SOLAR INFLUENCES ON CLIMATE
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[1] Understanding the influence of solar variability on the
Earth’s climate requires knowledge of solar variability,
solar-terrestrial interactions, and the mechanisms determin-
ing the response of the Earth’s climate system. We provide
a summary of our current understanding in each of these
three areas. Observations and mechanisms for the Sun’s var-
iability are described, including solar irradiance variations
on both decadal and centennial time scales and their relation
to galactic cosmic rays. Corresponding observations of var-
iations of the Earth’s climate on associated time scales are

described, including variations in ozone, temperatures,
winds, clouds, precipitation, and regional modes of variabil-
ity such as the monsoons and the North Atlantic Oscillation.
A discussion of the available solar and climate proxies is
provided. Mechanisms proposed to explain these climate
observations are described, including the effects of varia-
tions in solar irradiance and of charged particles. Finally,
the contributions of solar variations to recent observations
of global climate change are discussed.

Citation: Gray, L. J., et al. (2010), Solar influences on climate, Rev. Geophys., 48, RG4001, doi:10.1029/2009RG000282.

1. INTRODUCTION

[2] The Sun is the source of energy for the Earth’s climate
system, and observations show it to be a variable star. The
term “solar variability” is used to describe a number of
different processes occurring mostly in the Sun’s convection
zone, surface (photosphere), and atmosphere. A full under-
standing of the influence of solar variability on the Earth’s
climate requires knowledge of (1) the short- and long-term
solar variability, (2) solar-terrestrial interactions, and (3) the
mechanisms determining the response of the Earth’s climate
system to these interactions [Rind, 2002]. There have been
substantial increases in our knowledge of each of these areas
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in recent years and renewed interest because of the impor-
tance of understanding and characterizing natural variability
and its contribution to the observed climate change [ World
Meteorological Organization, 2007; Intergovernmental
Panel on Climate Change (IPCC), 2007]. Correct attribu-
tion of past changes is key to the prediction of future change.

[3] Herschel [1801] was the first to speculate that the
Sun’s variations may play a role in the variability of the
Earth’s climate. This has been followed by a great number
of papers that presented evidence [see, e.g., Herman and
Goldberg, 1978; National Research Council (NRC), 1994;
Hoyt and Schatten, 1997, and references therein], although
many of the early investigations have been criticized on
statistical grounds [Pittock, 1978]. Notwithstanding issues
of statistical significance, many of these solar-climate
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associations also seemed highly improbable simply on the
basis of quantitative energetic considerations. On average
the Earth absorbs solar energy at the rate of (1 — 4)I1s/4,
where A is the Earth’s albedo and I1g is the total solar
irradiance (TSI), i.e., the total electromagnetic power per
unit area of cross section arriving at the mean distance of
Earth from the Sun (149,597,890 km). The factor of 4 arises
since the Earth intercepts mR%Iyg solar energy per unit time
(where Rg is a mean Earth radius), but this is averaged over
the surface area of the Earth sphere, 47R%. TSI monitors
show a clear 11 year solar cycle (SC) variation between
sunspot minimum (S,;,) and sunspot maximum (Sy,.) of
about 1 W m™? [Frohlich, 2006]. Taking Its = 1366 W m >
and 4 = 0.3, the solar power available to the Earth system is
(1 — A)yg/4 =239 W m > with an 11 year SC variation of
~0.17 W m 2, or ~0.07%, a very small percentage of the
total. Of greater importance to climate change issues are
longer-term drifts in this radiative forcing. Recent estimates
suggest a radiative forcing drift over the past 30 years
associated with solar irradiance changes of 0.017 W m >
decade ™' (see section 2). In comparison, the current rate of
increase in trace greenhouse gas radiative forcing is about
0.30 W m 2 decade ' [Hofinann et al., 2008].

[4] We can estimate the impact at the surface of the
11 year SC variation in total solar radiation at the top of the
atmosphere using the climate sensitivity parameter A. This is
defined by ATs= AAF, where AF is the change in forcing
at the top of the atmosphere (in this case ~0.17 W m %) and
Ts is the globally averaged surface temperature. Using a
value of 0.5 K (W m ?)! for A [[PCC, 2007], we would
expect the Earth’s global temperature to vary by a mere
0.07 K. However, observations indicate, at least regionally,
larger solar-induced climate variations than would be
expected from this simple calculation, suggesting that more
complicated mechanisms are required to explain them.

[s] Figure 1b shows a time series of sunspot number for
the last three solar cycles, together with various other
indicators of solar variation and a composite of satellite
measurements of TSI. Sunspots appear as dark spots on the
surface of the Sun and have temperatures as low as ~4200 K
(in the central umbra) and ~5700 K (in the surrounding
penumbra), compared to ~6050 K for the surrounding quiet
photosphere. Sunspots typically last between several days
and several weeks. They are regions with magnetic strengths
thousands of times stronger than the Earth’s magnetic field.
Figure 1c shows a commonly used indicator of solar
activity, the flux of 10.7 cm radio emissions from the Sun
(F10.7), which is highly correlated with the number of sun-
spots. This also correlates very highly with the core-wing
ratio of the Mg ii line (Figure 1d), which is often taken as an
index of solar UV variability. Additional indices include the
open solar magnetic flux, Fs (Figure le), dragged out of the
Sun because it is “frozen” into the solar wind; the galactic
cosmic ray (GCR) count (Figure 1f); satellite-measured
irradiance (Figure 1g); and the geomagnetic Ap index
(Figure 1h). The flux of neutrons generated in the Earth’s
atmosphere by galactic cosmic rays (Figure 1f) is reduced
by the cosmic ray effect of Fig and therefore varies in the
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opposite sense to the other indices. Despite the dark
obscuring effect of sunspots, comparison of Figures 1b and
1g shows that the TSI (and its components, including the
UV) is a maximum around the time when the number of
sunspots is at its maximum. This is because the number of
compensating smaller, much more numerous, brighter
regions, called faculae, also peaks around sunspot maxi-
mum. These are less readily visible than sunspots because
they are smaller, but they have a high surface temperature of
~6200 K near the edge of the solar disk (where they are
brightest).

[6] Going back farther in time, various other proxy solar
information is available [Beer et al., 2006], as shown in
Figure 2. The aa index is a measure of geomagnetic dis-
turbance. It correlates well with both the neutron count rate
and the irradiance and also shows good correspondence with
the incidence of aurorae, as recorded by observers at middle
magnetic latitudes [Pulkkinen et al., 2001]. Higher solar
irradiance, lower cosmic ray fluxes, greater geomagnetic
activity, and higher incidence of lower-latitude aurorae all
occur when solar activity is greater. Cosmogenic isotopes
such as 'Be are spallation products of GCRs impacting on
atmospheric oxygen, nitrogen, and argon. The time series of
'9Be abundance stored in reservoirs such as ice sheets and
ocean sediments and of '“C from tree trunks show the
11 year cycle of the sunspot number. This makes sense
physically since high sunspot numbers correspond to a
strong solar magnetic field, which is the source of the field
in the heliosphere that (by virtue of both its strength and its
structure) shields the Earth from GCRs. However, geo-
magnetic activity, low-latitude aurorae, and cosmogenic
isotopes all show additional variations that are not reflected
by sunspot numbers. The reason for this is that at all minima
of the solar cycle the sunspot number R returns close to zero,
but the other indicators show that this does not mean the Sun
returns to the same base level condition. As a result, there
are drifts in solar activity on time scales of decades to
centuries that, although reflected in the sunspot numbers at
maxima of the solar cycle, are hardly seen in S,,;, sunspot
numbers.

[7] These relationships have three important implications
for Sun-climate relationships. One is that proxies for solar
irradiance can be used to look for Sun-climate relationships
in the period before direct observations of solar irradiance.
Second, if we can get a good enough understanding of how
the Sun’s magnetic activity is related to solar irradiance, we
can reconstruct the historical variations of the solar irradi-
ance with confidence. Third, as we gain an increasing ability
to simulate and predict solar magnetic behavior, we may
gain an increasing ability to predict solar irradiance behavior
and its effects on the Earth’s climate. These reconstructions
of solar variability are discussed in more detail in section 2.

[8] A great number of papers have reported correlations
between solar variability and climate parameters. One rela-
tively early association was presented by Eddy [1976], who
examined historical evidence of weather conditions in
Europe back to the Middle Ages, including the severity of
winters in London and Paris, and suggested that during
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Figure 1. (a) Images of the Sun at sunspot minimum and sunspot maximum. Observed variations of
(b) the sunspot number R (a dimensionless weighted mean from a global network of solar observatories,
given by R = 10N + n, where N is the number of sunspot groups on the visible solar disk and # is the
number of individual sunspots); (c) the 10.7 cm solar radio flux, Fyo, (in W m > Hz ', measured at
Ottawa, Canada); (d) the Mg ii line (280 nm) core-to-wing ratio (a measure of the amplitude of the chro-
mospheric Mg II ion emission, which on time scales up to the solar cycle length has been found to be
correlated with solar UV irradiance at 150—400 nm); (e) the open solar flux Fg derived from the observed
radial component of interplanetary field near Earth; (f) the GCR counts per minute recorded by the neu-
tron monitor at McMurdo, Antarctica; (g) the PMOD composite of TSI observations; and (h) the geomag-
netic Ap index. All data are monthly means except the light blue line in Figure 1g, which shows daily TSI
values. (Updated from Lockwood and Fréhlich [2007].)

times of few or no sunspots, e.g., during the Maunder
Minimum (~1645-1715), the Sun’s radiative output was
reduced, leading to a colder climate. Although many of the
early reported relationships between solar variability and
climate have been questioned on statistical grounds, some
correlations have been found to be more robust, and the
addition of more years of data has confirmed their signifi-
cance. In what was the start of a series of classic papers,
Labitzke [1987] and Labitzke and van Loon [1988] sug-

gested that while a direct influence of solar activity on
temperatures in the stratosphere (~10-50 km) was hard to
see, an influence became apparent when the winters were
grouped according to the phase of the quasi-biennial oscil-
lation (QBO). The QBO is an approximately 2 year oscil-
lation of easterly and westerly zonal winds in the equatorial
lower stratosphere [Baldwin et al., 2001; Gray, 2010].
Labitzke’s initial study used data for the period 1958-1986.
It is very convincing that this relationship still continues to
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Figure 2. (a) Total solar irradiance (W m2); (b) galactic
cosmic ray neutron count (counts per minute) as seen at
Climax, Colorado; (¢) aa index (nT); (d) incidence of low-
latitude aurorae (number per year); (e) sunspot number;
and (f) '°Be concentrations (10* g ') as functions of time
(reprinted from Beer et al. [2006] with kind permission of
Springer Science and Business Media). Note that the scales
for neutron flux and '°Be have been inverted.

hold for the extended period 1942-2008 (i.e., with the
addition of data from a further four solar cycles). Many
other relationships between proxies for solar activity and
climate have been noted, including variations in ozone,
temperatures, winds, clouds, precipitation, and modes of
variability such as the monsoons and the North Atlantic
Oscillation (NAO). More details of these are provided in
section 3.

[9] Mechanisms proposed to explain the climate response
to very small solar variations can be grouped broadly into
two categories. The first involves a response to variations in
solar irradiance. Figure 3 (top) shows the spectral irradiance,
1, which is the power arriving at the Earth per unit area, per
unit wavelength. TSI is the integral of / over all wavelengths
contributing significant power. Almost all of the incoming
irradiance at the top of the Earth’s atmosphere (black line) is
in the ultraviolet, visible, and infrared regions, and approxi-
mately half of this radiation penetrates the atmosphere and is
absorbed at the surface (blue line). Variations in the direct
absorption of TSI by oceans are likely to be significant
because of the large oceanic heat capacity, which can
therefore “integrate” long-term, small variations in heat
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input. Additionally, some of the radiation is absorbed in the
atmosphere, primarily by tropospheric water vapor in sev-
eral wavelength bands and by stratospheric ozone in the UV
region, which gives rise to the sharp drop in the blue curve
near 300 nm.

[10] Although the UV absorption composes only a small
proportion of the total incoming solar energy, it has a rel-
atively large 11 year SC variation, as shown in Figure 3
(bottom). Variations of up to 6% are present near 200 nm
where oxygen dissociation and ozone production occur and
up to 4% in the region 240-320 nm where absorption by
stratospheric ozone is prevalent. This compares with varia-
tions of only ~0.07% in TSI (see earlier discussion).
Figure 3 also shows the approximate height in the atmo-
sphere at which these wavelengths are absorbed. At very
short wavelengths (~100 nm) the variations are ~100% and
impact temperatures very high in the atmosphere. For
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Figure 3. (top) Spectrum of solar irradiance, /, compared
with that of a 5770 K blackbody radiator [after Lean,
1991]. The blue dotted line shows the spectrum of radia-
tion reaching the surface of the Earth. (middle) Indicator of
altitude of penetration of shortwave solar radiation for three
different smoothed optical depths. (bottom) Spectral vari-
ability of the irradiance, defined as the difference between
the S« and Sy,;, values, as a ratio of the S,,;, value, based
on the last two solar cycles. The horizontal dashed line gives
the corresponding value for the total solar irradiance, Irg,
i.e., the integral over all wavelengths.
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example, the Earth’s exosphere (~500—1000 km above the
Earth’s surface) has 11 year SC variations of ~1000 K.
However, we concentrate in this review on describing
observations and mechanisms that involve the atmosphere
below 100 km because at present there is little evidence to
suggest a downward influence on climate from regions
above this. Transfer mechanisms from the overlying ther-
mosphere have been proposed, such as through wave
propagation feedbacks suggested by Arnold and Robinson
[2000]. However, there is little observational evidence for
any significant influence, although this cannot be ruled out.

[11] At stratospheric heights Figure 3 shows a variation of
~6% at UV wavelengths over the SC. This region of the
atmosphere has the potential to affect the troposphere
immediately below it and hence the surface climate. Esti-
mated stratospheric temperature changes associated with the
11 year SC show a signal of ~2 K over the equatorial
stratopause (~50 km) with a secondary maximum in the
lower stratosphere (20-25 km [see, e.g., Frame and Gray,
2010]). The direct effect of irradiance variations is ampli-
fied by an important feedback mechanism involving ozone
production, which is an additional source of heating [Haigh,
1994; see also Gray et al., 2009]. The origins of the lower
stratospheric maximum and the observed signal that pene-
trates deep into the troposphere at midlatitudes are less well
understood and require feedback/transfer mechanisms both
within the stratosphere and between the stratosphere and
underlying troposphere, further details of which are pro-
vided in section 4.

[12] The second mechanism category involves energetic
particles, including solar energetic particle (SEP) events and
GCRs. Low-energy (thermal) solar wind particles modulate
the thermosphere above 100 km via both particle precipi-
tation and induced ionospheric currents. Whereas it is longer-
wavelength (lower-energy) photons that deposit their energy
in the upper atmospheric layers, it is the more energetic
particle precipitations that penetrate to lower altitudes. SEPs
are generated at the shock fronts ahead of major solar
magnetic eruptions and penetrate the Earth’s geomagnetic
field over the poles where they enter the thermosphere,
mesosphere, and, on rare occasions, the stratosphere. A
large fraction of SEP ions are protons (so events are also
referred to as “solar proton events” (SPEs)), but they are
accompanied by a wide spectrum of heavier ions [e.g.,
Reames, 1999]. All cause ionization, dissociation, and the
production of odd hydrogen and odd nitrogen species that
can catalytically destroy ozone [e.g., Solomon et al., 1982;
Jackman et al., 2008].

[13] The idea that cosmic ray changes could directly
influence the weather originated with Ney [1959]. Although
admitting to some skepticism, Dickinson [1975] considered
that modulation of GCR fluxes into the atmosphere by solar
activity might affect cloudiness and hence might be a viable
Sun-climate mechanism. For instance, during S;,, the GCR
flux is enhanced, increasing atmospheric ion production.
Dickinson discussed ion-induced formation of sulphate
aerosol (which can act as efficient cloud condensation nuclei
(CCN)) as a possible route by which the atmospheric ion
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changes could influence cloudiness. A further GCR-cloud
link has been proposed through the global atmospheric
electric circuit [e.g., Tinsley, 2000]. The global circuit cau-
ses a vertical current density in fair (nonthunderstorm)
weather, flowing between the ionosphere and the surface.
This fair weather current density passes through stratiform
clouds causing local droplet and aerosol charging at their
upper and lower boundaries. Charging modifies the cloud
microphysics, and hence, as the current density is modulated
by cosmic ray ion production, the global circuit provides a
possible link between solar variability and clouds.

[14] While the testing of solar influence on climate via
changes in solar irradiance is relatively well advanced, the
GCR cloud mechanisms have only just begun to be quan-
tified. The connection between GCRs and CCN (the “ion-
aerosol clear air” mechanism) has recently been tested in a
climate model that calculates aerosol microphysics in
response to GCR [Pierce and Adams, 2009]. They find that
GCR-induced changes in CCN are 2 orders of magnitude
too small to account for observed changes in cloud prop-
erties. Quite apart from the sign or amplitude of the GCR-
cloud effects, the sign of the net effect on climate would also
depend on the altitude of the cloud affected. For enhanced
low-altitude cloud the dominant effect would be reflection
of incoming shortwave solar radiation (a cooling effect). For
enhanced high-altitude cloud, the dominant effect would be
the trapping of reradiated, outgoing longwave radiation (a
warming effect). Thus, if GCRs act to enhance low-altitude
cloud, the enhanced fluxes would lead to cooler surface
temperatures during S;,;, and enhanced surface temperatures
during S;.«. This temperature change therefore has the same
sense as that which would arise from a direct modulation by
TSI. Solar modulation of climate by any of the proposed
mechanisms described above may result in associated
changes in cloudiness, so that any observational evidence
linking solar changes with cloud changes does not uniquely
argue for a solar effect through cosmic rays [Udelhofen and
Cess, 2001]. The current status of research into the various
mechanisms is described in more detail in section 4.

[15] In the context of assessing the contribution of solar
forcing to climate change, an important question is whether
there has been a long-term drift in solar irradiance that
might have contributed to the observed surface warming in
the latter half of the last century. Reconstructions of past TSI
variations have been employed in model studies and allow
us to examine how the climate might respond to such
imposed forcings. The direct effects of 11 year SC irradi-
ance variations are relatively small at the surface and are
damped by the long response time of the ocean-atmosphere
system. However, model estimates of the response to cen-
tennial time scale irradiance variations are larger since the
accumulated effect of small signals over long time periods
would not be damped to the same extent as decadal-scale
responses.

[16] There are also large uncertainties in estimates of
long-term irradiance changes (see section 2). The proxy
quantities are indicators of magnetic activity on the Sun, and
there are problems relating these magnetic indicators to TSI.
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Figure 4. A comparison of the difference in radiative forcings from 1750 to 2005. LOSU, level of

scientific understanding [from /PCC, 2007, Figure SPM.2].

For example, we know that TSI is greater at times of greater
sunspot activity, but we do not know how much smaller the
TSI was during extended periods when there were no sun-
spots, e.g., during the Maunder Minimum. However, the
most recent minimum, between solar cycles 22 and 23, was
unusually low and has provided a glimpse of what a grand
minimum might look like.

[17] Recent estimates [I[PCC, 2007] (see Figure 4) suggest
that the most likely contribution from the Sun to the radia-
tive forcing of climate change between 1750 (before the
Industrial Revolution but at a time when solar activity was
not much lower than today) and 2005 is 0.12 W m 2, with
an uncertainty between 0.06 and 0.30 W m 2. This estimate
is much smaller than the estimated total net anthropogenic
contribution of 1.6 W m > (uncertainties of 0.6-2.4 W m 2).
However, the low level of scientific understanding of the
solar influence is noted [/PCC, 2007]. The uncertainty is
probably also underestimated because of the poorly resolved
stratosphere in most of these models. Nevertheless, IPCC
[2007] concludes that changes in the Sun have played a
role in the observed warming of the Earth since 1750, but
these changes are very small compared to the role played by
increasing long-lived greenhouse gases in the atmosphere.

[18] The purpose of this review is to present up-to-date
information on our knowledge of solar variability and its
impact on climate and climate change, as an update to
previous reviews such as that of Hoyt and Schatten [1997;
see also NRC, 1994; Calisesi et al., 2006]. Only solar pro-
cesses on decadal or longer time scales are considered,
although we acknowledge the possibility that short-term
processes which occur repeatedly may lead to an integrated
longer-term effect. For brevity, where authors have reported

work in a series of publications, only the most recent is
referenced, and the reader may access the earlier papers via
these.

[19] In section 2, observations of solar variability are
described, and the reconstruction of historical solar climate
forcing is discussed. In section 3 we provide an overview of
recent atmospheric observations that indicate a significant
influence of the Sun’s variations on the Earth’s climate.
Section 4 describes the mechanisms currently proposed that
might account for these observed solar-related climate var-
iations. Section 5 discusses solar variability in the context of
understanding global climate change, and finally, conclud-
ing remarks and future directions are provided in section 6.

2. SOLAR VARIABILITY

[20] The Earth’s heliographic latitude varies during the
year, but by far the largest annual variation in TSI arises
from the variation in the Earth-Sun distance. This varies by
3.3% (minimum-to-maximum) during the course of the year
giving a 6.7% variation in TSI, i.e., 92 W m 2. The observed
TSI data in Figure 1g have been corrected by normalizing
them to the mean heliocentric distance of Earth. The TSI
observations show variations ranging from a few days up to
the 11 year SC and also suggest a small drift on longer time
scales, although instrument stability and intercalibration
must be studied in detail before one can be confident that
such drifts are real [Lockwood and Frohlich, 2008]. The
daily averages (in light blue in Figure 1g) show many large
negative excursions lasting several days. These are caused
by the passage of sunspot groups across the visible disc of
the Sun and are more common, and of larger amplitude, at
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Smax- The mean rotation period of the Sun as seen from
Earth is 27 days, and so a sunspot group lasting several
rotations can cause several of these negative excursions
lasting almost 13 days each. On the other hand, the
brightening effect of faculae is contributed by many small
features that are more uniformly spread over the solar disc
(but are brighter when seen closer to the limb). As a result,
the faculae effects are less visible in solar rotations, and the
main variation is the 11 year SC.

2.1. Causes of TSI Variability

[21] Recent research indicates that variability in total solar
irradiance associated with the 11 year SC arises almost
entirely from the distribution of sizes of the patches where
magnetic field threads through the visible surface of the Sun
(the photosphere). The advent of solar magnetographs,
measuring the line-of-sight component of the photospheric
field by exploiting the Zeeman effect, has revolutionized our
understanding of how these vary over the SC [Harvey,
1992]. Spruit [2000], for example, has developed the theory
of how these photospheric magnetic fields influence TSI.
The dominant effect for large-diameter (greater than about
250 km) magnetic flux tubes is that they inhibit the con-
vective upflow of energy to the surface and cause cool, dark
sunspots with a typical temperature of 75 =~ 5420 K (aver-
aged over umbral and penumbral areas) compared with the
more typical value of the quiescent photospheric temperature
of Ts = 6050 K. The blocked energy is mainly returned to
the convection zone which, because it has such a huge
thermal capacity, is not perturbed. However, a small fraction
of the blocked energy may move around the flux tube and
enhance the surface intensity in a slightly brighter ring
around the spot with effective photospheric temperature
Tgr =~ 6065 K.

[22] The key difference between sunspots and the mag-
netic flux tubes called faculae is that the magnetic flux tube
diameter is smaller for faculae. This allows the temperature
inside smaller flux tubes to be maintained by radiation from
the tube walls, and the enhanced magnetic pressure within
the tube means that density is reduced in pressure equilib-
rium. This allows radiation to escape from lower, hotter
layers in a facula, so that the effective temperature is in the
region of T, = 6200 K (see review by Lockwood [2004]).
The additional brightness is greatest near the solar limb
where more of the bright flux tube walls are visible [e.g.,
Topka et al., 1997]. Because the ratio of the total areas of the
Sun’s surface covered by faculae and by sunspots has
remained roughly constant over recent solar cycles [e.g.,
Chapman et al., 2001] and because the net effect of faculae
is approximately twice that of sunspots, the TSI is increased
at Spax [Foukal et al., 1991; Lean, 1991]. The facular
contribution is made up of many smaller flux tubes, and
hence, the net brightening they cause is a smoother variation
in both time and space than the darkening effect of the less
numerous but bigger sunspots.

[23] The variation of the effect of faculae is often quan-
tified using emissions from the overlying bright regions in
the chromosphere, the thin layer of the solar atmosphere
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immediately above the photosphere [e.g., Frohlich, 2002].
These bright spots in the chromosphere are called plages,
and they lie immediately above photospheric faculae. Their
effect is thought to be quantified by the Mg ii line “core-to-
wing” index (see Figure 1d). Faculae contribute to TSI
increases whether they are around sunspots in active regions
or in other regions of the Sun’s surface [ Walton et al., 2003].
Sunspots and faculae are two extremes of a continuous
distribution of flux tube sizes: at intermediate sizes, flux
tubes form micropores which appear bright near the limb,
like faculae, but dark near the center of the solar disk, like
spots.

[24] An additional source of TSI and solar spectral irra-
diance (SSI) variability has been proposed. These are called
“shadow” effects and are associated with magnetic fields
below the photosphere in the convection zone (CZ) inter-
rupting the upflow of energy [Kuhn and Libbrecht, 1991]. 1t
is now thought that solar magnetic field is generated and
stored just below the CZ in an “overshoot layer” which
extends into the radiation zone beneath (see reviews by
Lockwood [2004, 2010]). This blocks upward heat flux, but
the huge time constant of the CZ above it means that var-
iations on time scales shorter than about 10° years would not
be seen. The stored field can bubble up through the CZ
(breaking through the surface in sunspots and faculae) in an
interval of only about 1 month. Thus, it is thought that the
flux below (but not threading) the photosphere, yet close
enough to it to give shadow effects on decadal and cen-
tennial time scales, would be small. An interesting test of
this may well be provided by the exceptionally low TSI
values being observed at the time of writing (late 2009). If
these are not fully explained by the loss of solar minimum
faculae, we would need to invoke shadow and associated
solar radius effects as well as the known effects of surface
emissivity in sunspots and faculae.

2.2. Decadal-Scale Solar Variability

2.2.1. Total Solar Irradiance

[25] TSI has been monitored continuously from space
since 1977. The individual TSI monitors have operated for
only limited intervals so a combination of data from several
different instruments is required to compile a continuous
data set. This means that intercalibration of those instru-
ments, and how they change with time as the instruments
degrade, is a key issue in the compilation of a composite
data set. There are many corrections that are needed [e.g.,
Frohlich, 2006].

[26] Figures 5a—5c show a comparison of the three main
TSI composites: Institut Royal Meteorologique Belgique
(IRMB) [Dewitte et al., 2004], Active Cavity Radiometer
Irradiance Monitor (ACRIM) [Willson and Mordvinov,
2003], and Physikalisch-Meteorologisches Observatorium
Davos (PMOD) [Frohlich, 2006]. All three use time series
of the early data from the Hickey-Frieden (HF) Radiometer
instrument on the Nimbus 7 satellite and the ACRIM I and
II instruments (on UARS and ACRIMsat, respectively) until
early 1996. The IRMB composite is constructed by first
referring all data sets to the Space Absolute Radiometric
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Figure 5. Composites of total solar irradiance 1978-2007:
(a) PMOD (TSIPMOD)a (b) ACRIM (TSIACRIM)a and (C) IRMB
(TSTirmp). Colored lines show daily values, with color indi-
cating the instrumental source. Thick black lines indicate
81 day running means. Horizontal black lines drawn through
the minimum around 1985 (between solar cycles 21 and 22)
to highlight the trends in minimum values of the composites.
For each plot the bottom horizontal scale gives the year, and
the top scale gives the day number, where day 1 is 1 January
1980. (d) Difference between the PMOD and ACRIM com-
posites, TSIppop — TSIacrivm- Grey line indicates daily
values; black line indicates 81 day running means. During
several intervals, the gray line is hidden behind the black
line because the two composites employ data from the same
instruments (but the difference is not zero as they apply dif-
ferent calibrations).

Reference [Crommelynck et al., 1995], although this abso-
lute calibration has recently been called into question
because the Total Irradiance Monitor instrument on the
SORCE satellite has obtained values about 5 W m™2 lower
[Kopp et al, 2005]. After 1996 the ACRIM composite
continues to use ACRIM II supplemented by ACRIM III,
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whereas the PMOD composite uses data from the Variability
of Solar Irradiance and Gravity Oscillations (VIRGO)
instrument on the SoHO spacecraft (specifically the Dif-
ferential Absolute Radiometer (DIARAD) and PMO06 cavity
radiometer data), and IRMB uses just the DIARAD VIRGO
data. Besides the different time series used after 1996
(during solar cycle 23), the main difference is the way the
data have been combined and corrected.

[27] The most significant difference between the PMOD,
IRMB, and ACRIM composites is in their long-term trends.
Figure 5d shows the largest and most significant disagree-
ment, which is that between the PMOD and ACRIM com-
posites [Lean, 2006; Lockwood and Frohlich, 2008]. The
rapid relative drift between the two before 1981 arises
because although both employ the Nimbus HF data, ACRIM
(like IRMB) has not used the reevaluation of the early
degradation of the HF instrument. The second major dif-
ference is a step function change within what is termed the
“ACRIM gap” between the loss of the ACRIM I instrument
in mid-1989 and the start of the ACRIM II data late in 1991.
Both the ACRIM and the PMOD composites use the
Nimbus HF data for this interval as these are the best
available data for this interval. The HF data series shows
several sudden jumps attributable to changes in the orien-
tation of the spacecraft and associated with switch-off and
switch-on. PMOD makes allowance for such a jump in the
ACRIM gap, but the ACRIM composite does not, which
gives rise to the step change in late 1989 and accounts for
virtually all of the difference between the long-term drifts of
the two composites over the first two solar cycles [see
Frohlich, 2006; Lockwood, 2010, and references therein].

[28] Additional support for the inclusion of the glitch
effect in the PMOD composite has recently come from an
analysis of solar magnetogram data [Wenzler et al., 2006].
In recent years, modeling has developed to the point where
>93% of the TSI variation observed by the SoHO satellite
has been reproduced by sorting pixels of the corresponding
magnetograms into five photospheric surface classifications
(sunspot umbra; sunspot penumbra; active region faculae;
network faculae; and the quiet, field-free Sun). Each pixel is
then assigned a time-independent spectrum for that classi-
fication on the basis of a model of the surface in question, as
developed by Unruh et al. [1999]. From this and the disc
location, the intensity can be estimated, and the TSI is
computed by summation over the whole disc [Krivova et al.,
2003]. This work has further developed into the so-called
four-component Spectral and Total Irradiance Reconstruc-
tions (SATIRE) model [Solanki, 2002; Krivova et al., 2003].
Figure 6 shows a scatterplot of the daily TSI values for
19962002 derived by this method using magnetograms
from the Michelson Doppler Interferometer (MDI) instru-
ment on board the SOHO spacecraft, as a function of the
simultaneous TSI value observed by the VIRGO instrument,
also on SoHO. The agreement is exceptional: the correlation
coefficient is 0.96, and the best fit linear regression (dashed
mauve and orange line) is very close to ideal agreement
(light blue). Recently, Wenzler et al. [2006] have extended
this analysis to ground-based magnetograms. This is not
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trivial because additional factors such as (partial) cloud
cover must be corrected for. The use of ground-based data is
significant as it extends the interval which can be studied
back to 1979 so that it covers the same interval as the
ACRIM and PMOD composites (including the ACRIM
gap).

[20] These TSI model reconstructions are so accurate that
they provide a definitive test of the solar surface contribu-
tion to the various TSI composites. They confirm that unless
shadow effects are significant, the PMOD composite is more
accurate and that the ACRIM composite is in error because
it fails to account for the Nimbus HF pointing anomaly
during the ACRIM gap [Lockwood and Fréhlich, 2008].
Note that this conclusion does not depend on tuning the
SATIRE model to the PMOD composite: the model has
only one free fit parameter, and the glitch in the ACRIM gap
cannot be matched even if the ACRIM composite is used to
tune the model.

[30] To understand the implications of this correction,
note that in Figures 5a and 5b the PMOD composite gives a
decline in TSI since 1985 [Lockwood and Frohlich, 2007],
whereas the ACRIM composite gives a rise up until 1996
and a fall since then [Lockwood, 2010]. The difference
arises entirely from the pointing direction glitch during the
ACRIM gap. The PMOD composite trend matches that in
the sunspot number, whereas the ACRIM composite trend
matches that in the galactic cosmic ray counts. Hence, the
long-term trend in the PMOD composite is in the same
direction as the solar cycle variation, whereas the ACRIM
composite trend is in the opposite direction (remember that
TSI peaks at sunspot maximum when the GCR flux is a
minimum). To explain this inconsistency of the ACRIM
composite would require two competing effects in the
relationship between TSI and GCR fluxes that work in
opposite directions, such that the TSI and GCR fluxes are
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anticorrelated on time scales of the 11 year SC and shorter,
yet are correlated on time scales longer than the 11 year SC.
The PMOD TSI data have fallen to unprecedentedly low
levels during the current solar minimum, although estimates
vary on the magnitude of this decline [Lockwood, 2010].
The mean of the PMOD TSI composite for September 2008
is 1365.1 W m 2, which is lower than that for the previous
minimum by more than 0.5 W m 2.
2.2.2. Spectral Irradiance

[31] Measurements of SSI were made by the Solar Stellar
Irradiance Comparison Experiment and Solar UV Spectral
Irradiance instruments on the UARS satellite in the 1980s
and 1990s. They revealed variations of the order of a few
percent in the near UV over an 11 year SC. The launch of
the SORCE satellite in 2003 carrying the Spectral Irradiance
Monitor (SIM) has provided the first measurements of SSI
across the whole spectrum from X-ray to near IR. The
measurements suggest that over the declining phase of the
solar cycle between 2004 and 2007 there was a much larger
(factor of 4-6) decline in UV than indicated in Figure 3, and
this is partially compensated in the TSI variation by an
increase in radiation at visible wavelengths [Harder et al.,
2009]. These observed changes to the shape of the solar
spectrum variations were completely unexpected, and if
correct they will require the associated temperature and ozone
responses to be reassessed (see also sections 4.2.1 and 5).

[32] For longer time periods, reconstructions of SSI can be
made using multicomponent models. For example, the
SATIRE modeling concept can be applied independently to
different spectral wavelengths, and so the variability within
the irradiance spectrum can be estimated. The main
requirement is that the contrasts of the different types of
solar surface be known at each wavelength [Unruh et al.,
2008]. Work at present is aimed at improving our knowl-
edge of the short UV wavelengths, which is required for
accurate modeling of irradiance absorption in the strato-
sphere and upper atmosphere (see Figure 3). Improvements
made to date suggest that UV irradiance during the Maunder
Minimum was lower by as much as a factor of 2 at and
around the Ly-a wavelength (121.6 nm) compared to recent
Smin periods and up to 5%—-30% lower in the 150—300 nm
region [Krivova and Solanki, 2005]. However, this work is
still in its infancy. The model estimates match observed
spectra between 400 and 1300 nm very well but begin to fail
below 220 nm and also for some of the strong spectral lines.

[33] Interestingly, the large change observed by the
SORCE SIM instrument was not reflected in TSI, the Mg ii
index, F¢ 7, nor existing models of the UV variation. The
implications are not yet clear, but these recent data open up
the possibility that long-term variability of the part of the UV
spectrum relevant to ozone production is considerably larger
in amplitude and has a different temporal variation compared
with the commonly used proxy solar indices (Mg ii index,
F19.7, sunspot number, etc.) and reconstructions.

2.3. Century-Scale Solar Variability

[34] Apart from a few isolated naked eye observations
by ancient Chinese and Korean astronomers, sunspot data
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Figure 7. Reconstructions of past variations in TSI using
different solar proxies. Hoyt and Schatten [1993] estimates
are based on solar cycle length, L. Solanki and Fligge [1999,
2000] used the annual sunspot number, R (available back to
1713, dashed line). Lean et al. [1995] and Lean [2000a]
used a combination of the group sunspot number Rg
(available back to 1611) and its 11 year running mean. In
these early reconstructions, the amplitude of the slowly
varying component was derived by comparison of the
modern-day Sun and Maunder Minimum Sun with dis-
tributions of cyclic and noncyclic Sun-like stars. Lockwood
and Stamper [1999] used the observed, but unexplained,
correlation between the variations of TSI and the open
coronal source flux on decadal time scales [Lockwood,
2002]. Wang et al. [2005] used a solar magnetic flux
transport model constrained to fit the observed open solar
flux variation [Lockwood et al., 1999]: the prediction pre-
sented here allows for a secular variation of ephemeral
magnetic flux. Foster [2004] and Lockwood [2004] used
Greenwich sunspot observations (available back to 1874).
Krivova et al. [2007] used Rg.

series only extend back to the invention of the telescope
(around 1610), and well-calibrated systematic measurements
only began about 100 years later. However, solar variability
on time scales of centuries to millennia can be reconstructed
using cosmogenic radionuclides such as '’Be and '*C whose
production rate in the atmosphere is modulated by solar
activity. In this way, at least the past 10,000 years can be
reconstructed [Vonmoos et al., 2006], although the temporal
resolution is poorer, signal-to-noise ratio is lower, and the
record must be corrected for variations in the geomagnetic
field. Recently, Steinhilber et al. [2009] derived from '°Be
the first TSI record covering almost 10,000 years. First,
they calculated the interplanetary magnetic field (IMF)
necessary to explain the observed production changes
corrected for the geomagnetic dipole effects. They then
used the relationship between instrumental IMF and TSI
data during sunspot cycle minima to derive an estimate of
the TSI record.

[35] Sunspot numbers clearly reveal trends in solar mag-
netic phenomena, e.g., during the first half of the twentieth
century. There are also clear indications of cycles longer
than the 11 year SC, e.g., the Gleissberg cycle (80—90 years)
with variable amplitudes. The cosmogenic radionuclides
confirm the existence of these and other longer periodicities
(e.g., 208 year DeVries or Suess cycle, 2300 year Hallstatt
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cycle, and others) and also the present relatively high level
of solar activity, although there is some controversy as to
how unusually high it really is [Muscheler et al., 2007,
Usoskin et al., 2004; Steinhilber et al., 2008].

[36] Periodicities, trends, and grand minima are features
of solar activity which, if detectable in climate records, can
be used to attribute climate changes to solar forcing [Beer
et al., 2000; Beer and van Geel, 2008]. However, one must
be aware that this may not always work well because there
are other forcings as well and the climate is a nonlinear
system which can react in a variety of ways. There are two
common methods employed to estimate TSI variations. One
is based on sunspot numbers and chromospheric indices to
quantify sunspot darkening and facular brightening, respec-
tively [Frohlich, 2006]. The second uses solar magneto-
grams and the SATIRE irradiance modeling [Wenzler et al.,
2006]. While both are very successful in explaining short-
term TSI changes over the past 3 decades [Solanki et al.,
2005], it is not yet clear to what extent TSI has changed
on multidecadal to centennial time scales [Krivova et al.,
2007], for example, to what extent TSI and SSI are reduced
during the Maunder Minimum, although estimates have
converged somewhat in recent years.

[37] Through the sunspot record we have good informa-
tion about the effect of sunspot darkening on TSI on these
time scales. Unfortunately, we have no direct measurements,
nor even a proxy indicator, of the corresponding variation
of facular brightening on these time scales, nor of the cor-
responding effect in the overlying chromosphere that mod-
ulates UV emission. As mentioned in section 2.1, there
could be effects of magnetic fields deeper in the convection
zone, the so-called shadow effects, and there may be small
solar radius changes [Lockwood, 2010]. The SATIRE
modeling has shown that surface emissivity effects explain
recent solar cycles in TSI rather well, and these shadow (and
solar radius) effects are not significant effects over the past
30 years or so. However, this does not eliminate them as
factors on longer time scales.

[38] Several reconstructions of TSI variations on century
time scales have been made (see Figure 7) on the basis of a
variety of proxies including the envelope of the sunspot
number cycle R [Reid, 1997]; the length of the sunspot
cycle, L [Hoyt and Schatten, 1993]; the structure and decay
rate of individual sunspots [Hoyt and Schatten, 1993]; the
average sunspot number R and/or the group sunspot number
Rg [Hoyt and Schatten, 1993; Zhang et al., 1994; Reid,
1997; Krivova et al., 2007]; the solar rotation and diame-
ter [Nesme-Ribes et al., 1993; Mendoza, 1997]; a combi-
nation of R and its 11 year running mean, R;; [e.g., Lean,
2000a, 2000b], or a combination of R and L [e.g., Solanki
and Fligge, 2000]; sunspot group areas [Fligge and
Solanki, 1998]; Greenwich sunspot maps [Lockwood,
2004]; p mode amplitudes (estimated from R) [Bhatnagar
et al., 2002]; cosmogenic isotopes deposited in terrestrial
reservoirs [Bard et al., 2000; Steinhilber et al., 2009]; and
the open magnetic flux of the Sun derived from geomagnetic
activity data [Lockwood, 2002].
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[39] For most of the early reconstructions (specifically
those by Lean et al. [1995], Lean [2000a, 2000b], Solanki
and Fligge [1999, 2000], and Hoyt and Schatten [1993])
the change in mean TSI between the Maunder Minimum
and recent decades was estimated using the observed dis-
tribution of the brightness of Sun-like stars in their chro-
mospheric emissions. This scaling assumed that brighter
Sun-like stars (of similar age and chemical abundance to the
Sun) show a decadal-scale activity cycle and are analogous
to the present-day Sun, whereas the less bright stars were
found to be noncyclic and are analogous to the Sun during
its Maunder Minimum state. The use of such stellar analogs
for estimating the long-term changes in TSI was based on
the work of Baliunas and Jastrow [1990], who surveyed
observations of Sun-like stars. However, recent surveys
have not reproduced their results and suggest that the
selection of the original set may have been flawed [Hall and
Lockwood, 2004; Giampapa, 2004]. Thus, the extent of the
positive drift in TSI between the Maunder Minimum and the
present day is uncertain.

[40] Some authors suggest there may be no actual change
[Foukal et al., 2004], while others suggest a long-term
positive drift which is smaller than previously estimated
[Lean et al., 2002] (see, e.g., the Krivova et al. [2007]
estimate in Figure 7). There are, however, two reasons to
believe that the latter is the most likely. First, there is a
correlation of TSI with open solar flux [see, e.g., Lockwood,
2002]. The numerical modeling of emerged flux transport
and evolution [e.g., Wang et al., 2005] suggests that the
long-term drift in open flux is matched by a similar drift in
the TSI [see also Krivova et al., 2007]. Second, Lockwood
and Frohlich [2007] have recently demonstrated that there
is a coherent variation between the minimum TSI and the
mean sunspot number R;;, as employed by Lean et al.
[1995, 2002] (although the TSI data sequence is short and
covers only three solar minima, so that extrapolating back to
the Maunder Minimum is full of uncertainty). Between 1985
and 2007, Ry, fell from 83 to 63, and the S,,;,, value in 2007
is 0.39 W m ™2 lower than that in the 1985 minimum. Linear
extrapolation gives a value of TSI in the Maunder Minimum
(Ry1=0)thatis 1.6 W m 2 lower than the 1985 Siin Value.
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This agrees well with the field-free irradiance estimated by
Foster [2004] and Lockwood [2004] and with the reconstruc-
tions by Lean [2000a] and Lockwood and Stamper [1999]
(also shown in Figure 7). Krivova et al. [2007] used sun-
spot data and the open flux modeling of Solanki et al. [2002]
and found a value of 1.3 W m 2 with an uncertainty range of
0.9-1.5 W m 2, which is similar to but slightly lower than the
above estimate. These estimates for century-scale TSI
changes of ~0.9-1.6 W m > correspond to a change in
mean global radiative forcing of only 0.16-0.28 W m 2.

2.4. TSI and Galactic Cosmic Rays

[41] Paleoclimate studies have revealed links between
cosmogenic isotopes and climate indicators. For example,
one very striking result, shown in Figure 8, is due to Neff'et al.
[2001], who correlated the §'%0 from a stalagmite in a cave
in northern Oman with the A'*C from tree rings. They argue
that 6'%0 is a good proxy for monsoonal rainfall in that
region, while A'*C is a proxy for solar activity derived from
the abundance of '*C found in ancient tree trunks around the
world. The remarkable similarity between the §'°0 and
A'C time series has been interpreted to indicate a north-
ward shift in the Intertropical Convergence Zone (ITCZ),
which is believed to have been a controlling influence on the
strength of the monsoon at the stalagmite location, which
plays a key role in its formation. It is usually assumed that
the link between cosmogenic isotopes and climate indicators
arises because the cosmogenic isotopes are inversely cor-
related with TSI [e.g., Bond et al., 2001; Neff et al., 2001].
Indeed, Bard et al. [2000] and Steinhilber et al. [2010] have
used cosmogenic nuclides to reconstruct TSI over the past
1200 years. Figure 9 demonstrates that such an anti-
correlation exists over recent solar cycles in both monthly
and annual mean data. Comparison of Figures 7 and 2
shows that this anticorrelation is also predicted on century
time scales by most TSI reconstructions [Lean et al., 1995].

[42] The processes by which the Sun’s magnetic field
modulates GCR fluxes are complex. However, simple
anticorrelations [e.g., Rouillard and Lockwood, 2004] sug-
gest that much of the variation (~75%) of the GCR flux at
Earth is explained by the open solar flux, Fs. The production
rate of '’Be and other cosmogenic radionuclides in the
atmosphere is directly proportional to the flux of cosmic ray
protons with energy from 1 to 3 GeV. On decadal to cen-
tennial time scales it is dominated by solar activity; on
longer time scales it is dominated by the geomagnetic dipole
field [Masarik and Beer, 2009]. After production, on the
way from the atmosphere to the polar ice caps, '’Be is
influenced by changes in climate. However, comparison
between Greenland and Antarctic records, as well as mod-
eling, shows that these effects are relatively small for pro-
duction changes on decadal and longer time scales [Heikkild
et al, 2009] but become increasingly more serious for
annual resolution. Another issue is the accuracy of ice cores
covering thousands of years. Hence, there are several
complications in interpreting these indirect measures of
solar irradiance.
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[43] The connection between GCR and TSI is another
method for reconstructing TSI, with the potential to
encompass recent millennia using cosmogenic isotope
measurements [Usoskin et al., 2003; Solanki et al., 2004].
However, there is a key unknown parameter: the average
quiet Sun photospheric field [B]gs at sunspot minimum
during the Maunder Minimum [see Lockwood, 2004].

[44] In summary, a number of studies have demonstrated
that cosmogenic isotopes may indeed provide a proxy
indicator of long-term TSI variations. The TSI does not vary
linearly with cosmogenic isotopes, but it does vary mono-
tonically with the isotope production rate [Lockwood, 2006].
We note, however, that the available observational data set
is of the polar deposition of '°Be and not of the actual
production rate P['°Be]. The production is influenced by
additional factors such as geomagnetic activity and geo-
magnetic field strength, for which the data can be adjusted,
and the abundance in any one terrestrial reservoir is also
modified by climate-induced changes in deposition rate,
which is more difficult to estimate and account for. How-
ever, these are usually checked for using a combination of
the '°Be and '*C (and other) cosmogenic isotopes because
their deposition and history is so different they cannot be
influenced in the same way by climate changes. Because
'4C is exchanged with the biomass and oceans in the carbon
cycle it does not show the SC variation seen in '’Be

abundances; however, centennial-scale changes in the two
generally match very closely.

3. CLIMATE OBSERVATIONS

[45] Perhaps the first place to look for solar impact on the
Earth’s climate is in the upper atmosphere because it inter-
acts most directly with the radiation, particles, and magnetic
fields emitted by the Sun. Solar signals in the stratosphere
are relatively large and well documented during the past few
11 year SCs since satellite observations became widespread
and are described in section 3.1. We then move down in the
atmosphere and describe the 11 year SC signals in the tro-
posphere (section 3.2) and the surface (section 3.3). Finally,
because of its inertia and slow feedback mechanisms, the
climate system is also sensitive to long-term solar changes,
and an overview of these observations is provided in
section 3.4.

3.1. Decadal Variations in the Stratosphere

3.1.1. Stratospheric Ozone

[46] Ozone is the main gas involved in radiative heating
of the stratosphere. Solar-induced variations in ozone can
therefore directly affect the radiative balance of the strato-
sphere with indirect effects on circulation. Solar-induced
ozone variations are possible through (1) changes in solar
UV spectral solar irradiance, which modifies the ozone
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Figure 10. Annual averaged estimate of S,,, minus Sy,
ozone differences (%) from a multiple regression analysis
of SAGE II ozone data for the 1985-2003 period. Shaded
areas are significant at the 5% level [from Soukharev and
Hood, 2006].

production rate through photolysis of molecular oxygen,
primarily in the middle to upper stratosphere at low latitudes
[Haigh, 1994], and (2) changes in the precipitation rate of
energetic charged particles, which can indirectly modify
ozone concentrations through changes in the abundance of
trace species that catalytically destroy ozone, primarily at
polar latitudes [e.g., Randall et al., 2007]. In addition,
transport-induced changes in ozone can occur [e.g., Hood and
Soukharev, 2003; Rind et al., 2004; Shindell et al., 2006; Gray
etal.,2009] as a consequence of indirect effects on circulation
caused by the above two processes.

[47] On the 11 year time scale, the mean irradiance near
200 nm has varied by ~6%, over the past two solar cycles
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(see Figure 3). Figure 10 shows the mean solar cycle ozone
variation as a function of latitude and altitude obtained from
a multiple regression statistical analysis of SAGE satellite
data for 1985-2003, excluding several years following the
Mt. Pinatubo volcanic eruption [see also Chandra and
McPeters, 1994; McCormack and Hood, 1996; Soukharev
and Hood, 2006; Randel and Wu, 2007]. In the upper
stratosphere where solar UV variations directly affect ozone
production rates, a statistically significant response of 2%-—
4% is evident. Positive responses are also present at middle
and higher latitudes in the middle stratosphere and in the
tropics below the 20 hPa level. A statistically insignificant
response is obtained in the tropical middle stratosphere. The
lower stratospheric ozone response occurs at altitudes where
ozone is not in photochemical equilibrium and the ozone
lifetime exceeds dynamical transport time scales, which
implies that these ozone changes are induced by changes in
transport arising from a secondary dynamical response (see
also section 4).

[48] The density-weighted height integral of ozone at each
latitude gives the “total column” ozone, and a clear decadal
oscillation in phase with the 11 year solar cycle is evident in
both satellite data [Soukharev and Hood, 2006] and ground-
based (Dobson) data; the latter show a signal going back at
least to the middle 1960s (four cycles) [Chipperfield et al.,
2007; see also Zerefos et al., 1997]. The ozone response
in the lower stratosphere is believed to be the main cause of
the total column ozone signal because of the high number
densities at those levels.

3.1.2. Stratospheric Temperatures
and Winds

[49] There is also statistically significant evidence for
11 year SC variations in stratosphe