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Modelling of irradiance variations
through atmosphere models
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Abstract. Regular space-based measurements of solar total and spectral irradiance reveal
its variations on time scales from minutes to decades. About 90% of these variations are
reproduced by recent models assuming that the evolution of the solar surface magnetic
fields is their main cause. Circumstantial evidence suggests that variations on yet longer
time scales, which are of special interest for climate studies, are also possible. Once good
understanding of the directly observed variations has been gained, we can then attempt to
extend the models back in time. Here a brief overview of our recent efforts to reconstruct
solar total and spectral irradiance on time scales of days to centuries is given.
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1. Introduction

Solar total and spectral irradiance varies on all
time scales on which it has been measured.
These variations are of obvious interest for
Sun-climate studies: any changes in the to-
tal solar irradiance (TSI) can affect the over-
all energy balance of the Earth’s atmosphere,
whereas variations in its spectral distribution
have an important bearing on the chemistry
of the Earth’s upper atmosphere (Haigh, [1994,
1996, 2001; Larkin et al., 2000; Rind, 2002}
Egorova et al., 2004; Rozanov et al., 2004).
Unfortunately, the period over which direct
measurements of the solar irradiance are avail-
able is too short to allow definite conclusions
regarding the influence of the irradiance vari-
ations on climate. A sufficiently long recon-
struction back to the pre-satellite period can
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only be derived with the help of suitable mod-
els.

Construction of such models requires an
understanding of the physical mechanisms of
irradiance changes, including replicating their
direct measurements. Solar irradiance varia-
tions can originate in the Sun’s quiet photo-
sphere or from the changing structure of the
solar surface. The latter implies that the radi-
ation coming from the quiet photosphere does
not change. Rather, dark (sunspots) and bright
(faculae and the network) features continu-
ously appear and disappear on the solar surface
and traverse the visible solar disc as the Sun
rotates, thus modulating solar irradiance. Here
only models of the second kind will be dis-
cussed. Recent progress in modelling observed
variations of the solar total and spectral irradi-
ance is summarised in Sects. 2| and 3, respec-
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tively. Our efforts to extend the model back to
the Maunder minimum are outlined in Sect. 4.

2. Solar cycle variations of the TSI

SATIRE (Spectral And Total Irradiance
REconstructions, Solanki & Krivova, 2005;
Solanki et al.,2005) is a set of irradiance mod-
els based on the assumption that all variations
on time scales longer than approximately half
a day are caused by the evolving surface distri-
bution of the Sun’s magnetic field. The surface
magnetic features are divided into classes
(atmospheric components), each described by
a characteristic brightness spectrum. These
spectra are calculated from the corresponding
model atmospheres (Unruh et al., 1999). In
the current version of SATIRE, the solar
photosphere is represented by a 4-component
model. Firstly, the solar model atmosphere
of Kurucz (1991) in radiative equilibrium
with an effective temperature of 5777K is
used to calculate the intensity spectrum of
the quiet photosphere (solar surface almost
free of magnetic field). Next, sunspot umbral
and penumbral fluxes are calculated from
similar but cooler model atmospheres with
effective temperatures of 4500 and 5400K,
respectively (Unruh et al., [1999). Finally, the
model employed for faculae and the network
is an adaption of the model P of Fontenla
et al.l (1993) made by Unruh et al. (1999),
who excluded the temperature inversion in the
upper atmosphere and made further modifi-
cations in order to achieve better agreement
with observations. All fluxes calculated in
this way depend on the wavelength but are
time-independent. A future alternative to using
empirically derived model atmospheres is to
employ the output of realistic 3-D numerical
simulations of magnetoconvection such as
those described by Vogler et al. (this issue),
cf. Vogler et al.|(2005).

Variations of the irradiance in time come
from the second ingredient of SATIRE, the fill-
ing factors, which describe the fraction of the
solar visible surface occupied by each photo-
spheric component and evolve with time. They
can be taken from observations or alternatively
from flux transport simulations, such as those
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of Schrijver et al. (2003) or Baumann et al.
(2004). We use magnetograms and continuum
images recorded at the Kitt Peak National
Solar Observatory (KP/NSO, Livingston et al.,
1976; Jones et al.,|1992) and by the Michelson
Doppler Interferometer (MDI, [Scherrer et al.,
1995)) on SoHO.

Intensity images are employed to identify
sunspots. Different brightness thresholds are
used to separate umbrae (u) and penumbrae
(p)- Since sunspots are larger than the size
of an individual MDI pixel (2”x2"), a pixel
which falls within a sunspot is assumed to be
covered by it completely. In other words, the
sunspot filling factor, @, of such a pixel is 1.
Alternatively, a,p = 0, if a pixel is lying out-
side the sunspot.

All pixels identified as belonging to
sunspots are exluded from the subsequent anal-
ysis of the magnetograms and all remaining
magnetic signal above the noise level is as-
signed to faculae and the network, which are
described by the same model atmosphere in the
current version of SATIRE. Facular and net-
work elements are typically smaller than an
MDI pixel. So that the pixel may partly also
cover the quiet solar surface. To describe this
state of affairs a facular filling factor, af, is
introduced, which denotes the fraction of the
pixel covered by the facular or network compo-
nent. The filling factor, a¢, grows linearly with
the strength of the magnetic field until the satu-
ration magnetic flux, @, at which ay reaches
unity. Above this flux the pixel is assumed to be
completely covered by faculae (ay = 1). Based
only on the magnetograms we use, this satura-
tion flux cannot be fixed precisely and is thus a
free parameter of the model. It is fixed from a
comparison with the observed total irradiance.

In this way, every individual pixel of a
magnetogram is analysed, in order to find
whether it lies within a sunspot or a facular re-
gion. Everything that does not belong to active
regions and the network is counted to the quiet
Sun: aq = 1 — @y — @, — a;. The brightness of
each pixel, Fpx(u, 4, 1), is then given by

Fn(p A= Y a(Fiu D),

i=q,u,p,f
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Fig. 1. Top panel: The reconstructed TSI (filled circles, connected by dotted curve when there
are no data gaps) based on NSO/KP data between 1974 and 2003. The solid line represents the
measured total solar irradiance (PMOD composite, Frohlich, 2004) between 1978 and 2003. The
bottom panels are enlargements of four shorter intervals at different activity levels from different

cycles (from Wenzler et al., 2005b).

where u = cos(f) and 6 is the heliocentric
angle, A4 is the wavelength, ¢ time and Fgp¢
are the brightnesses of the quiet Sun, um-
brae, penumbrae and faculae (including the
network), respectively. The sum over all pix-
els gives the solar irradiance at a given wave-
length and an integral over all wavelengths the
total solar irradiance.

We first employed the most homogeneous
available data set, the one from the MDI, in or-
der to reconstruct solar irradiance in cycle 23.
With a single free parameter we reproduce very
well both the short- (days to weeks) and long-
term (years to the solar cycle) variations of the
total irradiance. The correlation coefficient be-
tween the measured and modelled irradiances
is 0.96 (Krivova et al., 2003).

Employment of the KP/NSO data allows an
extension of the reconstruction back to 1974,
i.e. to the time before the first satellite mea-

surements of solar irradiance. These data suf-
fer from variable seeing and artifacts in some
of the images (Wenzler et al., 2004, 2005a).
More seriously, the data were not recorded
by the same instrument over the whole pe-
riod. The first, the 512-channel Diode Array
Magnetograph (Livingston et al., [1976), was
improved a few times and in 1992 replaced by
the spectromagnetograph (Jones et al., [1992).
There are still some problems with the cross-
calibration of the two data sets and earlier
data remain of a noticeably lower quality. For
example, it is impossible to distinguish be-
tween umbrae and penumbrae in older images
and only the entire spot areas can be deter-
mined. Therefore the average ratio of umbral
to sunspot area was determined for the pe-
riod after 1992 and assumed to be the same
over the earlier period (Wenzler et al., 2005b).
As expected, the resulting reconstructed ir-
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Fig.2. Solar UV spectrum on December
11, 2000: observed (solid curve) by SUSIM
on UARS (Brueckner et al., 1993; Floyd
et al., 2003) and modelled (dashed) following
Krivova et al.| (2003)).

radiance reproduces the TSI measurements
(PMOD composite; see Fig. 1) somewhat less
well than the MDI-based model. But, again, the
agreement is quite good on both short and long
time scales. The correlation coefficient is 0.91
for the whole period, 0.93 for the period after
1992 and no bias has been found between the
three activity cycles (Wenzler et al., 2005b).
This means that the evolution of the solar sur-
face magnetic field indeed explains most, if
not all, irradiance variations on the considered
time scales, i.e. days to decades.

3. Solar spectral irradiance

As mentioned above, SATIRE provides both
the total and spectral irradiance. Note that the
free parameter, @, is set from a compari-
son of the model with TSI and is kept the
same when considering the spectral irradiance.
Longwards of 400 nm, the model can be tested
against VIRGO measurements in three spectral
channels, red, green and blue centred at 862,
500 and 402 nm, respectively. The agreement
on time scales of up to a few months is very
good (Krivova et al., 2003) but on longer time
scales the degradation trends in the data remain
a problem for such a comparison.

The modelled spectra can also be compared
with spectra recorded by, e.g., the SUSIM in-
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Fig. 3. The solar irradiance integrated over the
wavelength range 220-240 nm as a function of
time during 1996-2002. The solid line repre-
sents SUSIM measurements and asterisks the
model by Krivova et al. (2003).

strument on UARS (Brueckner et al., [1993).
Figure 2| shows the spectrum measured on a
particular day by SUSIM (solid curve) and as
obtained from our model (dashed). Above 300
nm the model is in good agreement with the
measurements. Although stronger lines are not
perfectly reproduced in the range between 200
and 300 nm, on average the model is relatively
good here as well. At shorter wavelengths, the
LTE approximation involved in calculations of
the model atmospheres fails and the model
spectrum lies systematically too low.

Krivova & Solanki (2005) have developed
a technique allowing an empirical extension
of the model down to 115 nm with the help
of SUSIM data. As Fig. 13/ shows, the model
by Krivova et al. (2003) reproduces irradiance
variations in the range 220-240 nm relatively
well. On the other hand, SUSIM measurements
can be used in order to work out empirical
relations between the irradiance in this wave-
length range and the irradiance at every other
wavelength at which the data exist, i.e. be-
tween 115 and 410 nm. We employ daily level
3BS V21 data with spectral sampling of 1 nm
(Floyd et al., 2003). The deduced relations are
then used to calculate irradiance at every wave-
length within this range from the reconstructed
irradiance at 220-240 nm.

Figure 4 shows the relative irradiance vari-
ations between activity maximum (2 month
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Fig. 4. Relative irradiance variations between the solar spectrum at activity maximum (2-month
average, April-May 2000) and minimum (2-month average, October—November, 1996) at (a)
115-210 nm and (b) 200—420 nm. The solid line represents SUSIM measurements and the dashed

line the model by [Krivova & Solanki (2005).

average over April-May 2000) and minimum
(October—November 1996). The solid line rep-
resents SUSIM measurements and the dashed
line our reconstruction. The figure demon-
strates the consistency between the empirical
model and the SUSIM measurements.

Now, if the original and modified models
are combined, they cover a broad wavelength
range (115 nm — 160000 nm), which allows the
contribution of different wavelength ranges to
solar irradiance and to its variations to be es-
timated. At 4 * 300 nm, the long-term uncer-
tainty of SUSIM measurements is higher than
the solar cycle variation. As a result, the rela-
tive difference between solar irradiance at ac-
tivity maximum and minimum, as estimated
from SUSIM data sometimes goes negative
(see Fig. 4b), which is an artifact. Therefore
the empirical model based on SUSIM data is
used only at 4 < 290 nm, whereas the original
SATIRE model is employed at A > 290 nm.

The calculated contribution of different
wavelength ranges to solar irradiance and its
11-year cycle variation is shown in Fig.|5. The
dashed line describes the distribution of the en-
ergy over the solar spectrum. Note the differ-
ent size of bins: 50 nm in the UV, 100 nm in
the visual and 2000 nm in the IR. The solid
line shows the spectral distribution of the irra-
diance changes over the solar cycle. Although
about 30% of solar energy comes from the long

30F

251
Irrad. change

Relative contribution to TSI, %

Fig. 5. The histograms of the spectral distribu-
tion of the solar energy (dashed) and of the
solar cycle irradiance variations (solid). Note
different size of bins (50 nm at 4 < 400 nm,
100 nm at 400 nm< A < 1000 nm and 2000 nm
at longer A).

wavelengths (> 1000 nm), their contribution
to the irradiance variations is small: it is neg-
ative at 1000-3000 nm due to sunspots and is
about 1-1.5% at yet longer A. In contrast, the
contribution of the UV irradiance variations is
very high: the wavelength interval 300400 nm
accounts for about 40% of the TSI variations
and about 60% of all TSI variations originate
in the range between 200 nm and 400 nm. Of
course, it will be particularly interesting to test



Krivova and Solanki: Models of Solar Irradiance

the spectral irradiance due to the SATIRE mod-
els using the SORCE (Woods et al., 2000) and
SCIAMACHY (Skupin et al.,2005) spectral ir-
radiance measurements.

4. Secular change in the solar
irradiance

The success of our models in reproducing
the directly observed irradiance variations sug-
gests that given the distribution of the solar sur-
face magnetic field, the irradiance can be cal-
culated with significant precision. But how do
we know the evolution of the solar magnetic
field? This is relatively straightforward for its
cyclic variation compared to a possible secular
trend. A number of historical proxy records of
solar magnetic activity, such as the Zurich or
group sunspot number, sunspot areas, facular
areas etc. exist, which can and have been em-
ployed in order to reconstruct irradiance vari-
ations back to the Maunder minimum (e.g.,
Foukal & Lean, [1990; |[Hoyt & Schatten, |1993;
Zhang et al., [1994; Lean et al., 1995; Solanki
& Fliggel 1998, 11999; Lockwood & Stamper,
1999; Fligge & Solanki, 2000; [Foster, 2004).
However, the magnitude of any secular change,
which can be of even greater importance for
Sun-climate studies remains controversial (for
a discussion, see, e.g., Solanki & Krivova,
2005).

A simple physical mechanism for produc-
ing a secular trend of the magnetic field was
proposed by Solanki et al. (2000, 2002). It is
based on the overlap between activity cycles.
Thus, the ephemeral regions start to errupt be-
fore the sunspot cycle begins and while the
previous cycle is still running (Harveyl, 1992).
This overlap between activity cycles builds up
a background magnetic flux, which is present
on the solar surface even at activity minima
(Harvey, 1994; Krivova & Solanki, 2004). The
amount of this background flux depends on the
strength of and the overlap between activity
cycles. Since in particular the cycle strength
varies significantly from one cycle to the next
this leads to a secular variation of the back-
ground flux. More details about the model and
the results are given by Solanki et al.| (2002)
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and in the review by Solanki & Schiissler (this
issue).

The modelled total solar magnetic flux as
well as its components (i.e. the flux emerg-
ing at the solar surface in active, ®,, and
ephemeral, @y, regions and the open flux,
®,,,) can be used to reconstruct solar irradiance
back to the Maunder minimum. In order to sep-
arate sunspot and facular contributions to @,,
we use the sunspot area, when available, or the
sunspot number records. The sunspot area is a
composite of the Greenwich data for the pe-
riod between 1874 and 1976, Russian records
(stations from the former USSR) between 1977
and 1986 and observations from Mt. Wilson
later on (see Balmaceda et al., this issue, for
more details). This record is extended back to
1700 by parameterization of the sunspot num-
ber record. The sum of the magnetic flux from
the ephemeral regions and the open flux de-
scribes the evolution of the network, which is
responsible for the secular change. Finally, in
order to convert the magnetic fluxes into irra-
diance we use the same scheme as developed
for the short-term models (Sect. 2).

This simple model reproduces the observed
variations of TSI reasonably well, but not as
well as the one presented in Sect. 2, where de-
tailed maps of the magnetic flux distribution
were used. The magnetic flux model we use is
not able to replicate all details that are avail-
able in such maps. In particular, since the ac-
tivity cycles of the ephemeral regions are as-
sumed to be similar in shape to those of the
sunspot cycles and are just stretched in time,
the model describes their evolution only in a
very general manner. This leads to some de-
viations between the model and observations
in the shape of the TSI cycles. The amplitude
of the irradiance changes is reproduced fairly
well, however.

The reconstructed irradiance for the whole
period back to 1700 is shown in Fig. 6. Under
the constraint that the model must reproduce
as well as possible the observed irradiance and
magnetic flux time series, it predicts a secu-
lar increase in the irradiance of about 0.1%,
i.e. comparable to the solar cycle variation ob-
served during recent cycles. This is close to re-
cent estimates by Foster (2004) and Wang et al.
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Fig. 6. The reconstructed total solar irradiance
for the period 1700-2004 based on the model
of Solanki et al. (2002) of the evolution of the
Sun’s magnetic flux.

(2005) but is lower than the previous appraisal
of about 2-8 W/m? mainly (but not only) based
on the comparison of the Ca II H and K emis-
sion of the Sun and other stars (White et al.,
1992; Hoyt & Schatten, [1993; Zhang et al.,
1994; Lean et al., 2001)).

5. Summary

Models of the solar total irradiance have pro-
gressed to the stage where it is possible to re-
produce the directly observed variations with
high accuracy (Preminger et al., 2002; Krivova
et al., 2003; Ermolli et al., 2003; Wenzler et al.,
2004,2005a)). This suggests that a good under-
standing of the mechanisms of these variations
has been reached.

One of such set of models, the SATIRE
models, uses intensity spectra of the Sun’s dif-
ferent photospheric magnetic components cal-
culated from the corresponding model atmo-
spheres and information (from models or ob-
servations) on the distribution of the magnetic
flux on the solar surface, in order to figure
out the total and spectral irradiance variations.
The model works well for the total irradiance
and in the spectral ranges longwards of about
200-300 nm where it has been tested (Unruh
et al., [1999; Krivova et al., 2003). A recently
developed empirical technique based on the
observed SUSIM spectra allows an empirical
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extension of the SATIRE models to shorter
wavelengths (down to about 115 nm), which
are of great interest to Sun-climate studies. Of
course, a need for NLTE models remains (e.g.,
Fontenla, this issue; Haberreiter et al., 2005).
The models still need to be tested in the IR.
Such tests can and need to be done now us-
ing the new spectral data from SORCE (Harder
et al., this issue) and SCIAMACHY (Skupin
et al., 2005) launched in 2003.

On longer time scales, some sacrifice of
the quality of the models is unavoidable due to
the noticeable degradation of the amount and
quality of the available proxies of solar mag-
netic activity. The challenge is a reconstruc-
tion of the general behaviour of the solar irra-
diance at earlier times, which is of crucial im-
portance for evaluating the solar influence on
the Earth’s climate. Specifically, the magnitude
of the secular change remains controversial.
The first, stellar evidence for such a change
(Baliunas & Jastrow, 1990; White et al., 1992)
is now subjected to question, and its magnitude
might have been overestimated (Foster, 2004;
Wang et al., 2005). A simple physical model of
the Sun’s magnetic flux constructed by Solanki
et al.| (2000, 2002) put forward a physical ex-
planation for such a change. An overlap be-
tween consecutive activity cycles (e.g. due to
ephemeral regions) leads to the variable level
of the background magnetic flux. A reconstruc-
tion of the solar total irradiance based on this
model of the Sun’s magnetic flux evolution
yields for the secular change a value compara-
ble to the recent solar cycle variation. However,
further work is needed in this direction.
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