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Abstract. An important question in solar physics is to whaturrently obtainable spatial resolution<( 200 km in diame-
extent solar surface magnetism affects the solar irradiance. Reg}. The brightness signature of magnetic features is a strong
vious attempts to answer this question have employed proxiesction of their size: Sunspots are dark, small flux tubes are
ofthe magnetic field to reconstruct the irradiance and compargénerally bright. Groups of them are seen on the solar disk as
with observations. Here we present the first model calculatioiagulae or enhanced network. Whereas the brightness and ther-
of solar irradiance variations based on variations of the surfam@l structure of sunspots have been well studied (see Maltby
distribution of the solar magnetic field. The irradiance recod992 and Solanki 1997 for reviews), our knowledge of the true
struction makes use of sunspot and facular contrasts calculdigghtness of small-scale magnetic features is hampered by the
as a function of wavelength and limb angle on the Sun. Théten insufficient spatial resolution of current observations.
position and size of magnetic features on the solar disk are ex- Within the flux-tube picture of the magnetic field (for which
tracted from full-disk magnetograms obtained by the Michelsadnere is considerable support, see Solanki 1993), the average
Doppler Interferometer (MDI) onboard the SOHO spacecrafbrightness of solar magnetic features is mainly a function of
The reconstructed spectral irradiance variations are coamly two parameters: the size of the magnetic feature and its
pared with total and spectral contrast measurements obtaipedition on the Sun. Other parameters, such as the inclination
by the VIRGO instrument onboard SOHO. Our reconstructiotsthe vertical, the strength of the internal dynamics, the interac-
are able to reproduce variations on the time-scale of the sdian with the neighboring granules, the phase of their evolution
rotation with much greater accuracy than previous models bastcl, can produce considerable variation from one magnetic fea-
on disk-integrated magnetic proxies. ture to another, but when averaged over a sufficient number,
they are expected to be of secondary importance for our pur-
Key words: methods: data analysis — Sun: activity — Sun: faposes. Actually, our reconstructions can be used to test whether
ulae, plages — Sun: magnetic fields — Sun: sunspots this assumption is justified. For observations that cannot resolve
individual small flux tubes (and the full-disk maps used in this
study are of this type), the flux-tube size can be replaced by the
magnetic filling factor which is simply the fraction of the solar
1. Introduction surface within a given pixel of the map covered by magnetic flux

The aim of the present paper is to bring us a step closer to tbes. Solarirradiance variations are then basically explained by
swering the following question: To what extent is the observa@€ changing surface area coverage and distribution of magnetic
variation of solar brightness due to the evolution of the maff2atures like sunspots and faculae.

netic field at the solar surface? The magnetic field at the solar I Fli9ge etal. (1998; henceforth referred to as Paper |) we
surface can be measured directly. The field detected in routink§fd disk-integrated proxies of solar magnetic features to follow
obtained magnetograms is almost exclusively bundled into i€ temporal behavior of sunspots and faculae. Their brightness
crete elements of concentrated flux, oftenreferredto as magngtgpatures were modglled using flux spectra. OPV'OUS'V'_ SPCh
flux tubes, which cover only a small fraction of the solar suf model cannot take into account the center-to-limb variation
face. One major contention is that the total solar brightness fe-Y) Of sunspot and facular contrast and hence is not able
given by the (time independent) brightness of the nOn-magnetE?cprOV'de satisfactory reconstructions of irradiance variations
solar surface (quiet Sun) and the brightness of the flux tufdstime-scales of the solar rotation. On longer time-scales the
whose number and distribution on the Sun is constantly evofjuality of the reconstruction is better. The importance of the
ing. Flux tubes span a whole spectrum of sizes, ranging froifjrface distribution of faculae for the rotational modulation of

sunspots (2060 Mm in diameter) to features below the pagjar irradiance has been convincingly demonstrated by Lean et
al. (1998).
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In this paper we replace the one-dimensional proxies used. The 3-component model
in Paper | by full-disk magnetograms. Detailed calculations of .
sunspot and facular contrasts as a function of wavelength iﬂ(ﬁfntrast to Paper|, where we applied our 3-component model

limb distance are used (Unruh et al. 1999; henceforth referreé?o e Sunas a star, we now conglder the resolved solar q'Sk’ €.
as Paper 1) to convert magnetograms of the full solar disk in?cfi‘Ch solar surface element or pixel of a magnetogram, is dealt
ith separately. The brightness of such an element is defined

brightness maps. The irradiance is then determined by simpfy’ . . ; .
adding together the brightness values of all the pixels (hote tﬁg'ts position on the disk, the kind of surface feature it belongs

only the contrast, i.e. the brightness relative to some fiductI itgg%;qcutgtSSun, sunspots or faculae), as well as the magnetic
value, is required). . ' . . .
Our model is still based on a very simple picture of the solar Itis assumed that t?e Intensity spec_tra of the quiet Bun
g o . sunspotd® and faculad/ depend on the limb angle= cos(6)
surface magnetic field, which involves only two magnetic con- . L
. np wavelength\, but do not otherwise change with tinie
ponents, namely sunspots and faculae. The atmospheric mo Sce thev have to be calculated onlv once and can then be
describing the quiet Sun, sunspots and faculae, respectively, Iiec; to a);] desired time period. In coyntrast sunspot and fac-
considered to be temporally invariant and independent of tﬁFp y P : ' P

i~ filli i as . ! .
size, age (evolutionary state), shape or other intrinsic prope?tar ma_gnetlc f|II|n_g factor maps, i.ef ;(®;?) andai’j(d),_t)
of the surface region with which they are associated Timre_spectlvely, are time-dependent and must be determined for
: each epoch at which the solar irradiance is to be calculdted.

variability is introduced only by the changing surface distribu-= . . X .
tion of the magnetic components due to solar rotation and g5dhe line-of-sight magnetic flux density measured by the mag-

evolution of active regions. nme;gg;atlggr;\;cdz,j) refers to the pixels of the corresponding

In the following we fir riefly intr r simpl ' : . .

the following we first briefly toduce. our. SIMP'e™ | et I'°t()\;t) be the intensity at wavelength of a given
3-component model of solar surface magnetism in §kct. 2. RV ) . .
element(s, j) on the solar disk at time It can be written as

We then sketch our scheme to decompose the magnetograims
into maps of sunspots and faculae in Sect. 3 and show how &g (\;t) = (1 — o ;(®;t) _aﬁj(Q; t)) -I9(pu(i,5),A)
calculate irradiance variations in Ségt. 4. In 9éct. 5 we present +ai  (®5t)  -I°(u(is5),A) (1)
model calculations of total and spectral irradiance variations +a,{,(<I>;t) IT (i, 5), N).
and compare them to measurements obtained by the Variabi W intensiti lculated f’J | diff t limb |
of Irradiance and Gravity Oscillations (VIRGO) instrumen € intensities are calculated for eleven difierent imb angles

onboard the Solar and Heliospheric Observatory (SOHO) m “”: _1|_'O attdtl)slztcentzlr tlo theIV(ta'ry IlmbI@: P'Q5t(seel i
ESA and NASA. Finally, we conclude by summarizing ou aper Il). To get better radial resolution we linearly interpolate

; the spectra on a finer grid &y = 0.01.
results in Sectl6. Atthis point we need to clarify the meaningef the facular
filling factor which we use in our analysis, since it differs from
that generally employed when interpreting polarimetric obser-
2. Method vations. In those cases a magnetic filling factor, let us call it

, : . o7 isintroduced to describe the surface area fraction covered
We first outline the general procedure, how, starting from a ma&ﬁ;

lue for th lar irradi be d ) magnetic flux tubes, with the remaining area in the resolution
mlatoglram, a vaiue for the solar Irradiance can be etermingflnent being field free gas, whose properties may well differ
First, intensity spectra for each single component are calcul

] 4 . . those of the average quiet Sun due to the proximity of the
using Kurucz's ATLAS9 spectral synthesis code and EMPINCRx tube (see, e.g., Stbsler & Solanki 1988 for a more detailed

model attmgsg)heares foIIow!ng tF;aper . T?en, mag.n?tlc ma@%cussion). Since the construction of reliable empirical models
ared <;rea|e Y. ecor:lposmhg el magfni ograms in oﬂsunf Gtux tubes and their close surroundings, as well as the calcu-
and facuiar regions. Aiso, the value o t_ N ”?"%9”9“0 UX 19%tion of the CLV of the emergent intensity from a combination
each pixel is converted into a corresponding filling factor, thlﬁthe two is an ongoing major research effort which is far from

taking t.he Ii.mited resolution of the magnetog.ram. into a.ccourgompletion, we have chosen to use a simplified description of
Each pixel is then replaced by a corresponding intensity val fculae.I/ is taken to describe the radiation emerging from a

that depends on the filling factor and position on the solar di mbination of both flux tubes and their surroundings, i.e. from

Finally, by summing the intensities over the full solar disk, thﬁaculae as a whole (see Paper Il). However, when calculating

value for the irradiance is calculated. , 17 implicitly an o7 must be assumed. Let us call this fiducial
There are basically two ingredients of the model which CPiueafT We know. however. that¥T can differ from one
0 . l l

be adjusted in order to achieve a better reproduction of the Ob%ﬁ{:’ular area to the next. We model this variation in a simplified

vations. Firstly, the structure of the atmospheric models can Snner by introducing Thusa! . is a measure of the amount
. . . e : i
adjusted. This mainly concerns the thermal stratification of the which the actuah”T in pixel (s, ) differs froma&”.

facular model atmosphere, which has the largest uncertainti ‘As an examol nsider an elemeits) lving within

Secondly, the way in which the magnetogram signal is converted S a e_a_ pe_coss er an ele Qn}y) ying a
into filling factor also allows some freedom. Again, this applied?"SPOt. This implies ;(®;¢) = 1 anda; ;(®;¢) = 0 (see
mainly to the facular component, since for sunspots the fillingECt-8)- The intensity of such an element is then given by

factor is always taken to be unity. I (N t) = I8 (u(i, 5), N), ()
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i.e. it is only determined by the model sunspot intensity at po- A ®, &)
sition . ®

In the following, we outline the scheme for mapping the *
magnetic features and how, using these maps, total or spectral
irradiance variations can be calculated.

3. Mapping magnetic features o, T

A magnetograph records the magnetic flux dendityaral- |
lel to the line-of-sight direction. The magnetic elements, i.e.
flux tubes, are preferentially perpendicular to the solar surface. 1
This introduces foreshortening effects and causes the magneto-
graph signal to decrease to the level of the instrumental back- Ao b)
ground noise at the very limb even if strong magnetic regiongg |
are present. To first order, this can be corrected for by dividing I
the pixels of the magnetogram by their corresponginglues, |
resulting in®/u = ®. More precise corrections would require !
vector-polarimetric observations, which are not available for the :
I
|
I
|
|

Y=

o
o
o
=
=2

0.0

full solar disk on a regular basis.

Before correcting the magnetogram for foreshortening ef- -
fects we apply a thresholdl;;,, which depends on the limb dis- | CDLM
tanceu. @y, is set to be constant near the lim & 1) to S o
avoid amplification of signals produced purely by noise. Any i 3
magnetogram signal whose absolute value is béigwis setto Fig. 1. a The thresholdb,,, separates the signal from the noise. The
zero before proceeding with the next step. This is illustrated independence ob;;, accounts for the limited resolution of the mag-
Fig.[Ma.®,;, equals®, (lower limit for the threshold value) for netogram near the solar limb due to foreshortening effects and the fact
1 < pen. Towards the disk centdr,, increases t@, aty = 1. that Fhe mag_netogram qnly records the magnetic_flux in the direction of
In this manner we account for the reduction in resolution of tige line-of-sight®,, varies betweerd, (around disk center) andl
magnetogram and the decreasing signal-to-noise ratio towa"ﬁjt&pe solar limbb Conversion of magnetnc_flu@ measgrgd W'thg' a
the limb. is found in many but not all of the MDI full-disk mag_plxel of a magnetogram into a corresponding facular filling faator
netograms obtained in the periods for which we carry out the
reconstruction (and for which we do not have an explanatioresolved by the full-disk MDI magnetograms we employed and

The values fo?; and®, are determined by the instrumentasince stray light plays a minor role in the seeing-free environ-
noise of the magnetograph. For full-disk magnetograms frament of MDI we set the magnetic filling factor of sunspot pixels
MDI the standard deviation of the noise is about 20 Gauds.unity, i.e.af’j(é;t) = 1, and everywhere elsg?’j(é;t) = 0.

We found®; = 50 G and®, = 75 G to give satisfactory Faculae are produced by weaker magnetic fields which origi-
results. However, a number of noisy pixels may still remainates from more loosely packed magnetic elements (flux-tubes).
especially near the limb. We, therefore, apply a second filtEhe small magnetic elements are well below the resolution of
which checks the direct neighborhood of each pixel With-  full-disk magnetograms. At least for small facular regions (with
;5. The magnetic flux of pixels that have no neighbors whosaw magnetic flux density) the filling factor is smaller than 1 and
flux exceedd,,, is set to zero. an appropriate scheme which converts magnetic flux densities

The simplicity of our model which discerns only betweemto filling factors must be applied.
two types of magnetic features, i.e. sunspots and faculae, makesThe conversion scheme we have employed is illustrated in
the creation of maps ef* anda/ relatively easy. After thresh- Fig[db. The facular filling factor increases linearly from zero
olding we associate a given pixel of a magnetogram to eitter® = 0 to 1.0 at®;. Only pixels with® > &, are con-

a sunspot or a facular region according to its measured mailered. For magnetic flux densities larger thien however,
netic flux density and its contrast relative to the quiet Sun the o/ remains at unity. The reason for introducing this satu-
continuum intensity images recorded by MDI (almost) simultaation lies in the observation that the average temperature en-
neously. The principle is straight forward: If the magnetic flukancement within flux tubes relative to the quiet Sun decreases
density of pixeli, j) is aboved,;, (u(i, 7)) then the pixel is con- with increasing filling factor (Hirayama 1978, Solanki & Sten-
sidered to lie within an active region. If the continuum intensitffo 1984, Solanki & Brigljevic 1992). This corresponds to a
in this pixel is more than 10 lower than that of the quiet Sunsaturation of the intensity contrast with increasing filling factor.
at equal it belongs to a sunspot, otherwise to a facular regiomhe physical reason behind this observation is that the average

Once sunspot and facular pixels are identified their value feize of flux tubes increases with increasing magnetic filling fac-
the magnetic flux density must be converted into a correspondr (Grossmann-Doerth et al. 1994), and larger flux tubes are
ing value for the magnetic filling factor. Since sunspots are welarker (Spruit & Zwaan 1981). Since we describe all faculae by
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Fig. 2. Extraction of sunspot and facular regions from a magnetogram. The magnetogram (upper left) and the corresponding continuum intensity
image (upper right) were taken on 30 August, 1996 by MDI. Below are the extracted maps for faculae (lower left) and sunspots (lower right),
or more precisely” anda®, whereo? is the surface filling factor of faculae. The decaying active region visible on the solar disk is dominated

by faculae, although a small spot is also present.

the same thermal structure the simplest way to account for thgdetermines how fast the filling factor saturates as a function
above observations in our model is by introducing a saturatiohmagnetic flux densityb,, ®, and®; are free parameters and

in of (). Consequently, have been determined by fitting modelled irradiance variations
to VIRGO measurements. The tested parameter rangds, for

f - ., and®; are 30— 80 G, 50-200 G and 75-300 G, respectively.
a;;(®;1) = 0.0 for® < Py, We find, however, that the tolerances on these parameters are

= ©/®3 fordy, < & < @, (3)  considerable, e.g. around a factor of two in the cas.ofFor
1.0 ford > &j.
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Fig. 3. Same as Fif]2 but for 25 November, 1996, i.e. during the second period considered in this paper. Two active regions are present on the
solar disk. The bipolar region near the center of the disk harbors the largest sunspots in VIRGO's first year of operation. The extraction works

well and both facular and sunspot regions can be identified reliably. Most of the pixels far removed from these active regions that have been
givena > 0 may be identified with ele network.

the results discussed in the following we empiby = 100 G MDI on 30 August, 1996. A small sunspot is present right of the
which means that already small faculae originate from denssiyiar central meridian slightly below the solar equator. The spot
packed magnetic elements. is surrounded by a larger facular region which, due to the low
The extraction of sunspots and faculae from full-disk madacular brightness contrast at disk center, is only seeninthe mag-
netograms using the scheme outlined above is illustratednetogram. The two lower images are the corresponding facular
Figs[2 andB. The upper two images of . 2 show the magrfleft) and sunspot (right) filling factor maps, respectively. From
togram (left) and continuum intensity image (right) recorded liliese maps the very different morphology of sunspots and facu-
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Fig. 4. Disk-integrated facular (upper two panels) and sunspot (lower two panels) effective areas as a function of time. Panels a) and c¢) correspond
to the period between mid August to mid September 1996, i.e. they cover about one month, while panels b) and d) refer to the period extending
from the beginning of November 1996 to the beginning of January 1997. While the facular regions have about the same size at both times, the
second period has a total (effective) spot area that is over ten times larger. Some days are missing due to incomplete magnetograms.

lae becomes quite obvious. The highly structured facular regidnCalculation of irradiance variations

appears to be reliably extracted. N : o
PP Y TJ1e solar irradiance is the total amount of radiation (per wave-

In contrast to Fig.12, where the acive region is dominatt?en th) from each point on the solar surface received on a unit
by faculae, Fid.13 refers to a time (25 November 1996) when gth) P

relatively large sunspots were present on the solar disk. N%?a ata distanck of 1 AU aligned perpendicular to the Sun-

the active regions are dominated by sunspots, although there jrth direction. Following ELI1) this corresponds to simply

) ot . - o > o
significant contributions from faculae too. Again, the extractio gmg .UDIW' over all p'X.eIS(.Z’J) gnd d|V|d!ng by[t®. Since
we are interested in relative irradiance variations only, we also

h liably pick h ixels for th . _—
scheme reliably picks out the correct pixels for the sunspot acrzl1|V|de by the (constant) quiet Sun contribution. As a result, the

facular maps. 2 : I, .
o ; ; .« 1/R?-term cancels out. Hence, relative solar irradiance varia-
By multiplying the area covered by a pixel with the filling,. :
thqns can be calculated according to

factors and summing over the complete solar disk, it is straig

forward to determine “effective” sunspot or facular areas, rexs, 37, If5'(N) — 30, 1%(u(i, j), \)

spectively, i.e. the total area (in ppm) of the solar surface covereg — = S T9(u(i, ), N) : (4)

by the corresponding magnetic feature. These areas are plottea J e

in Fig.[4 for both of the time intervals considered in this studyNote that/?(u(i, 7) depends only on the limb angle, i.e. de-

The two panels on the left show the variations of the effectigeribes a radially symmetric image of the (quiet) Sun.

sunspot (upper panel) and facular (lower panel) area during the By integrating Iff;.t(/\) and 7%(u(i,7),\) over all wave-

first time period, i.e. between mid August and mid Septemblengths total solar irradiance variations are obtained. To model

1996. The two panels on the right show the same for the s®RGO measurements (see SEtt.5) we constrain the wave-

ond time period, i.e. between beginning of November 1996 lengths to the desired spectral band by multiplying the intensi-

January 1997. When comparing the two time periods with eais 79 (\) and“(p(i, ), A) with the appropriate transmission

other, please note the different scaling of the axes. function for each of the three spectral filters prior to integration
over wavelength.
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In the following, we present reconstructions of solar total and -
spectral irradiance variations over the two intervals 15 August [ ~ —™—— _

1996 — 15 September 1996 and 6 November 1996 — 6. January: R

1997. We compare them to VIRGO measurements of the total |

and the spectral irradiance at 402 nm (blue), 500 nm (green) and”;.: 20 we ko s 250 255
862 nm (red), respectively. Fg. 5 shows the complete record of e povs ses sonuorn 18

total solar irradiance variations measured during the first two <o
years of operation (dotted line). The two periods under CO”SiQ'ZOOi
eration are marked by the thick, solid line. s

The magnetograms (averaged over 5 minutes and recorded,[-
every 96 minutes in the standard observing mode of MDI) aﬁ;e C = e
processed according to the scheme outlinedinSect. 2. Followihg™[
Egs. 1) and{4) model solar irradiance variations are calculated,, .t ‘ ‘ ‘ ‘ ‘ ‘
We use exactly the same model configuration, i.e. atmospheric *»* 230 2 e since ot 102 250 25
models and free parametebs, &, and®; for both time inter-

vals.

Fig. 6. Measured (dashed) and modelled (solid) solar total and spectral
irradiance variations for the time between 15 August (day 228) and

11 September 1996 (day 255). The panels correspond to (from top to
5.1. August — September 1996 bottom) a) the total irradiance, and to the spectral irradiance variations

. . . . measured in the b) blue, ¢) green and d) red color channels of VIRGO.
We first discuss the results of our calculations for the time b@hr model is able to reconstruct irradiance variations on time-scales of

tween 15 August and 15 September 1996, i.e. days 228 10 288solar rotation and clearly can reproduce the double-peaked structure
of 1996. At this time the Sun was still very close to activityriginating from the CLV of facular brightening. However, significant
minimum, making it particularly suitable for a detailed studgeviations from the measurements remain unexplained. For compari-
of the influence of single active regions on irradiance variatiomsn, the dotted curve shows the reconstruction due to Paper |, which
unhampered by the presence of other active regions. Durirgglected the CLV of the facular contrast.
this period a faculae-dominated active region harboring a small
sunspot crossed the solar disk (see [Big. 2). The reconstructed
(solid curve) and measured (dashed curve) irradiance variations reconstructions. Also, the calculated RMS variations of the
are presented in Figl 6. The four panels show, from top to bottototal irradiance are in good agreement with the measurements.
a) total irradiance variations and spectral irradiance variations The limb brightening of faculae causes the double-peaked
in the b) blue, c) green and d) red color channels, respectivethape of the irradiance (seenin all channels). Near the solar limb,
The model reconstructs the observed irradiance variatidrmadiance is increased due to the enhanced facular brightness
relatively well. The measurements exhibit a clear spectral delays 237 to 240). When the active region approaches disk cen-
pendence of the contrast showing largest RMS (root-meder (days 240 to 243) the solar irradiance starts to decrease due
square) variations in the blue channel and decreasing variabitiiythe vanishing facular contrast. This is further enhanced by the
for the longer wavelength bands, which are well reproduced mcreasing influence of the spot. Then, as the region movesto the
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western limb, the irradiance starts to increase again (days 243 to | Total
247) before finally returning to the undisturbed quiet-Sun level ¢ o 3
as the region disappears behind the solar limb. This behaviof is °§ == A\ TN T S ~——
well reproduced by our model yielding linear correlation coef-  :
ficients between the observed and modelled timeseries of 0.98 - -
0.92, 0.93 and 0.90 for the total, blue, green and red channels, ¢
respectively. B T e
However, some discrepancy remains, mainly in the blue Doys since January,1 1286
channel where the observations show a strong asymmetry bewsor-
tween the left (at day 239) and the right (at day 247) iradiance | Blue
peaks. The dip around day 243 predicted by the model seems .-
to be too small compared to the observations in the blue and ¢
maybe even the green channel. Since the total and red changlgl(%oé
do not show such deviations this may mean that the spectral -
dependence of the facular contrast near disk center may notyet
be appropriate. On the other hand, a part of the discrepancy =
in individual color channels may be due to uncertainties in the
correction of the long-term degradation of the individual sun- “*F Green
photometers. There is also a suggestion that before and after -

the passage of this active region the VIRGO data fluctuate mére ok A TN —
than the model. Some of this difference may have to do with the -
limited sensitivity of the magnetograms, so that the evolutign-oco-

of smaller facular features may be missed. g
The importance of using full-disk maps of magnetic flux or -zt ‘ ‘ ‘ ‘ ‘ ‘
of one of its proxies is also demonstrated in Flg. 6. The dotted ~" . > seys since January.1 1986 . 7
curve is the reconstruction published in Paper | and is based,
on the disk-integrated Mg |l core-to-wing ratio and the use of ¢ Red
flux spectra to represent the quiet Sun, sunspots and facilar 07 e
contributions. Quite clearly, the new reconstruction, based gn g - )
magnetograms and the CLV of intensity spectra is far superior. -
It is noteworthy that the irradiance variations never fall below "'~
the quiet Sun level even when the active region lies close to
disk center, and in spite of the presence of a small sunspot. Thi§"s:; 0 W e P = o
means that, at least for the broad wavelength bands considered Jovs e e 1SR
here, the facular contrast does not vanish at disk center whigt. 7. Same as Fif]6 but for the period between 6 November 1996
was earlier pointed out by Ehlich et al. (1997). and 6 January 1997. The observed signals (dashed) of both, the spot-
Taking into account the rather sketchy picture of the sol@eminated (around day 330) and the faculae-dominated (around day
surface magnetism which underlies our model, the differenc’é%'a) active regions are well reproduced by our model (solid). The_same
between the measurements and reconstructions are, in our ofiffit model atmospheres and free parameters are used aslih Fig. 6.

ion, within the expected error range.
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340 350 360 370
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the solar irradiance time series with a dip in irradiance when the
5.2. November 1996 — January 1997 region is close to the disk center. o
Again, our model is able to reproduce the measured irradi-
Irradiance reconstructions for the period between the beginnme variations for both, the Spot- and the faculae-dominated
of November 1996 and January 1997 are presented ifilFigiggions relatively well. The linear correlation coefficients
which is otherwise the same as Fij. 6. During this time maingf 0.95, 0.98, 0.98 and 0.97 for the total, blue, green and
two (spatia!lywellseparated) active regionsyyere discernibleﬁg‘d channels, respectively, are again very high. As for the
the solar disk (see Figl 3). They were sufficiently separatedtifst period, however, there are differences which require
longitude to produce two distinct features in the solar irradiangecloser look. One is the relatively strong increase due to
record. The first region, clearly dominated by large sunspofgeular limb brightening exhibited by the model as the first
causes the solar irradiance to decrease by about 1000 ppm r@jgot-dominated) active region approaches the western solar
tive to the quiet-Sun value. It crossed the solar disk between dab (around day 336), which is not present in the observations.
325and 340. The second region, which is dominated by faculg€is most pronounced in the blue and green channels. This
appears around day 345 to 360 and shows a similar behavioft§ be explained by the reduced reliability of the magne-
the region discussed in SEct.5.1. Again, there are two peakgdgrams near the solar limb, where each magnetogram pixel
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averages over a huge area on the solar surface and noise becéwlegical next step is to use the techniques outlined here to
a problem. In addition, the contrast calculations are also lesgonstruct a longer time series of total and spectral irradiance.
reliable at the limb. In addition to that we must consider further improvements
to the models and the underlying data. Of obvious advantage
would be more reliable information on the magnetic flux close
tothe solarlimb. Full-disk vector magnetograms would be worth
We present a model of solar total and spectral irradiance vati@sting in this context. One part of our model which certainly
tions based on a 3-component model which includes center4bould be improved is the connection between magnetic filling
limb variations of the brightness of magnetic features. Itis, to ofeictor and spectrum in faculae. As the filling factor increases
knowledge, the first model to make direct use of magnetic magpe temperature within magnetic flux tubes decreases. We take
(together with calculated intensity spectra) to reconstruct irradhis effect extremely crudely into account. In reality, the tem-
ance, rather than proxies suchas CallK, MgllkorHel 10&30perature is not just lowered equally at all heights, but mainly in
radiation which are formed in chromospheric layers. These laite deepest layers (Solanki & Briglievic 1992, Bruls & Solanki
ers are dominated by rather different physical processes tH®93). This means that the spectral shape of the emergent radi-
the photospheric layers from which most of the radiation coation changes. This effect needs to be taken into account. The
tributing to the total solar irradiance (and the three VIRGO colimfluence of pores, dark features which may go undetected in
channels) arises. This requires detailed calculations of intensitlite-light images and may thus be wrongly assigned to bright
spectra for each of the three atmospheric components as a fdaculae, is also unclear.

tion of wavelength and limb angle described in Paper II. This

approach is able to significantly improve reconstructions of i,5\'cknowledgementsThis work was supported by the Swiss National-

radiance variations on time-scales of the solar rotation relatig ys under NE grant No. 2000-046894.96 and the Austrian Science
to models based on disk-integrated proxies. The good agrgfmdation under grant No. S7302.

ment between the calculated and observed CLV of the facular
contrast also puts our model on a firm basis.

We wish to point out that spectra from the same atmospheﬁ
models of quiet Sun, sunspots and faculae as we use, alsasiets J.H.M.J., Solanki S.K., 1993, AGA 273, 293
produce a number of other observations, such as the variatiigge M., Solanki S.K., Unruh Y.C., Bhlich C., Wehrli Ch., 1998,
of the UV spectral irradiance between solar minimum and max- A&A 335, 709
imum, the ratio of facular to spot area, the fraction of irradiand@ntenla J., White O.R., Fox P.A., Avrett E.H., Kurucz R.L., 1999, ApJ
variations due to line blanketing, etc. (see Paper Il for more 518,480

6. Summary and conclusions
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details) Frohlich C., Andersen B., Appourchaux T. et al., 1997, Solar Phys.
| . 170, 1
The success of our model further strengthens the hypOtheé#gssmann-Doerth U., Kitker, M., Scliissler M., Solanki S.K., 1994,

that the magnetic field is the dominant driver of solar irradiation A&A 285, 648
varlat|or_15, at least on the time-scales conS|deredj In order,_ﬁgrvey K.L., White O.R., 1999, ApJ 515, 812
further fine-tune the input parameters of our model, increase g,y ama T., 1978, PASJ 30, 337
statistical significance of the reconstructions and test our bagiein J.L., Cook J., Marquette W., Johannesson A., 1998, ApJ 492, 390
assumptions, longer time periods have to be considered whighijtby P., 1992, In: Thomas J.H., Weiss N.O. (eds.) Sunspots: Theory
preferentially, should cover different levels of solar activity. and Observations. Kluwer, Dordrecht, p. 103

This leaves us with the basic question whether the remaffetiissler M., Solanki S.K., 1988, A&A 192, 338
ing differences between the models and the observations visibfanki S.K., 1993, Space Sci. Rev. 61, 1
in Figs[6 and7 can be wiped out by taking into account mor®lanki S.K., 1997, In: S_chmieder B'., del Toro Iniesta J.Gzyuez
precisely the characteristics of the different surface magnetic \'\;lc;l (el‘iZ')pA‘i‘;asnces in the Physics of Sunspots. ASP Conf. Ser.
features, i.e. following the approach taken by Harvey & Whit Lo T
(1999), cf. Fontenla et al. (1999), or whether there are othge/?lank' SK., Briglieve V., 1992, A&A 262, L29

. . . L . olanki S.K., Stenflo J.0., 1984, A&A 140, 185
contributors to irradiance variations of non-magnetic or on bruit H.C., Zwaan C., 1981, Solar Phys. 70, 207

indirect magnetic origin. These questions are even more praggryh v.c., Solanki S.K., Fligge M., 1999, A&A 345, 635
ing on longer time-scales, which we have not addressed here.
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