs. The Stokes I/Icenter, where Icenter denotes
the intensity at disk center, andQ/I components of the contin-
uum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.

We have obtained a purely scattering atmosphere in our cal-
culations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc, while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Neverthe-
less, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.

All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. More-
over, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.

3.2. Comparison with observed limb darkening

Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.

For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4(µ) given
in Neckel (1996). It is not claimed that the function L4(µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Eddington-Barbier approximation. The emergent intensity at the stellar surface
(τν = 0, µ > 0) is given by:

I+
ν (τν =0, µ) =

! ∞

0
Sν(tν) e−tν/µ dtν/µ. (2.43)

Substitution of

Sν(τν) =
∞
"

n=0

anτν
n = a0 + a1τν + a2τν

2 + . . . + anτν
n

and use of
#∞
0 xn exp(−x) dx = n! gives

I+
ν (τν =0, µ) = ao + a1µ + 2a2µ

2 + . . . + n! anµn.

Truncation of both expansions after the first two terms produces the important Eddington-
Barbier approximation

I+
ν (τν =0, µ) ≈ Sν(τν = µ) (2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:

F+
ν (0) ≈ πSν(τν = 2/3). (2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophis-
tication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.

– AYFLUXT1, AYP2, AYCOOL8: These model atmo-
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(1986) and Solanki et al. (1994). AYFLUXT1 is the mag-
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has been derived from observed CLV curves of the continu-
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and radiative equilibriumwith plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
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nisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.
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implemented in the code.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν) measures the contri-
bution to the radially emergent intensity Iν(τν =0, µ=1) from layers with different optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3 Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:

– radiative excitation;
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THANK YOU!


