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FOREWORD

With a global average irradiance of 342 W/m?, the Sun is by far the largest source
of energy for planet Earth. In comparison, the internal energy produced by Earth
itself is only about 0.087 W/m? (Pollack et al., 1993), which in turn is 3.5 times
larger than the 0.025 W/m? of heat produced by the burning of fossil fuels.

About 31% (31 units) of the solar energy which arrives at the top of the at-
mosphere is reflected back to space by scattering from clouds, aerosols, and the
Earth’s surface. Almost 20 units of solar radiation are absorbed in the atmosphere.
The remaining 49 units are absorbed at the surface. Evaporation of water at the
Earth’s surface consumes 23 units, and 7 units are transferred to the atmosphere by
heat conduction. On balance 19 units are lost from the Earth’s surface as infrared
radiation, however consisting of 114 going upward and 95 returning from the at-
mosphere to the Earth’s surface (see also Rosenfeld, 2006). There is thus a sixfold
recycling of energy. This is the greenhouse effect, established by the presence of
water vapor and of other greenhouse gases, CO,, CHy4, N,O, and CFCs, in the atmo-
sphere. Due to human activities the latter have been increasing in the atmosphere,
causing climate warming through an energy imbalance of 2.5-3 W/m?, more than
100 times larger than the heat released into the atmosphere by the burning of fossil
fuels.

The greenhouse warming of the Earth is a well-known physical process, which
is quantitatively relatively well understood except for the role of clouds (coverage,
height distribution). At short wavelengths, the main uncertainty regarding quanti-
tative understanding of Earth’s climate is caused by clouds and particulate matter,
which scatter an uncertain fraction of sunlight back to space. Particles affect Earth’s
radiation budget both directly by backscattering on the particles and indirectly, as
they serve as condensation nuclei, thereby affecting the hydrological cycle, cloud
distribution and physico-chemical properties, and Earth’s albedo. Small shifts in
the global distribution of cloud properties can have a major influence on Earth’s ra-
diation budget at short and long wavelengths. Assuming constant relative humidity,
Crutzen and Ramanathan (2003) estimated that as much as half of the anthropogenic
infrared greenhouse forcing could be annihilated by an increase in global albedo
by enhanced backscattering of solar radiation by aerosol and clouds. This creates a
dilemma for international environmental policy makers. For ecological and health
reasons, it is clearly desired to reduce air pollution from the lower atmosphere
in the form of particulate matter, especially sulfates. However, this cleaning en-
hances climate warming by reduction of scattered sunlight to space. This process
has already been observed. At the workshop, A. Ohmura presented data showing
for many stations a remarkably strong dimming of global short-wave radiation

Space Science Reviews (2006) 125: 1-3
DOI: 10.1007/s11214-006-9041-x © Springer 2007



2 FOREWORD

in Europe and Asia by 0.7 W/m? per year from 1960 until 1980, followed by a
brightening of similar magnitude for 75% of the stations, causing climate warming
(Ohmura, 2006). The latter period coincides with strong reductions in the emissions
of SO, to the atmosphere by 2.7% per year in the industrial world (Stern, 2005). To
counteract the policy makers’ dilemma, one proposal, which has been made, is to
produce small amounts of sulfate particles (1-2% of the amount that is emitted in
the troposphere), in the stratosphere, where it would reflect some of the incoming
solar radiation to cool the planet (Crutzen, 2006). This idea is much debated and
is in need of much research to make sure that no major environmental side effects
exist.

Much of the discussion of the ISSI workshop in Bern during the week of June 6 —
10, 2005 was devoted to issues like the variability and cause of the total solar
irradiance, and its wavelength dependence. The former exerts mainly an influence
on dynamic and thermodynamic processes, the latter on chemistry, decreasing in
relative importance from the top to the bottom of the atmosphere (thermosphere,
mesosphere, stratosphere, troposphere). The solar radiation output over the past
11-year solar cycles has been varying by a mere 0.1%, too small to have an easily
observable direct influence on climate, due to the buffering by internal processes,
which are particularly strong in the troposphere. Nevertheless, in the stratosphere
there have been observable solar cycle influences (e.g., Labitzke, 2006; Chanin,
2006) and it is justified to look for a coupling to the troposphere, using certified data
and proper statistical analysis. A promising mechanism for coupling the dynamics
of stratosphere and troposphere was presented by Haigh and Blackburn (2006).

Several papers presented at the workshop considered the effects of solar and
galactic cosmic rays (GCR) on the upper atmosphere. For the former, there ex-
ist plenty of examples of chemical effects on ozone due to the stratospheric and
mesospheric production of NO and OH during solar proton events, which have a
direct influence on ozone. Whether galactic cosmic rays may play a role in cloud
formation is an unresolved issue and a topic for further research. However, there is
a long way from initial ion formation effects by GCR and nucleation to an actual
influence of GCR on cloud properties. Compared to the energy supplied by the Sun,
the GCR fraction is only 2 x 107, requiring highly efficient feedbacks to reach
any global or regional significance.

As mentioned by S. Bronnimann at the workshop a very interesting point is
why global average temperature did rise during the first half of the past century
(Bronnimann et al., 2006). Total solar irradiance increased by 0.8—1.5 W/m?, or
globally averaged by 0.2-0.375 W/m?, while mean global temperatures went up
by about 0.5 K. If the temperatures increase was mainly due to variations in solar
radiation, it would indicate a high climate sensitivity of 1.3-2.5 K m?/W. It is also
possible that internal climate variability contributed to the temperature rise.

The influence of particles on the energy budget, climate and hydrological cycle
of the atmosphere was discussed by several authors. The uncertainties are still
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major, in need especially of observations, in-sifu and by satellites. Several satellite
projects have been conducted during the past decade by European and U.S. groups.
One of the undisputed leaders from the U.S. side was Yoram Kaufman, the project
scientist of the Terra satellite from 1997-2001, and one of the participants and
authors in the ISSI workshop. Yoram is no longer with us. He died tragically on
May 31, 2006 after having been hit by a car while riding his bike on the campus of
NASA Goddard Space Flight Center. The scientific community lost a brilliant and
highly respected member, who was also highly appreciated as a human being. This
book is devoted to the memory of Yoram. In his most recent paper with Ilan Koren
(2006), published as a report in Science Express, using ground based data from
the AERONET network, they showed an increase in cloud cover with an increase
in the aerosol column concentration, and an inverse dependence on the aerosol
absorption of sunlight (Kaufman and Koren, 2006). Clearly Yoram had so much
more to discover. It wouldn’t be.

Paul J. Crutzen

Max Planck Institute for Chemistry, Mainz, Germany
Scripps Institution of Oceanography

University of California, San Diego

La Jolla, California

US.A.
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INTRODUCTION

J. D. HAIGH
Blackett Laboratory, Imperial College of Science, Technology and Medicine, London SW7 2BW, UK
(E-mail: j.haigh@imperial.ac.uk)

(Received 21 July 2006; Accepted in final form 16 August 2006)

Abstract. This Introduction attempts to place the 2005 ISSI Workshop on “Solar Variability and
Planetary Climates” in the context of the recent history of the subject and to identify key areas where
progress has been, and is being, made in understanding the many complex issues involved.

1. Background

Variations in solar activity, at least as observed in numbers of sunspots, have been
apparent since ancient times but to what extent solar variability may affect global
climate has been far more controversial. The subject had been in and out of fash-
ion, with connections between the Sun and climate intermittently proposed and
dismissed, for at least two centuries until the early 1990s when a number of factors
combined to again bring it to the forefront of scientific research. The main driv-
ing force was the international push to understand, and attribute causes to, apparent
global warming. The need to distinguish between natural and anthropogenic causes
of climate change led meteorologists, even those sceptical of solar-climate links,
to accept that an objective analysis of the Sun’s role was required.

In addition to this essentially socio-economical factor advances were being made
in key scientific areas. The absolute radiometers launched on satellites in the late
1970s produced indisputable evidence that the total solar irradiance (TSI) reaching
the Earth varied systematically through the 11-year sunspot cycle, thus relegating to
history the term “solar constant”. Space-borne ultraviolet spectrometers confirmed
larger variability in that spectral region, and understanding of how the compensating
effects of (dark) sunspots and (bright) faculae on the Sun’s surface contribute to
total irradiance allowed estimates of variability across the whole solar spectrum
(Lean, 1991).

Based on the resulting quasi-empirical relationship between sunspot numbers
and solar irradiance, calibrated by the satellite measurements, it became possi-
ble to “reconstruct” TSI back in time. Such reconstructions were produced for at
least the three centuries back to the Maunder Minimum in sunspot activity (Hoyt
and Schatten, 1993). Using proxy indicators for temperature, such as the width
and density of tree rings or the accumulation rate of 'O in ice cores, reconstruc-
tions of surface temperature were also being produced (e.g. 500 years of Northern

Space Science Reviews (2006) 125: 5-15
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6 J.D. HAIGH

Hemisphere summer temperatures by Bradley and Jones, 1993) allowing direct
comparisons between measures of climate and solar activity.

Some such studies (e.g. Friis-Christensen and Lassen, 1991; Reid, 1991) ap-
peared to show an astonishingly strong influence by the Sun on surface tempera-
tures, although theoretical estimates (e.g. Schlesinger and Ramankutty, 1992; Kelly
and Wigley, 1992) suggested that the magnitude of the variations in TSI were too
small to produce such an effect and that increasing concentrations of greenhouse
gases were more likely responsible for global warming.

Recognising these controversies Elizabeth Nesme-Ribes of the Paris Observa-
tory initiated and organised a NATO Advanced Research Workshop in Paris in
October 1993 (Nesme-Ribes, 1994). This was a ground-breaking event in bringing
together solar physicists, paleoclimatologists, atmospheric physicists and climate
modellers to discuss the state of the science and what was needed to advance under-
standing of the complex issues involved. In his summary of the workshop Eugene
Parker wrote

“... the physics of the solar activity, with which irradiance changes appear to be associated,
is too vague to provide much guidance at the present time. Like the global climate models
of the terrestrial atmosphere, the solar models provide a framework for discussion, and for
understanding the contribution of individual effects. But in neither case do the models allow
assertion of what is important... Only precise observation over the coming decades, and
careful analysis of the information already in hand, can establish the full nature of the variation
in solar irradiance, the terrestrial climate and what connection there exists between them.”
(Parker, 1994)

The next few years saw an expansion of activity in many of the relevant research
areas, and in 1999 the International Space Science Institute (ISSI) hosted a work-
shop on Solar Variability and Climate so that scientists from across the range of
disciplines could update each other on developments over the period 1993-1999.
Many of the new studies posed as many questions as they answered, so that the
controversy surrounding the subject appeared to expand rather than reduce. One
problem area was identified in the production of a composite of TSI data from the
individual satellite instrument records: two studies suggested very different secu-
lar trends (Willson, 1997; Frohlich and Lean, 1998). Regarding longer timescales,
understanding of how cosmogenic isotopes are deposited in biogeophysical reser-
voirs was being improved, allowing more confidence in the interpretation of these
as proxy indicators of solar activity (Masarik and Beer, 1999). However, questions
remained as to linking these measures of solar magnetic activity to TSI, and thus
to climate forcing (Beer et al., 1998).

One widely-referenced study was that of Svensmark and Friis-Christensen
(1997) which presented a striking correlation between global cloud cover and
galactic cosmic rays. The physical mechanisms producing such a relationship were
not clear and this revived an interest in the role of atmospheric ionization in the
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production of cloud condensation nuclei (Turco et al., 1998) and also in any rela-
tionship between the global electric circuit and cloud microphysics (Tinsley, 1996).

Simulations of the impact on climate of variations in TSI using general cir-
culation models (GCMs) (e.g. Cubasch et al., 1997), and statistical optimisation
techniques (Stevens and North, 1996; Crowley and Kim, 1996, 1999; North and
Stevens, 1998), revealed detectable signals of solar activity in surface temperature
on decadal to century timescales, but a relatively minor role for the Sun in 20th
century global warming.

Meanwhile the signal of the solar sunspot cycle in stratospheric temperatures,
first found by Labitzke (1987), was found to persist over another 11-year period (van
Loon and Labitzke, 1999) and the potential for changes in the stratosphere to influ-
ence the troposphere was being realized (Kodera, 1995). Atmospheric modellers,
picking up from the earlier innovative study of Geller and Alpert (1980), inves-
tigated the potential for changes in middle atmosphere temperature and ozone,
produced by variations in solar ultraviolet radiation, to affect the atmosphere lower
down (Haigh, 1994, 1996, 1999; Rind and Balachandran, 1995; Shindell et al.,
1999).

The 1999 ISSI workshop included representations of all these topics and pro-
moted extremely useful debates and an interchange of ideas. The volume of proceed-
ings (Friis-Christensen et al., 2000) not only presents the individual contributions
to the meeting but also reports some of the discussions that took place and provides
summaries of key areas.

The ISSI workshop on Solar Variability and Planetary Climates held in 2005,
of which this volume presents the proceedings, provided a forum for an update on
the scientific advances that had been achieved over the following six years. Some
of the key developments are briefly outlined below.

2. Solar Irradiance

One major advance was the launch, in January 2003, of the SORCE satellite on
which are mounted instruments for measuring TSI and solar spectral irradiance from
the near-infrared through to soft X-rays (Rottman et al., 2005). Spectral variability
in the visible and near-infrared has not previously been measured from space so
SORCE data are providing new information on the portion of the solar spectrum
that is most strongly absorbed in the lower atmosphere. Temporal variations in TSI
measured by the SORCE TSI instrument show close agreement with those from
contemporaneous measurements made by VIRGO and ACRIM III (Frohlich, 2006).
However, inter-calibration of the instruments reveals large differences so that the
absolute value of TSI appears to be less well constrained than it did before. Thus
the construction of a TSI composite, and the existence of any long-term trends,
remain controversial.
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The spectral coverage of SORCE data, however, has afforded unprecedented
characterization of irradiance variability on solar rotation time-scales, and this has
provided a check on the models which are used to predict 11-year cycle variations
in TSI based on the contributions of sunspot-darkening and facular brightening. On
centennial time-scales, variations in irradiance have previously been deduced from
solar activity proxies (such as geomagnetic indices or cosmogenic isotopes) or from
analogies with “Sun-like” stars. More recently, however, TSI reconstructions have
been derived from historic sunspot observations. Such derivations are based either
on the position and magnetic field strength of active solar regions, combined with
the distribution of magnetic flux in these regions calculated from the Michelson
Doppler Imager images (Foster, 2004), or obtained from theoretical modelling of
open and closed surface magnetic flux related to sunspots (Wang et al., 2005;
Solanki and Krivova, 2006). These are suggesting a rather smaller difference in
solar output between the Maunder Minimum and the present (0.5-2.2 Wm™2) than
found in previous studies. While this suggests a smaller climate forcing by the Sun
since the 17th century, it also implies that detection/attribution studies may have
underestimated factors acting to amplify the effects of solar irradiance on surface
temperatures.

On millennial timescales knowledge of solar variability is based on cosmogenic
radionuclide records. Careful analysis of '°Be in ice cores, including removal of the
geomagnetic signal, has provided a record of solar activity dating back 10,000 years
and comparison with paleoclimate data provides evidence for the influence of solar
variability on climate (Beer et al., 2006). However, a physical understanding of the
relationship between the heliospheric magnetic fields which modulate the cosmic
ray flux and solar irradiance has yet to be developed.

3. Observations of Solar Influence on the Atmosphere

Due to the relatively short period over which data have been available, and to
problems with the intercalibration of different instruments, some uncertainties still
remain in the response of stratospheric ozone to solar UV variability (Hood, 2004;
Calisesi and Matthes, 2006). The 11-year solar cycle signal in ozone column amount
has been established at 2—-3%, but the vertical structure of the ozone response is
less well known. Satellite measurements suggest a structure with symmetric upper
stratospheric maxima in mid-latitudes and a minimum, possibly even a negative
response, in the tropical middle stratosphere. This profile has not been entirely
reproduced by models, but longer observational records are needed to establish
whether the apparent observed structure is real or an artefact of the data analysis.
Multiple regression analysis (Haigh, 2003; Crooks and Gray, 2005) of zonal
mean temperature records from the forty-year reanalysis datasets produced by the
U.S. National Centers for Environmental Prediction (NCEP) and the European
Centre for Medium-Range Weather Forecasts (ECMWF) has revealed a detectable
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11-year solar-cycle influence in the troposphere. These show bands of warming
in mid-latitudes when the Sun is more active suggesting a latitudinal widening
of the Hadley cells. Careful analysis of upper air data dating back eighty years
has broadly confirmed these findings (Bronnimann et al., 2006). Furthermore, the
patterns identified are similar to those predicted by atmospheric GCMs for the
influence of enhanced solar UV, thus tending to confirm the existence of such an
influence of the Sun on the climate. Several recent studies (e.g. Kodera, 2002;
Boberg and Lundstedt, 2002; Thejll ef al., 2003; Haigh and Roscoe, 2006) have
found evidence of a solar influence on polar modes of variability (the North Atlantic
Oscillation, or Northern Annular Mode, and Southern Annular Mode) which may
be important for two reasons: firstly it suggests that a significant climate response
to solar variability may be found preferentially in certain geographical locations,
and secondly it provides a potential route for the transfer of a solar stratospheric
influence down to the troposphere (e.g. Black, 2002, see also Section 4).

Evidence for a solar influence on cloud has been more difficult to establish. The
relationship proposed by Svensmark and Friis-Christensen (1997) between galac-
tic cosmic rays and global total cloud cover was revised by Marsh and Svensmark
(2000) in favour of an influence on low marine cloud. The reliability of the Inter-
national Satellite Cloud Climatology Project (ISCCP) infrared low cloud dataset
has, however, been questioned by Sun and Bradley (2002) and Kristjansson et al.
(2002) and, given the high natural variability of cloud and the difficulties involved
in performing reliable measurements, it may require several decades of further data
acquisition before a relationship between cloud and solar variability can be reliably
established or refuted.

4. Atmospheric Dynamics and Modelling

Another major advance over the past few years has been the development of cou-
pled chemistry climate models (CCMs) of the lower and middle atmosphere (e.g.
Beres et al., 2005; Schmidt et al., 2006). These models do not, to date, include
the ocean circulation, and so cannot be said to simulate the whole climate system,
but they do provide a means whereby the interactions between radiative, chem-
ical and dynamical processes which determine the structure and composition of
the atmosphere may be investigated. This is particularly important in assessing the
influence of solar variability on ozone, radiative heating rates and temperatures in
the upper/middle atmosphere and how these may influence the climate of the lower
atmosphere through dynamical coupling. Schmidt and Brasseur (2006), with the
example of the HAMMONIA model, summarise the achievements of CCMs to date
in broadly simulating the observed zonal mean temperature and ozone response to
solar variability. They also indicate areas requiring further attention. One of these
is the fully-interactive simulation of the quasi-biennial oscillation (QBO), which
is technically feasible but requires high vertical resolution and thus considerable
computational effort. Gray et al. (2006) review recent studies that have shown that
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perturbations to the equatorial upper stratospheric zonal wind field can be subse-
quently transmitted to the winter polar lower stratosphere. This provides a route for
QBO and/or solar modulation of the tropical middle atmosphere to influence the
lower stratosphere, but a fully-coupled model simulation of these effects has yet to
be achieved. Another point stressed by Schmidt and Brasseur (2006) is the impor-
tance of considering the full 4D structure of the response to forcings because of the
potential importance of wave effects. This, however, produces further challenges
in terms of validating results against short and incomplete data records.

In the troposphere one of the key debates, as nicely outlined by Bronnimann ez al.
(2006), concerns whether the effect of solar variability is primarily “top-down”,
i.e., driven from the stratosphere, or “bottom-up”, i.e., forced by solar heating of
the surface. Bronnimann et al. (2006) suggest that these two mechanisms would
have different impacts on the tropical Hadley circulation and should therefore be
testable using observations of the tropical upper troposphere. Unfortunately the
data are not yet of sufficient quality/quantity to test this intriguing idea.

In an analysis of NCEP Reanalysis temperature data, Salby and Callaghan
(2006) find higher correlations with solar activity when the data are filtered at peri-
ods shorter than 5 years than those found using multiple linear regression analysis
(see the discussion in Section 3). These fluctuations are associated with the QBO,
and Salby and Callaghan (2006) suggest that solar modulation of the QBO may
account for much of the solar signal in the lower atmosphere through a mechanism
involving changes to the stratospheric Brewer-Dobson (BD) circulation. They show
correlations between the BD circulation and the Hadley circulation and thus imply
a relationship between the latter and the Sun. Kodera (2006) summarises earlier
work on the impact of solar variability on the BD circulation, and suggests means
whereby this might impact both convective activity in the tropical troposphere and
planetary wave propagation in the winter sub-tropics.

To investigate the mechanisms whereby a perturbation to the stratosphere, due
to whatever cause, might influence the dynamics of the troposphere, Haigh and
Blackburn (2006) use a simplified atmospheric general circulation model and ob-
serve the time development of its fields to an imposed stratospheric heating. The
results show that the initial effect of a change in static stability at the tropopause
is to reduce eddy momentum flux convergence there, and that this is followed by a
transfer of the momentum anomaly to the ground. This suggests that stratospheric
influence on synoptic-scale wave propagation is key.

5. Clouds and Aerosols

The suggestion that atmospheric ionisation by galactic cosmic rays (GCRs) might
influence cloud cover, and that through this mechanism cloud might respond to
solar variability, was a key factor in promoting the 1999 ISSI workshop. Although
it seems to have proved difficult since that date to accrue additional observational
evidence of any GCR-cloud link (see the discussion in Section 3 above), there
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have been several theoretical, laboratory and observational studies designed to
investigate the processes potentially involved. Important factors include whether or
not ionised aerosol particles act preferentially as condensation nuclei (CN) and, if
they do, whether the resulting CN can grow fast enough to have significant impact
on the number of cloud droplets, given the large number of other candidate aerosols
in the atmosphere (see, e.g., the review by Harrison and Carslaw, 2003).

In parallel with this activity there has been a growing concern with the role of
aerosols, produced either by human activity or by natural factors unrelated to solar
variability, in the radiative forcing of climate change. While the direct effect of such
particles on the Earth’s radiation budget, mainly in reflecting solar radiation back to
space, are relatively well known, the possible indirect effects, through modification
of cloud, are complex and uncertain. Proposed indirect effects include an increase
in the number density and a decrease in the mean size of cloud droplets as well as an
increase in cloud lifetime, in response to higher aerosol concentrations. Estimates
of the magnitude of these effects suggest they could significantly increase the global
albedo, and thus act to decrease the global warming due to greenhouse gases.

There are clear overlaps between the scientific understanding required by the
“GCR-cloud” and “aerosol-climate” communities, and thus the 2005 ISSI work-
shop welcomed a number of leading authorities in cloud and aerosol physics to share
their expertise. Satellite data are being used to provide information on atmospheric
aerosol loading and properties, including their provenance, while studies of corre-
lations between cloud albedo and aerosol loading provide empirical observational
evidence of the aerosol effect on cloud (Kaufman, 2006). The picture emerging
from modelling studies (Lohmann, 2006) is that since pre-industrial times, the ef-
fect of aerosols on cloud could have significantly offset global warming, but there
are large uncertainties in all the input parameters. Based on examination of pyra-
nometer measurements from about 400 ground stations over more than 50 years,
Ohmura (2006) offers the intriguing possibility of the quantitative simultaneous
evaluation of the effects of solar irradiance, aerosol loading, cloud and temperature
on solar radiation at the ground.

Ion-induced nucleation, and subsequent particle growth, have been studied us-
ing laboratory measurements of the thermodynamics of the clustering sulphuric
acid and water molecules on sulphate ions together with theoretical models and at-
mospheric observations (Arnold, 2006; Curtius et al., 2006). These studies suggest
that ion-induced nucleation is probably important in the cold upper troposphere
but that subsequent particle growth is constrained by ambient concentrations of
gaseous sulphur dioxide.

6. Conclusions

The influence of solar variability on climate is an exciting and flourishing area of
research: it involves scientists from a breadth of disciplines, uses measurements
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from a wide range of observational campaigns and addresses an issue of significant
environmental concern. The articles in this volume describe the advancements in
knowledge and understanding that have been made over the past few years in
key scientific fields but also identify several areas where questions remain to be
answered.

One important issue is to establish the magnitude of any secular trends in total
solar irradiance (TSI). This may be achieved by careful analysis and understanding
of the satellite instruments involved in collecting data over the past two-and-a-half
solar cycles, and must be continued through analysis of data from current and new
satellites. For longer periods it requires a more fundamental understanding of how
solar magnetic activity relates to TSI. This would not only facilitate more reliable
centennial-scale reconstructions of TSI, from e.g., sunspot records, but also advance
understanding of how cosmogenic isotope records may be interpreted as historical
TSL

With regard to the climate, further data-mining and analysis are required to
firmly establish the magnitude, geographical distribution and seasonality of its
response to various forms of solar activity. Understanding the mechanisms involved
in the response then becomes the overriding objective. Current ideas suggest three
main avenues where further research is needed. Firstly, the means whereby solar
radiative heating of the upper and middle atmosphere may influence the lower
atmosphere through dynamical coupling needs to be better understood. Secondly,
it needs to be established whether or not variations in direct solar heating of the
tropical oceans can be of sufficient magnitude to produce apparently observed
effects. Thirdly more work is needed on the microphysical processes involved in
ion-induced nucleation, and, probably more importantly, the growth rates of the
condensation nuclei produced.

Perhaps when these questions are answered we will be confident that we really
understand how changes in the Sun affect the climate on Earth.
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1. Introduction

The Sun provides the main energy input to the Solar System, which is tied up to
its star through gravitation, and is the first receptacle of the Sun’s radiation, of its
coronal mass ejections and of its solar wind. Located at roughly 150 million km
from the Sun, right in the middle of the habitable zone and inhabited, the Earth is
sengsitive to these solar inputs. They, as well as the way the Earth reacts to them,
determine the mean temperature of our planet. It is therefore essential to properly
understand their effects and how their variations might influence the Earth’s climate
and that of similar bodies such as Venus and Mars.

This theme has been addressed in the past in many instances and meetings or
books including the ISSI book “Solar Variability and Climate” published in 2000 by
Kluwer. Naturally, if we were sitting on the surface of arocky asteroid, our “climate”
would be simply determined by the total solar radiation and its variations and by the
distance to the Sun. No atmosphere thereon, no ocean, no El Nifio, no Gulf Stream
would blur the effect of any direct influence of the Sun’s variations on the surface
temperature of that asteroid. Fortunately, the Earth is not an asteroid! It has oceans,
an atmosphere, geologic and anthropogenic activities, which however seriously
complicate the issue. The famous “faint Sun paradox” illustrates the difficulty of
assessing the effects of solar variability on the climate: even when the young Sun was
30% fainter than it is today, the natural atmospheric greenhouse effect at that time
was powerful enough to maintain the Earth’s temperature sufficiently warm for life
to develop. This illustrates the delicateness of the issue, showing that understanding
the Sun’s influence is not easy and is bound to be open to controversies, especially
when the competing anthropogenic influences on the climate become so highly
sensitive issues as they touch on the industrial and political management of the
planet and of its resources!

Therefore, it should not be surprising that understanding the effect of solar vari-
ability on our climate is a recurrent topic. The issue is indeed complex and has to
be re-visited as we witness continuous progress in the acquisition of new and more
accurate data, in the modeling of the Earth’s atmosphere, and in a better under-
standing of how its different layers couple to each other down to the surface. This
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ISSI workshop had no other objective than re-assessing the most recent progress in
that crucial area of science and in refining our understanding of the natural causes
of climate variability.

2. A Controversial Issue

The Sun is variable on all time scales, ranging from seconds to billions of years.
S. Solanki, in this volume, discusses the solar variables of possible relevance for
influencing planetary climates. Five different solar or solar-modulated inputs might
have an effect on our climate: Total Solar Irradiance (TSI), which measures the
radiation integrated over all wavelengths, the Solar Spectral Irradiance or SSI,
which measures the distribution of this radiation throughout the electromagnetic
spectrum, galactic cosmic rays (GCRs), modulated by the Sun’s open magnetic
field, and particles ejected by the Sun, predominantly through the Solar wind and
the Coronal Mass Ejections (CME) and the Sun’s open and total magnetic flux.
The variability of these inputs is strongly modulated by the 11-year solar cycle, and
also over longer timescales that unfortunately extend back to periods of inexistent
observations or of poor data quality. Direct measurements of the manifestations
of solar variability are indeed very recent, essentially made by artificial satellites
and covering less than three decades, with the exception of sunspot records which
are unique for estimating the level of solar activity and go back 400 years before
present, providing an essential tool for the reconstruction of the Sun’s influences
in the past. Reconstructing past solar variability through proxy data is therefore an
essential part of the exercise and another issue open to controversy.

The TSI, representing an average energy input at the top of the Earth’s atmo-
sphere of 1365 W/m?, is by far the dominant input for all planets of the Solar
System. It has enough power to be able to influence the Earth’s and the Sea Surface
Temperature (SST). At the first ISSI workshop, Reid (2000) provided correlative
evidence between the annual mean globally averaged SST and the 11-year cycle
sunspot number. He did not reject the possibility of an effect of the 11-year cycle. He
also suggested that the climate might well be affected by the effect of spectral irradi-
ance on tropospheric circulation, because each layer of the atmosphere is differently
affected by spectral variability. Five years later, Kodera (2006) suggests that the
ocean is not radiatively heated, but that temperature variations are mainly due to the
variation of the heat flux between the atmosphere and the ocean. He also proposes
two possible processes in support of his conclusion. One involves changes in the
vertical propagation of planetary waves and the resultant tropospheric circulation
changes in the extra-tropics of the winter hemisphere. The other involves changes
in the global meridional circulation in the stratosphere and associated convective
activity changes in the tropics.

The effect of SSI variability on the thermosphere, the stratosphere and the tro-
posphere appears non-controversial, as shown in the present volume by Labitzke,
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Chanin and Rottman. In addition, solar proton events do have an effect on the chem-
ical composition of the upper atmosphere, especially on ozone and NO, as reported
here by Hauchecorne, Jackman, and Lépez-Puertas. More and still controversial
are the effects of cosmic rays, in particular on the formation of clouds, as discussed
by Lockwood in one of the following book chapters.

This interplay between solar inputs and the mechanisms coupling the different
layers of the Earth’s atmosphere is at the heart of the main controversies which
presently concern the community. This is put in striking contrast if we realize the
smallness of the amplitude of solar irradiance variability: a few tenths of a percent
for the TSI and, depending upon the wavelength range where it is considered,
from a few percents in the near ultraviolet to an order of magnitude in the extreme
ultraviolet for the SSI, which is still very small realizing that the total energy emitted
in the ultraviolet and extreme ultraviolet is only a few percents of the total. For more
than thirty years, solar physicists and climatologists have been arguing about the
effects of these tiny variations. Five years after the first ISSI workshop on that topic,
the issue is still present, but the situation has improved as more precise data and
more refined models are introduced in the analysis.

3. Measuring Solar Variability

Measuring solar variability is a recent undertaking directly associated with the
space era. Both G. Rottman for the measurement of the SSI and C. Frohlich for
that of the TSI, insist here that these two quantities can only be measured properly
from space. Only from above the Earth’s atmosphere can we have access to the
totality of the electromagnetic spectrum of the Sun and are we able to measure
solar variability independently of atmospheric perturbations such as turbulence,
diffusion, cloud coverage and emission of light by the atmosphere itself. In orbit,
the main remaining source of error and of uncertainty lies in the accurate knowledge
of the photometric properties of the instruments and of the detectors, properties
which cannot generally be directly accessed in space, which vary and degrade with
time, and for which precise calibration is essential to the value of the data.
Indeed, these two authors appropriately discuss the key importance of absolute
calibrations, an issue which is also directly relevant to a proper inter-comparison
of data acquired by different instruments placed under the responsibility of differ-
ent investigators, and to the continuity of the measurements. Frohlich strikingly
demonstrates the difficulties of placing a single set of measurements obtained with
the same instrument on the same relative scale due to variations of sensitivity in or-
bit, and the even greater difficulty to reconcile measurements made with different
instruments over long time periods. Hence, the need for proxy models as illus-
trated in Frohlich’s Figure 12 (Frohlich, 2006). The methods of inter-calibration
are complex, delicate and could even be subjective and prone to parochialism! In
this context, we should consider the PMOD composite as described by Frohlich, as
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Figure 1. TSI measurements as of 1984, derived from measurements by the SMM/ACRIM experi-
ment (Willson, 1985).

being the main observational reference for future work on the long-term variation
of the TSI and the SSI.

We reproduce above on Figure 1 what we knew of the variability of the TSI in the
mid 1980s. The comparison with Frohlich’s Figure 12 evidences the tremendous
progress accomplished over a fifth of a century in the radiometric measurements of
the Sun’s radiation, what was still called at that time the “Solar Constant”. Despite
such progress, even with the use of the most sophisticated and accurate techniques
available in the space era, complemented with the most modern laboratory and
ground based measurements, inaccuracies are still larger than the amplitude of the
phenomena themselves. We may therefore wonder whether it is still of importance
to continue monitoring solar variability with the accuracies reported in this vol-
ume, when the imprints of anthropogenic forcing is generally admitted to be much
stronger. We discuss this point in the conclusion below.

Even though we do not have a similar composite as the PMOD composite for
SSI variations, the excellent cooperation among the observers of solar radiation
in the UV and EXUYV leads to a trustworthy database on solar variability in that
spectral range. Here also, the most critical issues are the need for continuity and
inter-calibration. The longer the considered time span, the more reliable can we
consider the reconstructed composites and the established proxy-models. Never-
theless, even the best SSI data sets are difficult to reconcile on an absolute scale.
We should realize that the time constants that characterize the variability of the
Earth climate are measured in tens of years if not in centuries. The characteristic
time for relevant solar variability measurements can be set equal to one solar cycle,
i.e., 11 years. The longer the time base, the more accurate will be the reconstruc-
tion of the variability. Requiring the best accuracy will therefore span more than
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one generation of scientists. This is a very serious problem! How can we ensure
the permanence of these measurements, from space, over generations and even
centuries?

This sends a strong message to the space agencies but also to the scientific
community. It is not at all secured that there will always be a satellite in orbit with
the proper instrumentation to provide the required uninterrupted data sets with the
proper level of accuracy. Rottman gives the example of the 1980-1997 gap when
no measurements were available in the XUV/EUV range, making it more difficult
to correlate solar variability and its possible effects on Earth or to reconcile dis-
continuous measurements. Less secure even is the guarantee of permanence of the
required scientific and experimental expertise. Will the scientific instances be able
to attract, generate and form the talented experimenters that are needed to prop-
erly conduct these delicate measurements, bearing in mind that there is an intrinsic
risk associated with the use of satellites and space techniques which might act as
a dissuasive effect on the new generations? The need for continuous and routine
observations is not what such instances consider as convincing arguments when
comes the time of establishing priorities among the various disciplines of space
science. Because the needs are clearly associated to the evolution of anthropogenic
activities, these tasks should be considered of strategic relevance for the future
management of our planet.

An alternative solution might be to reconstruct solar variability in the longer
term through the use of more simple proxies, such as the solar magnetic field itself,
which can be measured from the ground, and the use of models such as SATIRE
as described by Solanki. This illustrates the crucial importance of such proxies
and of reconstructions of the Sun’s behavior, in view of ultimately forecasting the
evolution of the Earth’s climate.

4. Reconstructing Solar Variability

Of crucial importance in relation with the assessment of the effect of solar variabil-
ity on the climate, is the tracking of the variations of past climate through historical
records, together with the fluctuations of the Sun’s influences as they can be re-
constructed further back in time. Even though the accuracy of such reconstructions
worsens with time the further we go in the past, this exercise provides the most solid
basis on which to establish a clear relationship between climate and solar variability,
especially over periods of time when anthropogenic influences were not dominant.
The reconstruction of past climates and of past solar variability is addressed in this
volume by S. Solanki and J. Beer, while M. Lockwood and B. Heber discuss the
limits of the proxies and methods used in such processes.

According to Solanki, we are unable today to accurately track and forecast solar
variability, be it on the short time scale (less than a solar cycle) or on the longer
time scale. On the billions of years scale, we must rely on astrophysical models of
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the Sun’s interior and on the comparison of the Sun with Sun-like stars. The level
of accuracy of such modelizations is difficult to evaluate and bound to be uncertain.
This is not so important, however, because such time scales span far longer than
the few millions of years that characterize the evolution of human life on Earth and
far longer also than what can be considered as a reasonable time (100,000 years?)
for the survival of human life thereon.

On scales of millions of years, and certainly on shorter scales, intrinsic solar
variability through all its aspects can be associated with the variability of the solar
magnetic field and also, at the top of the Earth’s atmosphere, to the variations of the
Earth’s orbital parameter as evidenced by the historical work of M. Milankovitch.
The sunspot number as a proxy for evaluating the emergence of fresh magnetic field
is therefore of crucial importance. In spite of tremendous progress accomplished
in the recent past, in particular thanks to the ESA/NASA SOHO satellite, the de-
tailed way in which the field is generated by the solar dynamo inside the convection
zone, and how its energy is dissipated in the photosphere, the chromosphere and
the corona, remain still a subject of active research. For example, the observed
increase by more than a factor 2 of the open magnetic flux of the Sun as reported by
Lockwood et al. (1999) remains unexplained by solar physics. In a very simplified
model, only the upper layers of the Sun do contribute to the variability of relevance
to climate: the magnetic field is generated in the convection zone, the TSI is emit-
ted by the photospheric layers, the SSI and the energetic particles originate in the
chromosphere and the corona. Recently, Letellier and Maquet (2006) discuss the
generation of sunspots and the variation of solar activity from a purely mathemati-
cal point of view and conclude that they are of a chaotic nature. In order to better
forecast solar magnetic activity, it is therefore necessary to study the convective
zone where the field is generated, through the use of more precise helioseismology
data, in particular along the magnetic axis of the Sun, and of more refined models
of the dynamo. A real progress is reported here by Solanki, who is able to com-
pute the Sun’s magnetic field over time and to reproduce the measurements of the
open magnetic flux since 1974, as well as the magnetic flux as reconstructed by
Lockwood.

Establishment of a quantitative relationship between solar variability and solar
forcing requires that we use extended records of solar variability much further back
in time. Retracing solar variability of the past requires the use of different proxies
such as 1°Be, '*C and *°Cl cosmogenic isotopes which can be found in natural
archives such as ice cores. These isotopes are produced in the Earth’s atmosphere
by the interaction of galactic cosmic rays with nitrogen, oxygen and argon. Galactic
cosmic rays are modulated by the Sun’s “open” magnetic field as they cross through
the Heliosphere. This complex mechanism is well discussed in this volume by
J. Beer and also by B. Heber in a well documented paper based on data obtained
by the Ulysses, the two Voyagers and the Pioneer 10 spacecraft. They allow the
reconstruction of solar activity back to at least 10,000 years. Obviously, the accuracy
of that procedure decreases with time before present. According to Beer, for the time
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being, it doesn’t seem wise to assess solar variability beyond 12,000 years before
present. This time scale is certainly highly relevant for potential climatic effects
of solar variability, and in his Figure 7, Beer provides an impressive comparison
between the reconstructed solar modulation and the relative amount of ice rafted
debris found in the bottom of the North Atlantic Ocean, which is an indicator of
prevailing climate conditions.

This connection is also thoroughly discussed here by M. Lockwood with some
skepticism as to which physical processes might explain it, given in particular the
very small proportion of the “open” solar magnetic flux with respect to the total
photospheric flux. Nevertheless, he shows that the production rate of '°Be can
be used as a quantitative indicator of the TSI. Lockwood also addresses the very
controversial question of the direct influence of cosmic rays on the formation of
clouds, which has been the subject of intense critical debates after such a modulation
was first reported by a Danish group (Friis-Christensen and Svensmark, 1977). He
discusses the problem and possible mechanisms of cloud formation, as well as the
value of the data sets and their (too short) duration. He concludes that a direct effect
of cosmic rays may not be excluded, but that caution is necessary before definitely
confirming that connection. It is therefore important to continue the monitoring of
galactic cosmic rays and of the cloud coverage over short and long time periods.

5. Conclusion

It is clear from the contributions made to this volume that significant progress
has been made in the past years as more and better data and more refined models
become available. In particular, the identification of solar variability parameters of
relevance to the climate has improved, as well as the reconstruction of these in the
past.

Nevertheless, there is still considerable work left to improve the present situation.
The continuity in data gathering is essential in particular for the SSI and the TSI, at
least until we have been able to demonstrate that we can develop a reliable model
for reproducing precisely these parameters as they are presently observed and for
reconstructing their evolution in the past.

It is becoming every day more obvious that, given our present knowledge, solar
forcing alone is not able to explain the recent increase noted in the Earth’s surface
temperature, and that anthropogenic effects have an increasing importance in the
evolution of the temperature and most probably of the climate. We therefore might
question the necessity to continue monitoring solar variability.

It is important to realize that at some point in time, and in an optimistic scenario
based on political wisdom and vision, the kind of anthropogenic forcing we are
witnessing today might be curbed down sometime in the future. In order to be in
a position to assess this recovery effect, we will therefore need to be in possession
of the best possible evaluations of solar forcing. We might then be able to properly
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quantify this expected recovery trend and make sure that we have re-entered an
era of natural forcing. This is the reason why the most precise measurements of
solar variability over the longest possible time span will be needed. For that, the
availability of the required instrumentation, in particular in space, must be secured
as well as a qualified community of scientists and engineers responsible for their
development, their calibration and the reduction of their data.

Ultimately, it would be good to be able to predict solar variability. For that,
we need better models of the solar convective zone and of the dynamo in order to
forecast in a quantitative manner the level of solar activity. This is not for tomorrow,
but we must not relinquish our ambition that sometime in the future we might be
able to do that.

This progress needs to be constantly evaluated, and this might be done at a future
ISSI workshop five years from now.
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Abstract. The global variability of the Sun of relevance for planetary climates has been directly
measured for the past few decades. For longer stretches of time models are required. Semi-empirical
models can now accurately reproduce the measured records of solar total and spectral irradiance, as
well as of the magnetic flux. They can also provide reconstructions of these quantities on longer time
scales. Here a summary is given of some of the modelling efforts and of the results achieved so far.
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1. Introduction

Solar variability takes on different guises. Many of these correspond to local changes
on the Sun (e.g., the appearance of a sunspot group, or the brightening of a sys-
tem of coronal loops). Planetary atmospheres feel only global changes of the Sun.
The global solar variables of possible relevance for planetary climates include the
variable solar total radiative flux or total irradiance (i.e., the wavelength integrated
radiative flux measured above the Earth’s atmosphere), which determines the en-
ergy input into planetary atmospheres, the solar spectral irradiance, which affects
stratospheric chemistry, the Sun’s open and total magnetic flux (the open flux affects
cosmic ray flux and planetary magnetospheres) and solar particle flux, including
energetic particles (e.g., strength and speed of the solar wind around the ecliptic
plane, number and strength of coronal mass ejections). We can safely neglect the
direct influence on climate of the Sun’s particle flux, since it carries only 2 x 1076
of the energy transported by radiation. However, solar energetic particles may play
an indirect role in that they may to a certain extent affect proxies such as cosmo-
genic isotope concentrations used to reconstruct past solar activity. Note that the
Sun’s global variability is often driven by local processes and structures (e.g., flares
and other eruptive processes, convection cells, sunspots, faculae, chromospheric
network, coronal loops, coronal holes and streamers).

The Sun is variable at all time scales on which we can carry out measurements or
computations, ranging from seconds to billions of years. The variability at different
time scales, however, has different, often quite diverse causes. Thus, convection
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near the solar surface typically affects solar output on time scales shorter than
roughly a day, oscillations are known to influence solar irradiance on time scales of
minutes, while solar rotation introduces a period of 27-30 days as seen from Earth.
At the other extreme, solar evolution, driven by the gradual change in chemical
composition in the solar core, produces large, even drastic changes in the Sun’s
luminosity and radius at time scales of 10°~10'° years. Finally, the Sun’s magnetic
field itself changes on a broad range of time scales (the most prominent one being
the 11-year cycle) and in addition plays an often dominant role in producing changes
in other global quantities. These changes driven by the magnetic field range from
seconds (structure seen in radio bursts) to billions of years (evolution of the strength
of the Sun’s magnetic field and thus of magnetic activity).

In this overview we will concentrate on solar total and spectral irradiance varia-
tions. Measurements of these parameters with an accuracy that is sufficient to reli-
ably display their variations are restricted to the last few solar cycles (see Frohlich,
2006), which, although differing in some important aspects are relatively similar
to each other (compared to some earlier cycles that were often much weaker). In
order to obtain an estimate of the variation of the Sun on a longer time scale proxies
and models are needed, preferably in combination.

There are a number of proxies that have been used to trace solar irradiance or
some aspect thereof. These include sunspot number (available since 1610), facular
area (available between 1874 and 1976), Mg II core-to-wing ratio (available from
1978), the total magnetic flux (regularly available from 1974), the geomagnetic
aa-index (available from 1868), A'*C and '°Be concentration (partly available for
the whole Holocene). Models and the reconstructions of solar irradiance made
therefrom often rely on some such proxy, since it is not yet possible to compute
variations of the solar irradiance from first principles.

In the following we first consider reconstructions of irradiance over the last
few decades, i.e., the period over which irradiance measurements are available
(Sections 2 and 3). Then we discuss longer term reconstructions of irradiance
(Section 4) and solar activity (Section 5). Finally, in Section 6 a brief summary and
outlook is given.

2. Short-Term Total Solar Irradiance Variations

The measured total irradiance record (as put together in a composite (e.g., Willson
and Mordvinov, 2003; Frohlich, 2003, 2004; DeWitte et al., 2004) shows two
features that are striking. The first is the dips happening on time scales of a week or
two, the second is the solar cycle variation of roughly 0.1% (i.e., roughly 1.3 Wm2,
which converts into 0.24 Wm~2 averaged over the whole Earth).

The dips, some of which can be as deep as 3 Wm™~2, are due to the passage of
sunspot groups across the solar surface due to solar rotation. A group is visible for
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a maximum of roughly 14 days, but due to foreshortening and limb darkening (the
limb of the Sun is significantly darker than the centre of its disk) the dips typically
have a length of 7-10 days. As shown by Spruit (1982) the heat flux blocked
by sunspots does not reappear at the solar surface immediately, but is distributed
throughout the convection zone, reappearing on a time scale of around 103 years.
Therefore, a sunspot at the solar surface leads to a deficit in solar luminosity (i.e.,
the solar output integrated over all angles) for the period of time that the spot is
present. In spite of this, the Sun is brighter at activity maximum, i.e., at a time
when there are on average more sunspots on the solar surface. This seemingly
inconsistent behaviour is due to the presence of increased amounts of faculae, i.e.,
bright structures. Sunspots and faculae are both formed together when active regions
appear at the solar surface. In the early phases of an active region’s development, the
sunspots often dominate and lead to a darkening. However, the lifetime of sunspots
is shorter than of the surrounding faculae and the sunspots decay into faculae. Hence
active regions may be dark early in their life, but turn bright after some time (see
Ortiz et al., 2000 for an example).

This qualitative discussion can be tested using quantitative modelling. Different
models that aim to reproduce solar total irradiance have been developed (Foukal
and Lean, 1990; Chapman et al., 1996; Frohlich and Lean, 1997; Fontenla et al.,
1999, 2004; Fligge et al., 2000; Preminger et al., 2002; Ermolli et al., 2003; Krivova
et al., 2003; Jain and Hasan, 2004; Wenzler et al., 2004, 2005). Here we discuss
one such set of models in greater detail, the so called SATIRE models (Spectral
And Total Irradiance REconstruction). This model is based on the assumption that
it is the magnetic field at the solar surface which is responsible for all irradiance
variations on time-scales longer than roughly a day. The magnetic field lies at the
heart of both the dark (e.g., sunspots) and bright features (e.g., faculae in active
regions, and the network distributed over the whole Sun).

SATIRE models are semi-empirical. Spectra computed from model atmospheres
are used to describe the radiative influence of different components of the solar
atmosphere. These components are sunspot umbrae and penumbrae, faculae (in-
cluding the network) and the quiet Sun. The model atmospheres are constructed
using independent data (i.e., not the irradiance time series). Magnetograms and
continuum images measured daily are used to separate the solar atmosphere into its
components. Each pixel on the solar surface is then replaced by the corresponding
spectrum. After summing over all pixels, the Sun’s irradiance spectrum is obtained.
After further integration over all wavelengths the total solar irradiance is found. The
model has a single free parameter. A more detailed description of the model is given
by Fligge et al. (2000), while the model atmospheres used are described by Unruh
et al. (1999).

SATIRE gives a remarkably good correspondence (correlation coefficient of
around 0.96) with the irradiance measured by the VIRGO instrument (Frohlich
et al., 1995) flying on SOHO, irrespective of the source of the employed mag-
netograms (Krivova et al., 2003; Wenzler et al., 2004). On a longer time scale it
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still shows a good correspondence with the PMOD irradiance composite produced
by Frohlich, see Figures 1 and 2. In particular, there is no trend in the difference
between the measured total solar irradiance and that reconstructed by the SATIRE
model. This confirms firstly that the dominant part of the observed irradiance vari-
ations (on time scales of days to the solar cycle) are due to the surface magnetic
field (Krivova et al., 2003; Wenzler et al., 2005, 2006). It also confirms that there
is no trend of magnetic origin in the total solar irradiance since 1974 (Wenzler
et al., 2006). A putative trend, such as that proposed by Willson and Mordvinov
(2003) and DeWitte et al. (2004), must therefore be caused by some effect that is
independent of the magnetic field.

3. Short-Term Solar Spectral Irradiance Variations

Since SATIRE computes the spectrum at each point (pixel) on the solar surface,
it is straightforward to reconstruct the Sun’s irradiance spectrum. The results are
reasonable at wavelengths longwards of 200 nm, since the assumption of LTE un-
derlying the radiative transfer used for computing the model spectra breaks down at
shorter wavelengths and more sophisticated techniques have to be used (Fontenla
et al., 1999, 2004; Haberreiter et al., 2005). A comparison with SUSIM data in the
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Figure 1. Total solar irradiance: composite of measurements of Frohlich (solid lines) and recon-
structed using SATIRE (dots). Top panel: Irradiance from 1974 to 2003. Bottom 4 panels: Shorter
periods chosen at random, displaying more clearly the comparison between measured and modelled
irradiance (from Wenzler et al., 2006).
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Figure 2. Difference between measured and modelled total solar irradiance. The three panels show
the difference obtained for the three composites made by Frohlich (2004) (top panel), by Willson
and Mordvinov (2003) (middle panel), and by DeWitte et al. (2004) (bottom panel). The modelled
irradiance is the output of the SATIRE models (from Wenzler et al., 2006).

220-240 nm band is shown in Figure 3 for the rising phase of solar cycle 23. We
stress that the same value of SATIRE’s free parameter is used as for the reconstruc-
tion of the total irradiance for the same period of time. Although the agreement
is not perfect (in particular, the reconstructed spectral irradiance is too low during
the winter of 2000/2001), it is nevertheless quite satisfactory, giving a correla-
tion coefficient R. = 0.97. Krivova and Solanki (2005) have found a method to
empirically extend the model spectrum to wavelengths as short as Ly-«. This al-
lows a more secure estimate of the contribution of the ultraviolet wavelength range
(A < 400 nm) to total irradiance variations to be made. The main uncertainty results
from the wavelength range between 300 and 400 nm, where the SUSIM data are
not sufficiently accurate to give reliable estimates of the small irradiance changes.
The result is that around 60% of the total irradiance change between solar activity
minimum and maximum is produced in the UV part of the spectrum, i.e., shortward
of 400 nm, although only 8% of the radiation is emitted at these wavelengths. This
result suggests that more attention should be paid to the influence of the Sun’s
varying UV radiation on the Earth’s atmosphere (see Haigh and Blackburn, 2006;
Schmidt and Brasseur, 2006).

4. Longer-Term Solar Variations
Once it has been shown that the surface magnetic field is responsible for solar

irradiance variations via its manifestations such as sunspots and faculae, the recon-
struction of solar irradiance on longer time scales requires the computation of the
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Figure 3. Comparison of solar spectral irradiance in the 220-240 nm band measured by the SUSIM
instrument on UARS (solid line) with the SATIRE reconstruction (stars).

Sun’s magnetic field for the same time scale. When doing this it can be useful to
distinguish between cyclic variations, which can often be well described by proxies,
and secular variations, which are more tricky to estimate.

The cyclic variations since 1700 have been computed with varying degrees of
sophistication by Lean et al. (1995); Solanki and Fligge (1999), and others. The
quality of the reconstructions is quite reasonable since 1874, but is increasingly
lower at earlier times due to the lack of appropriate data (e.g., at earlier times the
sunspot number records either are only available in monthly or yearly bins, or have
large gaps in them). The change in cycle-averaged irradiance since the Maunder
minimum due to the cyclic component is estimated to be 0.6 Wm™2.

A potentially much larger effect can be produced by a secular trend in the
Sun’s irradiance. Evidence for such a trend originally came from Sun-like stars.
Baliunas and Jastrow (1990) showed a double-peaked histogram of the number
of field stars as a function of calcium emission (a commonly used measure of a
star’s magnetic activity). The peak at higher stellar activity was interpreted to be
produced by cycling stars, while the lower peak was deemed to be populated by
stars in a non-cycling, Maunder-minimum-like state. The present-day Sun displays
Ca emission at levels corresponding to the higher-activity peak even during solar
activity minimum. This was interpreted by Lean et al. (1992, 1995) to imply that
the Sun was approximately 2.6 Wm~2 less bright during the Maunder minimum
than averaged over recent solar cycles.

This result has recently been questioned. Newer observations display a single-
peaked distribution of activity, with non-cycling stars intermixed with stars exhibit-
ing a cyclic behaviour of their magnetic activity (e.g., Wright, 2004; Giampapa,
2005; Hall and Lockwood, 2004). One clue to the possible cause of the discrepancy
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between these recent results and the older ones lies in the fact that observations of
stars of the same age in the old open cluster M67 support the more recent obser-
vations of dwarf field stars. Thus, the older results of Baliunas and Jastrow (1990)
may have been a result of an inappropriate inclusion of stars of too broad a range
in ages into the diagram. In summary, stellar observations no longer provide any
solid evidence for secularly changing solar activity and hence also not of a secular
trend in irradiance.

New evidence for secular variations has emerged from another source, however.
The interplanetary magnetic field, reconstructed by Lockwood et al. (1999) from
the geomagnetic aa-index, exhibits a doubling over the last century, besides the
normal 11-year cycle similar to that shown by sunspot number. Observations by
the Ulysses spacecraft have revealed that the interplanetary field is very closely
related to the Sun’s open magnetic flux. The open flux is composed of magnetic
field lines that are carried out by the solar wind into interplanetary space (closed
field lines, by contrast, form loops with heights below a few solar radii). Since
1964 the reconstructed open flux agrees well with direct measurements made by
spacecraft. The open magnetic flux of the Sun is responsible for the modulation
of cosmic ray flux and hence of the production rate of cosmogenic isotopes. For
the reconstruction of solar irradiance, the total magnetic flux is the basic quantity.
The open flux directly contributes only a few percent to the total flux. Nonetheless,
the open flux reconstruction by Lockwood et al. (1999) is an important time series
also for irradiance reconstructions, since it runs considerably longer than the time

series of total flux (which goes back only to the 1970s).
The mechanism proposed to explain the secular change in the Sun’s magnetic

field is based on the overlap of the magnetic flux between consecutive activity
cycles (Solanki et al., 2000, 2002). An overlap implies that the flux does not drop
to zero at activity minimum (as is observed: even at activity minimum, the Sun is
still covered by a network of magnetic field). An overlap can be produced either by
the emergence of fresh flux belonging to the new cycle, while the old cycle is still
in progress, or by the extended lifetime of some of the flux on the solar surface, so
that flux that emerged during the old cycle is still present when the new cycle starts.

The basic recipe for computing the Sun’s magnetic field over time is to use the
sunspot number as a proxy for the emergence of fresh magnetic flux in active regions
(since sunspots appear early in the life of an active region and decay relatively fast
they are a reasonable proxy of freshly emerged flux). In addition to active regions,
emergence of magnetic flux in smaller ephemeral regions is also considered. In a
coarse model the overlap between consecutive cycles is achieved in two different
ways. Firstly, the open flux is assigned a long lifetime. This applies mainly to the
open flux that is built up at the poles of the Sun during solar activity minimum. Since
the flux there is mainly unipolar, it decays slowly and is still present when the new
cycle is already in full swing. Secondly, the ephemeral regions also introduce an
overlap since they start to emerge earlier than the active regions, while the previous
cycle is still running strong (ephemeral regions can be assigned to a particular
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cycle through the latitude of their emergence and, to a lesser extent, by Hale’s
polarity law). The first form of overlap mainly affects the Sun’s open flux, but does
not significantly influence the total flux, since the open flux is only a very minor
constituent of the total magnetic flux.

Such a model not only reproduces the open magnetic flux reconstructed by
Lockwood et al. (1999; see Figure 4), but also the measurements of total magnetic
flux since 1974 (Harvey, 1994; c.f. Arge et al., 2002; Figure 5), if the result of
Krivova and Solanki (2004) is taken into account that in typical synoptic charts
(such as those constructed from Kitt Peak magnetograms) around a factor of 2-3
of the magnetic flux in the quiet network is likely to be missed due to cancellation
within a typical spatial resolution element.

Once the magnetic flux has been determined, then the time series of measured
sunspot areas (or sunspot number) is employed to determine the magnetic flux in
sunspots and hence darkening they produce. The remainder of the magnetic field
is used to compute the brightening due to faculae. The reconstructed irradiance
is compared with the PMOD composite of measurements and found to reproduce
them simultaneously with the other data sets shown in Figures 4 and 5 (although the
irradiance is reproduced with slightly lower accuracy than the reconstructions based
on the magnetograms). The time series of the total solar irradiance reconstructed
since the Maunder minimum is plotted in Figure 6. Various things can be seen
from that figure. Firstly, the quality of the reconstruction is lower at earlier times.
This has to do with the fact that the quality of the data decreases at earlier times
(e.g., there are more data gaps). Secondly, a small, but significant secular increase
of the irradiance since the Maunder minimum is found. Compared to the Maunder
minimum the recent cycle-averaged total irradiance is 1.3 Wm™2 higher in this
model (Balmaceda et al., 2006, manuscript in preparation). Other models (Foster,
2004; Lockwood, 2005; Wang et al., 2005) give irradiance rises ranging between
0.9 Wm~2 and 2.2 Wm™2,
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Figure 4. The open magnetic flux of the Sun computed by a coarse model (solid curve) compared to
(a) the reconstruction by Lockwood et al. (1999) (dashed curve), and (b) the 10Be concentration in
Greenland ice (Dye-3; Beer ef al., 1990) (dotted curve). Note the inverted scale for 10Be.
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In addition to the processes described above, non-magnetic mechanisms are
also conceivable for producing a secular change in solar irradiance. However, no
concrete mechanism has so far been worked out in any detail and therefore it is
not possible to judge how strong a secular change due to putative non-magnetic

mechanisms might be.
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5. Solar Variability Over Millenia

On an even longer time scale no direct measurements of solar variability are avail-
able (individual naked-eye observations of sunspots are far too incomplete to give
a reliable picture of solar activity). Therefore, indirect proxies must be used, such
as the cosmogenic isotopes '°Be and '*C, which are produced when high-energy
cosmic rays enter the Earth’s atmosphere and react with nitrogen and other atoms.
Since the intensity of cosmic rays reaching Earth varies with solar activity (more
particles make it through to 1 AU from the interstellar medium when the Sun’s
activity is lower, i.e., when the Sun’s open flux is weaker). It is possible, from a
measurement of the production rate of cosmogenic isotopes in terrestrial archives to
reconstruct the solar modulation parameter, a parameter describing the influence of
the Sun’s magnetic activity on the cosmic ray flux and from that the strength of the
Sun’s open magnetic flux. This then allows the sunspot number to be reconstructed
(Stuiver and Quay, 1980; Usoskin et al., 2002). Only cycle averaged sunspot num-
bers can be reconstructed with any accuracy. The reconstructed sunspot numbers
agree relatively well with the group sunspot numbers for the period that they overlap
(Usoskin et al., 2003, 2004; Solanki et al., 2004).

The most surprising result obtained from these reconstructions is that the Sun
is currently in a state of unusually high magnetic activity. The Sun spent only
around 3% of the time in the last 11,400 years at a similar level of activity as in
the last 60 odd years (see also the error bars; Figure 7). It appears likely that, given
the statistics of previous periods of high activity seen in the reconstructed sunspot
number, cycle averaged solar activity will decrease significantly within the next
50-100 years. More details on the Sun’s behaviour on time scales of centuries to
millenia are given by Beer (2006).

6. Summary and Outlook

The state of our quantitative knowledge and understanding of solar variability of
importance for climate has made significant progress in past years. We can now re-
produce observed solar total and spectral irradiance variations with high accuracy,
have found a process that can explain a secular change in the solar magnetic field
and thus in such quantities as cosmic ray flux and solar irradiance, and have im-
proved methods of reconstructing specific parameters of solar activity throughout
the Holocene.

In spite of this progress there is still considerable left work to be done. In the
near term, reliable reconstructions of spectral irradiance need to be made for periods
extending beyond the time for which direct measurements are available. Fligge and
Solanki (2000) carried out a first such reconstruction, but it can be improved upon.
A reconstruction of the solar (total and spectral) irradiance over the whole Holocene
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Figure 7. Upper panel: Cycle-averaged sunspot number reconstructed from '“C over the last 11,400
years, combined with the Group Sunspot Number since 1610. Lower panel: Blow-up of the hatched
region in the upper panel (adapted from Solanki et al., 2004).

should also be possible with the help of the new sunspot number reconstructions.
However, given the low temporal resolution of the data, this will be more tricky. The
removal of the last remaining free parameter in the reconstructions of the observed
irradiance record is needed and will hopefully soon be achievable. Finally, we do not
have the capability to reliably predict solar irradiance. Here much work is needed
and it is not likely that any quick successes will be achieved.
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Abstract. The Sun’s electromagnetic radiation powers our solar system. In the case of the Earth it
heats the lands and ocean, maintains our atmosphere, generates clouds, and cycles water. For other
planets and minor bodies, similar and appropriate physical processes occur, also powered by the Sun.
The Sun varies on all time scales and a precise knowledge of the Sun’s irradiance and its variation is
essential to our understanding of environments and physical conditions throughout our solar system.
Measurements of solar irradiance and its variation can only be made from space, and almost thirty
years of observation have now established that the total solar irradiance (TSI) varies by only 0.1 to
0.3%, while certain portions of the solar spectrum, the ultraviolet for example, vary by orders of
magnitude more. This paper provides an overview of TSI observations and of spectral irradiance
observations from the ultraviolet to the near infrared.

Keywords: solar irradiance, solar activity cycle, climate variability, atmospheric photochemistry,
instruments and techniques

1. Introduction

Solar radiation is the dominant energy input to the Earth system. Globally averaged
approximately 20% of this radiation is absorbed in the atmosphere, and establishes
its temperature, composition, and structure (Kiehl and Trenberth, 1997). Another
30% is scattered and reflected back to space while the remaining 50% is absorbed
at the surface where it warms the land and ocean and sustains life. A delicate
balance is established between incoming solar radiation, the Earth’s albedo (fraction
of radiation reflected back to space), and outgoing long-wave infrared radiation
emitted from the surface and warm atmosphere as altered by greenhouse gasses.
Changes in solar irradiance will have both direct and indirect effects on the Earth
climate system, and implications of a solar role are evident in most climate records
(Lean et al., 2005).

The integral of all electromagnetic radiation incident at the top of the Earth’s
atmosphere is referred to as the total solar irradiance or TSI and has a value of
approximately 1365 W/m?. The TSI is predominantly made up of visible and in-
frared radiation, but with small amounts of energetic ultraviolet and X-rays at short
wavelengths, and microwaves and radio waves at long wavelengths. Sufficiently
accurate observations of TSI only became possible after access to space, and the
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resulting thirty-year record shows a range of variability not exceeding a few tenths
of one percent (Willson and Hudson, 1991). Based solely on radiative balance con-
sideration the direct effect on the Earth’s global temperature from such a small solar
variation would be a change of only a fraction of a Kelvin.

Does the very small variation of TSI imply that the Sun has little influence on
climate change? Likely not, for in parallel with early TSI observations, rockets and
satellites were also making observations of the very energetic radiation from the Sun
(Friedman, 1961). This ultraviolet and X-ray radiation exhibits a much larger range
of variation — factors of two to ten, and even more. The small variation observed in
TSI is easily reconciled with the highly variable short-wave radiation because the
X-rays and ultraviolet (UV) make up less than 1% of the total. Because of the strong
atmospheric absorption these more energetic photons do not have access to the Earth
surface and lower atmosphere; and therefore, they do not have a direct effect on
global surface temperature. However, they do have very important influence on
the composition, temperature, and dynamics of the Earth’s atmosphere, which in
turn may couple to the lower atmosphere and have important indirect influence
on local and global climate (Haigh, 2001; Rind, 2002). Such indirect effects are
complicated and will eventually be understood through models that accurately
portray the complex and interrelated processes occurring throughout the Earth’s
atmosphere.

2. Measurement of Solar Irradiance

Understanding the Sun’s radiation and its possible variability has historically been
deemed of great importance and has resulted in the prompt application of each
new optical device and technique to study the Sun’s irradiance. Until there was
access to space this research endeavor was limited to ground observations. Figure 1
compares the solar spectral irradiance as observed at the ground, with the actual
irradiance incident at the top of the atmosphere. The two spectra illustrate quite
clearly that the atmosphere absorbs and scatters the radiation in a very wavelength
dependent manner. The strong absorption bands in the infrared are d