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SOLAR TOTAL AND SPECTRAL IRRADIANCE: MODELLING AND A POSSIBLE IMPACT ON CLIMATE

N. A. Krivova and S. K. Solanki
Max-Planck-Institut fiir Aeronomie, 37191 Katlenburg-Lindau, Germany

ABSTRACT

There is growing evidence that solar variability influences
the Earth’s climate, although the underlying mechanism
is not yet understood. Variations in the solar total and
spectral irradiance often play a central role within various
processes that have been suggested. Whereas changes in
the total irradiance can affect the overall energy balance
of the Earth’s atmosphere, variations in its spectral dis-
tribution, in particular in the UV, have a pronounced ef-
fect on the chemistry of the Earth’s upper atmosphere.
Measurements of the solar total irradiance are only avail-
able since 1978 and the spectral irradiance record is even
shorter. This calls for a reconstruction of irradiance vari-
ations at earlier times with the help of models. We first
outline our current understanding of the main mechanism
responsible for irradiance variations and describe the ef-
forts to reconstruct them. The reconstructed total and UV
irradiance is then employed to estimate the solar contri-
bution to global warming, with particular emphasis to the
period since 1970.

1. INTRODUCTION

Global climate change has become a key scientific topic.
Climate can vary for many reasons. In particular, human
activity leads to radiative forcing by changing the atmo-
spheric concentrations of greenhouse gases and aerosols.
The amount of carbon dioxide in the atmosphere has in-
creased by more than 25% in the past century (Houghton
et al., 1996). Concentrations of other greenhouse gases
have also increased. Things are complicated by the fact
that anthropogenic changes lie on top of natural climate
variability, whose nature remains uncertain.

Since solar radiation is the principal driving force for the
Earth’s environment, we have reasons to believe that it
can also play a part in determining the Earth’s climate.
But how crucial is the Sun’s role? In actual practice,
this is difficult to assess. Related terrestrial changes take
place on long time scales, decades to centuries, and can-
not be measured directly. On the other hand, there is
growing evidence that a connection exists.

The coincidence of the Sporer and Maunder minima with
two temperature dips of the Little Ice Age in the 16th

and 17th centuries and of the Grand Maximum with the
Medieval Warm Period during the 9th to 13th centuries
(e.g., Eddy, 1976) argues for this interrelation. Also, the
Dalton minimum at the beginning of 19th century agrees
with a cold and severe period. The decade 1810-1820
was the coldest in England since the end of the Maunder
minimum and the Thames froze over to a sufficient depth
to allow the Christmas Fair to be hold there. Good corre-
lations have been found between different proxies of so-
lar activity and climate records, e.g., between the sunspot
number and global sea surface temperatures (Reid, 1987),
the length of the solar cycle and Northern hemisphere air
temperature (Friis-Christensen & Lassen, 1991), solar ir-
radiance and the global and Northern hemisphere tem-
peratures (Solanki & Fligge, 1999; Solanki & Krivova,
2003) or cosmic ray flux and the cloud coverage (Marsh
& Svensmark, 2000). On yet longer, centennial to mil-
lennial time-scales solar activity can be traced by the pro-
duction rates of cosmogenic isotopes, such as Be, 1*C
or 36Cl (Stuiver & Quay, 1980; Beer et al., 1990; Baum-
gartner et al., 1998). Comparison with different climate
records gave significant correlations (e.g., Eddy, 1976;
Bond et al., 2001; Neff et al., 2001; Hodell et al., 2001;
Ogurtsov et al., 2002). For more about long-term corre-
lations see the review by Muscheler and Beer (these pro-
ceedings).

However, the correlations on their own do not yet provide
information on the mechanisms of this influence. The
Sun can affect the Earth’s climate in different ways, but
neither sunspots nor the length of the solar cycle can di-
rectly influence the climate. Being the principal source
of energy for the Earth, solar net radiative output can in-
fluence the energy balance of the Earth’s surface and at-
mosphere. In addition, variations of solar UV irradiance
affect stratospheric chemistry, in particular the balance
between ozone production and destruction (e.g., Haigh,
1994, 1996, cf. Schmidt & Brasseur, these proceedings).
Finally, the cosmic ray flux modulated by variations in
the Sun’s open magnetic flux has been proposed to trig-
ger changes in the global coverage by low-lying clouds
(Svensmark & Friis-Christensen, 1997; Marsh & Svens-
mark, 2000).

Nonetheless, it remains unclear how strong the Sun’s in-
fluence is and which process is playing the main role.
This is not least due to the relevant time scales. Here
we describe some recent efforts to improve this situation.
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Figure 1. Reconstruction (asterisks connected by dotted curve when there are no data gaps) and VIRGO measurements
(solid line) of total solar irradiance between 1996 and 2002, i.e. from the onset of cycle 23 to its maximum (top panel).
The bottom panels show a zoom-in to two shorter intervals at different activity levels. The times corresponding to these

zoom-ins are marked in the top panel by roman numerals.

2. IRRADIANCE CHANGES ON TIME SCALES OF
THE SOLAR CYCLE AND SHORTER

Measurements of the solar total irradiance with suffi-
cient accuracy have been carried out only since 1978 and
the record of well calibrated spectral irradiance is even
shorter (see reviews by Frohlich and Floyd et al., these
proceedings). Obviously, the length of the time series is
much too short to allow any conclusions about climate ef-
fects. Due to the coupling of the Earth’s atmosphere with
the oceans, and due to the strong short term fluctuations
(El Nifio, seasonal effects) trends in climate due to ex-
ternal forcing only become visible in longer time series.
This calls for a reconstruction of irradiance variations at
earlier times, which in turn requires a certain understand-
ing of the mechanisms underlying this variability.

The models that have been worked out in greatest detail
assume that the variations of the total solar irradiance are
due to the evolution of the solar surface magnetic field,
subdivided into dark sunspots and bright faculae (includ-
ing the network) (Foukal, 1992; Chapman et al., 1996;
Fligge et al., 2000a,b; Krivova et al., 2003). Sunspots
are the largest concentrations of magnetic flux tubes on
the solar surface and appear dark. Their passage across
the solar disc leads to decreases of solar brightness and
dominates irradiance changes on the time scale of a solar

rotation. The smaller flux tubes forming faculae and the
network cause a brightening of the Sun. Both sunspots
and the bright magnetic features are modulated with the
solar activity cycle, although in absolute terms the total
area covered by sunspots increases not nearly so much as
that of the bright elements. As a result, the Sun brightens
at activity maximum.

To model irradiance variations on time scales of a solar
cycle and less, Fligge et al. (2000a) and Krivova et al.
(2003) adopted a four-component model of the solar pho-
tosphere including quiet Sun (i.e. the part of the solar
surface free of magnetic fields), umbrae and penumbrae
of sunspots as well as faculae. The total solar bright-
ness is then given by the time independent brightness
of the quiet Sun and the brightness of the flux tubes
whose number and distribution on the Sun is steadily
evolving. The fluxes are calculated using the ATLAS9
code of Kurucz (1992) from plane-parallel model atmo-
spheres of the quiet Sun, umbra, penumbra and faculae
(see Unruh et al., 1999, for details). The filling fac-
tors of each component are extracted from daily full-disc
magnetograms and continuum images recorded by the
Michelson Doppler Interferometer (MDI, Scherrer et al.,
1995). The model contains a single free parameter, which
takes into account saturation of brightness in faculae. To
put it differently, the magnetic elements in regions with
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Figure 2. From top to bottom: reconstructed irradiance variations (asterisks connected by dotted lines) for the total
solar irradiance as well as for the three VIRGO spectral channels centred at 862 nm, 500 nm and 402 nm for two periods
of 4 months each around activity minimum (left panels) and maximum (right panels). The VIRGO measurements are

represented by the solid line (from Krivova et al. 2003).

higher flux are less bright (e.g., Solanki, 1986; Solanki
& Brigljevi¢, 1992; Ortiz et al., 2002), whereas a single
atmosphere is used in the model to describe faculae and
the network. The free parameter is taken such that the
model reproduces short-term irradiance variations caused
by solar active regions passing across the solar disc as
the Sun rotates. Simultaneously, however, this model re-
produces very well the slow variation over the solar cy-
cle.

Figure 1 shows the whole period of the reconstruction
(1996-2002, top panel) as well as two extracts on an en-
larged scale (bottom panels). Also shown are the level 2
VIRGO measurements (Frohlich & Finsterle, 2001). The
figure is an updated version of Fig. 1 from Krivova et al.
(2003). At the time of submission of that paper, VIRGO
data were only available till September 2001 and showed
a first maximum in the irradiance in the year 2000. The
reconstructions predicted a second maximum, at least as
strong as the first one, around the turn of 2001. The sec-
ond maximum is now seen in the more up to date VIRGO

data too and observations are in excellent agreement with
the reconstructions.

The model, still with the same value of the free param-
eter, also reproduces spectral irradiance variations. Fig-
ure 2 compares the mode! with the measurements of the
total irradiance as well as irradiance in the three VIRGO
spectral channels: red, green and blue centred at 862 nm,
500nm and 402nm. Unfortunately, the quick degrada-
tion of VIRGO’s spectral photometers does not allow
a complete elimination from the long-term instrumen-
tal trends (see Frohlich, these proceedings) and makes
a comparison on time scales longer than several months
impossible.

The MDI came into operation in 1996, so that it is not
possible to reconstruct irradiance further back in time.
However, magnetograms with a nearly daily cadence
have also been recorded at NSO/Kitt Peak (KP). Like
all ground-based observations they suffer from less sta-
ble seeing than the MDI data. A big advantage, how-
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ever, is that they are available back to 1974, i.e. for two
more solar cycles (although at reduced quality prior to
1992). The analysis by Wenzler et al. (in preparation)
shows that the quality of the data is good enough to be
used for reconstructions of solar irradiance. Wenzler et
al. have completed a reconstruction based on the KP data
for the MDI period and compared it with that of Krivova
et al. (2003). Although showing a slightly higher scat-
ter, the model is in accordance with the VIRGO data and
MDI reconstructions. Whereas the correlation coefficient
is r. = 0.96 for the MDI reconstruction, it is only slightly
lower, r. = 0.94, for the KP data-based model (Fig. 3).
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Figure 3. Modelled total solar irradiance vs. VIRGO
measurements. The top panel shows the model based on
MDI data (correlation coefficient r. = 0.96). The bottom
panel was obtained using KP data (r. = 0.94). (The
bottom plot has kindly been provided by Th. Wenzler).

The excellent agreement between models and data pro-
vides strong support for the conclusion that the magnetic
field at the solar surface is the main driver of the so-
lar irradiance variability at time scales of the solar ro-
tation and the solar cycle. No additional component is
required to reproduce the long-term increase of solar ir-
radiance between activity minimum and maximum apart
from sunspots and small magnetic elements forming fac-
ulae and the network.

3. LONGER-TERM VARIATIONS OF SOLAR
IRRADIANCE

3.1. Cyclic component

Such detailed models cannot be extended to earlier times,
before regular magnetograms started being recorded.
They imply, however, that if the evolution of the solar sur-
face magnetic flux is known (either from direct measure-
ments or by proxy), it is possible to reconstruct the cyclic
component of the past irradiance changes, although in
less detail. A number of reconstructions based on dif-
ferent proxies of the magnetic field distribution and their
combinations have been performed in the last decade
(Foukal & ILean, 1990; Hoyt & Schatten, 1993; Lean
et al., 1995, 2001; Solanki & Fligge, 1998, 1999; Fligge
& Solanki, 2000; Lockwood & Stamper, 1999; Foster
& Lockwood, 2003). The most frequently used proxy
record is the Ziirich Relative Sunspot Number, R, avail-
able as yearly means since 1700, monthly means since
1750 and daily data from 1818 onwards. Back to 1610
goes the record of the Group Sunspot Number, Ry, in-
cluding daily measurements since 1874 and monthly av-
erages before that. Since 1874 daily sunspot and facular
areas have also been recorded.

Figure 4 shows the reconstruction by Solanki & Fligge
(1999) of the cyclic component of total solar irradiance
back to 1700 based on R, (upper curve) and R, (lower
curve). The quality of reconstructions progresses with
time following that of the proxies and is best after 1874
when the sunspot and facular areas started being recorded
individually. Averaged over 11 years, the increase in the
total irradiance due to the cyclic component is about 0.4—
0.7 Wm™?2 (Solanki & Fligge, 1998, 1999). This seems
rather little to cause significant changes in global climate.

3.2. Secular change

There is some evidence, however, that the solar irradi-
ance might have changed more in the last centuries. The
first, circumstantial piece of evidence comes from the
comparison of the Sun with other sun-like stars. Emis-
sion in the cores of the Call H and K lines of other
stars can be used to estimate their magnetic activity. It
has been argued that stars with the lowest Call bright-
ness do not show any cyclic modulations (Baliunas &
Jastrow, 1990). On the other hand, White et al. (1992)
found that during the last few cycles the Sun’s Call
level always remained considerably higher than that of
most other late-type field stars. This leads to an esti-
mate of about 2 to 6 Wm ™2 in the Sun’s total irradiance
change since the Maunder minimum, provided the rela-
tionship between solar Ca Il brightness and irradiance did
not change. Other indicators also support an increase be-
tween 2 and 8 Wm™2 (Nesme-Ribes & Manganey, 1992;
Hoyt & Schatten, 1993; Zhang et al., 1994; Lean et al.,
2001).

Based on such evidence a number of models including
a secular irradiance trend have been constructed (Hoyt
& Schatten, 1993; Lean et al., 1995; Solanki & Fligge,
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Figure 4. Cyclic component of the reconstructed total
irradiance. The upper curve is based on the R record,
the lower on R, (from Solanki & Fligge 1999).

1998, 1999; Fligge & Solanki, 2000). Figure 5 shows the
reconstruction by Fligge & Solanki (2000) of the total
and UV (below 300nm) irradiance since the end of the
Maunder minimum. It includes both the cyclic compo-
nent shown in Fig. 4 and the secular trend of 4 Wm™2.
Both the total and UV irradiance evolved very similarly,
at least during the recent centuries. Results for the other
spectral regions can also be found in the paper.

3.3. Solar variability and global warming

Solanki & Krivova (2003) have used the reconstructed ir-
radiance shown in Fig. 5 to tackle the question, whether
the Sun can be responsible for the climate change of the
last few decades. The mean global surface temperature
has increased by about 0.3° to 0.6°C since the late 19th
century, and by about 0.2° to 0.3° over the last 40 years
(Houghton et al., 1996). An estimate of the magnitude
of the solar influence on climate normally requires some
assumptions of the radiative forcing due to solar contri-
bution (and other sources). We are still, however, quite
far from a comprehensive understanding of the forcing in
such a complex system as the Earth’s atmosphere, which
imbues all estimates of this kind with a measure of uncer-
tainty.

Therefore, the work by Solanki & Krivova (2003) is
based on a different assumption, namely that the Sun has
been entirely responsible for the change of terrestrial tem-
perature prior to 1970. Assuming also that the interplay
between the two systems remained the same after 1970,
it is possible to estimate which fraction of the tempera-
ture rise after that date could be due to the influence of
the Sun. Other sources might have contributed (and ob-
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Figure 5. Reconstruction of the total (top) and UV
(<300nm, bottom) irradiance since the Maunder mini-
mum (from Fligge & Solanki 2000).

viously did) to the climate change at earlier times, so that
the Sun actually played a smaller role. But in this way
one cannot overestimate the contribution of the Sun after
1970 and the approach gives an upper limit on the possi-
ble magnitude of this influence.

In order to construct an irradiance record of sufficient
length to allow its comparison to the Earth’s climate,
the reconstructions of the total solar irradiance by Fligge
& Solanki (2000) have been merged together with mea-
surements since 1978. These measurements have been
obtained by different instruments, whose intercalibration
is a rather intricate challenge. One composite has been
put together by Frohlich & Lean (1998, see also the re-
view by Frohlich), which indicates that the irradiance was
about the same during the two recent solar activity min-
ima. In contrast, Willson (1997) believes that the total
solar irradiance increased by 0.036% from the solar min-
imum in 1985 to that in 1996. A contentious point is
how to interface the ERB/NIMBUS-7 data with measure-
ments by other instruments. Poor overlap with other in-
struments does not allow a reliable estimate of its degra-
dation. Chapman et al. (1996) proposed to introduce a
correction amounting to a total of 0.63 Wm™2 to the
ERB/NIMBUS-7 observations, which was accepted by
Frohlich & Lean (1998) but not by Willson (1997).

Figure 6 shows the reconstruction by Fligge & Solanki
(2000, black dots) overplotted on two composites, that
of Frohlich and Lean in the top panel and Willson’s at
the bottom (grey curves). The reconstruction is in good
agreement with the record of Frohlich & Lean (1998), but
diverges after 1990 from that of Willson (1997). Since
the secular trend of the reconstruction was obtained com-
pletely independently, this provides strong support for the
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Figure 6. Reconstructed total solar irradiance (black dots, following Fligge & Solanki 2000, the complete record is shown
in the top panel of Fig. 5) and measurements (grey solid curve): the latter corresponds to the composites by Frohlich &

Lean (1998, top panel) and by Willson (1997, bottom).

composite of Frohlich & Lean (1998). An additional ar-
gument against the secular increase of the total irradiance
is provided by the evolution of the UV irradiance. Neither
the Mg II core-to-wing ratio, which is the standard proxy
of UV irradiance, nor the UV-irradiance reconstruction
show the increase from one minimum to another (Cebula
et al., 1992; Viereck & Puga, 1999; Fligge & Solanki,
2000).

Figure 7a shows the resulting total solar irradiance for
the period 1856-2000. Prior to 1979 the irradiance is
described by two curves based on different assumptions
regarding the secular evolution of the irradiance. One fol-
lows the cycle amplitude (thin solid curve), the other the
cycle length (thick, see Solanki & Fligge, 1999). Also
plotted are two temperature records compiled by the Cli-
matic Research Unit of the University of East Anglia,
one exhibiting global (thick dashed line), the other north-
ern hemisphere (thin) surface temperatures (Jones, 1994;
Parker et al., 1995; Jones et al., 2001). Considering the
period prior to 1970 results in excellent correlation be-
tween either of the irradiance and temperature records,
with low x? values (x?/N = 0.001 — 0.005, where N is
the number of observations). If the period after 1970 is
included the x? /N increases to 0.012-0.020.

The irradiance curves in Fig. 7a are based on an increase
in the 11-year averaged total irradiance since the Maun-
der minimum of 4 Wm™2. This quantity is subject to

large uncertainties, with values between 2 Wm™2 and
8 Wm~2 being usually quoted (see Sect. 3.2). Since the
change in irradiance after 1978 is fixed by the measure-
ments, a larger increase between 1700 and 1978 would
thus lead to a stretching of the scale for the irradiance
change prior to 1978. In this case solar total irradiance
variations can be responsible for an even smaller part of
the temperature rise after 1970. If, however, the secular
change since 1700 was smaller, the scaling would change
in the opposite direction and it is conceivable that the
Sun has provided a bigger contribution to global warming
since then. Figure 7b shows again the quantities already
presented in Fig. 7a, but for the secular change in the re-
constructed irradiance of 2 Wm™2. From the figures we
conclude that, if variability of the solar total irradiance
is the main channel of the solar influence on the Earth’s
climate, then less than 30% (50% for the Willson’s com-
posite) of the dramatic temperature rise since 1970 can be
attributed to the Sun.

The situation does not change if the UV irradiance is
considered as the main driver of the Earth’s climate.
The Mg II core-to-wing ratio measured since 1978 (Ce-
bula et al., 1992; Viereck & Puga, 1999) can be com-
bined with the UV irradiance reconstructions of Fligge
& Solanki (2000) to provide a complete record for the
period 1856-2000. The 11-year average of the UV ir-
radiance has a form very similar to the total irradiance
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Figure 7. Total solar irradiance and terrestrial temper-
ature vs. time: a) for an irradiance reconstruction with
an increase in the 11-year averaged irradiance between
1700 and 1980 of 4 Wm™2; b) for an irradiance recon-
struction with an increase in the 11-year averaged irra-
diance between 1700 and 1980 of 2 Wm™2. The solid
curves prior to 1985 represent irradiance reconstructions
(thick curve: cycle-length based, thin: cycle-amplitude
based). From 1985 onwards they represent total irradi-
ance measurements (solid: composite of Frohlich & Lean
1998; dot-dashed: composite following Willson 1997).
The dashed curves represent global (thick) and north-
ern hemisphere (thin) temperatures. All curves have been
smoothed by an 11-year running mean. After the epoch
marked by the vertical dotted line the averaging period

has been successively reduced (from Krivova & Solanki
2003).

for the same period, except that the relative change is
larger for the UV irradiance. For the period prior to 1970,
x?/N = 0.001 — 0.004, but it increases to 0.011-0.017
if the period after 1970 is included. If UV irradiance is
the main mechanism by which the Sun affects climate,
then the Sun has also contributed less than 30% to the
temperature rise since 1970.

Another major channel through which the Sun can af-
fect climate is the cosmic ray flux. The cosmic ray
flux has been proposed to modulate the cloud cover and
thus influence tropospheric temperatures (Svensmark &
Friis-Christensen, 1997; Marsh & Svensmark, 2000). Di-
rect measurements by the Climax Neutron Monitor since
1953 can be combined with modelled flux based on the
reconstruction of the evolution of the Sun’s open mag-
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Figure 8. The same as Fig. 7, but for cosmic ray flux

(solid) instead of irradiance (from Krivova & Solanki
2003).

netic flux since 1868 by Lockwood et al. (1999) and
Solanki et al. (2000). The combined, 11-year averaged
record is plotted in Fig. 8. Also shown are the same two
temperature records as in Fig. 7. The two records follow
each other up to 1970. Note that between 1970 and 1985
the cosmic ray flux, although still behaving similarly to
the temperature, in fact lags it and cannot be the cause of
its rise. Thus changes in the cosmic ray flux cannot be re-
sponsible for more that 15% of the temperature increase.

3.4. Secular change: new evidence and outlook

The most uncertain and speculative question remains the
one regarding the magnitude of the secular change in
the solar irradiance. The stellar evidence mentioned in
Sect. 3.2 is indirect, based on a number of assumptions
and has been criticized (see e.g., Patten & Simon, 1996;
Mendoza, 1997; Schmitt, 1997). Alternative evidence
for the long-term change in solar activity and irradiance
comes from the reconstruction of the evolution of the so-
Jar magnetic field.

Lockwood et al. (1999) used the geomagnetic aa index
to reconstruct the solar open magnetic flux back to the
end of the 19th century (dashed line in Fig. 9a). They
found that the open flux has doubled during the last cen-
tury, which points to the presence of a slowly changing
component.

A model (solid line in Fig. 9) has then been constructed
by Solanki et al. (2000) that explains the secular change
and reproduces the Lockwood et al. reconstructions
(Fig. 9a) and the 1°Be concentration in ice cores (Fig. 9b;
Beer et al., 1990) very well. The secular change is built
into the model by taking into account the long decay time
of the open flux. Whereas magnetic flux emerging in ac-
tive regions disappears within several days or weeks, the
open flux can live on the solar surface for years (e.g.,
Wang et al., 2000). As a result, when fresh magnetic
flux from a new cycle starts emerging, there is still a sub-
stantial amount of the old decaying fields, so that subse-
quent cycles overlap. Therefore, even at activity mini-
mum when the flux in active regions almost disappears,
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Figure 9. Evolution of the open magnetic flux at the solar
surface since 1700. The model by Solanki et al. (2000) is
represented by the thick solid curve and compared to (a)
reconstructions by Lockwood et al. (1999, dashed) and
(b) the 1°Be concentration in ice cores (left y-axis) by
Beer et al. (1990, dotted).

a considerable background flux is still present on the sur-
face. If the cycles are long and weak (like during the
Maunder minimum) the overlap periods shrink and flux
from a previous cycle can wane completely, which finally
causes a depletion of the background.
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Figure 10. Butterfly diagram for sunspots (symbols),
Ca™ plage regions (vertical lines) and ephemeral regions
(boxes). Vertical lines on the zero x-axis mark sunspot
cycle minima (from Harvey 1992).

The open flux comprises only a few percent of the Sun’s
total magnetic flux and cannot be responsible for signifi-
cant irradiance changes. For these the total flux is the ap-
propriate quantity. Activity cycles in their standard repre-
sentation, outlined by the evolution of active regions and
in particular by the sunspot number have well-defined
boundaries. The reason is the short life time of active
regions and the fact that active regions of a new cycle
only start appearing when the old activity cycle has al-
most died. A different situation exists for ephemeral ac-
tive regions. Harvey (1992) has shown that a significant
amount of fresh flux in ephemeral regions appears at the
surface already during the previous decaying cycle, well
before the new sunspot cycle starts (see Fig. 10). Signif-
icant background flux is thus present on the solar surface
even at activity minima. This flux is actually comparable
to the flux in active regions at activity maximum (Har-
vey, 1994; Krivova et al., 2002a,b). Therefore, a secu-
lar change in the background field caused by the varying
length and strength of the solar cycle can be appreciable.

Using this idea, Solanki et al. (2002) have reconstructed
the evolution of the solar total magnetic flux back to the
end of the Maunder minimum. The modelled flux in ac-
tive and ephemeral regions as well as the total flux are
plotted in Fig. 11. The open flux component is shown in
Fig. 9 and it agrees well with the empirical reconstruc-
tion by Lockwood et al. (1999) and the concentration of
the 1°Be isotope in ice cores (Beer et al., 1990). The to-
tal flux can also be compared with observations for the
last two cycles and both records have been found to be in
good correspondence (Solanki et al., 2002).

Since we now know how to convert solar surface mag-
netic flux into irradiance (Sect. 2), it is becoming possi-
ble to use the long-term model of the total flux by Solanki
et al. (2002) to reconstruct also the irradiance back to the
end of the Maunder minimum. This work is currently in
progress.

4. OUTLOOK

Reconstructions based on modelling of the solar atmo-
sphere and magnetic fields have now reached a state that
it is possible to reproduce the irradiance variations over
a solar cycle with high precision using just a single free
parameter. The conclusion reached from such modelling
that at the solar cycle time scale it is the magnetic field
at the Sun’s surface which causes irradiance variations
(Fligge et al., 2000a; Krivova et al., 2003) has been con-
firmed by other investigations (Woodard & Libbrecht,
2003; Livingston & Wallace, 2003). So far the question
whether the irradiance variations over multiple cycles can
be reproduced by exactly the same model (i.e. also with
the same value of the free parameter) has not been ad-
dressed. Given that simpler models have difficulty repro-
ducing the results of cycles 22 and 23 consistently (e.g.,
Frohlich, these proceedings; Pap et al., these proceed-
ings) the results of such an investigation are of consid-
erable interest.

On longer time scales there are two major points that re-
quire further work. The first is the secular variation of
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Figure 11. Reconstructed magnetic flux since 1700: active regions (upper left), ephemeral regions (upper right), total flux
(lower left), and 20-year running mean of total flux (lower right). From Solanki et al. (2002).

irradiance. Any solid means to increase the reliability in
such a secular variation or in its absence would be ex-
tremely useful. Further work in this direction is required
and planned, in particular the use of the modelled secular
variation of the magnetic flux to deduce a physics-based
secular variation of the irradiance.

The second point that needs to be addressed, in particu-
lar if we wish to compare solar irradiance variations with
climate is the need for longer time series. This requires
the use of cosmogenic isotopes as proxies of the magnetic
flux since direct solar observations during pre-telescopic
times are rather unreliable.
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