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averaged between 0 and 50°N. Boucher acknowledges the
many simplifications inherent in this analysis; for example,
other studies (such as Jones et ai, 1994) have derived a 
significant Southern Hemisphere forcing because the
cleaner clouds there are more susceptible to changes in
aerosol amounts. The method also assumes the
interhemispheric differences are solely related to human
activity. Boucher 's values can be interpreted as the
difference in anthropogenic forcing between the
hemispheres. An estimate of the global mean forcing can
then be made by applying the ratio of the forcing between
the two hemispheres derived in the G C M studies and by
assuming that Boucher 's value for 0 to 50°N is
representative of the entire Northern Hemisphere. Using an
interhemispheric ratio of 3 together with Boucher's values
yields a global mean forcing of between —0.6 and —1.0
Wm-2; lower interhemispheric ratios would yield more
negative global mean forcings.

Pincus and Baker (1994) have explored the possible
effect of changes in droplet size on cloud thickness due to
the suppression of precipitation. They use a simple model
of the marine boundary layer. They find that the effect of
precipitarion suppression on cloud albedo can make the
radiative forcing due to droplet effective radii changes
alone more negative by between 50 and 200%. The
applicability of such a model on larger scales is unclear but
the conclusions reinforce those of the Boucher et al. (1995)
G C M study.

These studies continue to indicate that the effect of
aerosols on cloud droplet effective radius may be
substantial although it remains very uncertain. We retain
the range of 0 to -1 .5 Wm-^ suggested in IPCC (1994).
Our quantitative understanding is so limited at present that
no mid-range estimate is given.

2.4.3 Stratospheric Aerosols 
The volcanic eruption of Mt. Pinatubo in 1991 initiated a 
major global scale radiative forcing. The forcing was
transient in nature reaching its most negative global mean
value ( -3 to - 4 Wm-2) in eariy 1992 (Hansen et al., 1992;
updated by Hansen et al., 1995). Since that time, the
stratospheric aerosol optical depths have declined and
latest observations (e.g., Jager et al, 1995) indicate that the
negative radiative forcing associated with Pinatubo
aerosols has largely been removed. McCormick et al. 
(1995) and Hansen et al. (1995) have presented reviews of
the atmospheric effects, including the radiative forcing, of
the Pinatubo eruption. The climatic consequences of
Pinatubo aerosols are discussed in Chapter 3.

Robock and Free (1995) use ice core acidity and

sulphate records to deduce a new index of volcanic activity
since 1850; they use 8 high latitude Northern Hemisphere
cores, 5 high latitude Southern Hemisphere cores and 1 
tropical core in their analysis. They compare their results 
with previous volcanic indices, including those of
Khmelevtsov et al. (1996) and Sato et al. (1993). There is a 
general agreement between the records. In particular, even
though there may have been no cumulative century scale
trends in volcanic aerosol loading, there have been
significant shorter time-scale variations in loading. Figure
2.15 shows estimates of the variation of the visible optical
depth from Sato et al. (1993) and Robock and Free (1995).
The associated radiative forcing is shown for the Sato et al. 
(1993) data (using the simple parametrization that the
forcing in Wm-2 jg _3Q tijjies the visible optical depth (see
Lacis et al. (1992)). The forcing is not shown for the
Robock and Free (1995) data as these are more
representative of high latitudes and give added weight to
the influence of high latitude eruptions; they are, therefore,
less representative of global mean conditions. The period
from about 1850 to 1920 was characterised by frequent
eruptions of possible climatic significance; 1920 to 1960
was a period of reduced aerosol loading; and since 1960
the aerosol loading has on average again been higher. The
decadal mean radiative forcings due to volcanic aerosols in
the stratosphere may have varied by as much as 1.5 Wm 2 
since 1850; hence such a variation can be large compared
to the decadal-scale variation in any other known forcing.

These studies continue to support the conclusion that
volcanic activity may be important in explaining some of
the interdecadal variation in surface temperature during the
instrumental record.

Changes in cirrus cloud properties as a result of the
incursion of stratospheric aerosols into the upper
tropcsphere are a possible source of additional radiative
forcing, as mentioned in IPCC (1994) (see also Section
2.3.4). Sassen et al. (1995) and Wang et al. (1995) have
provided further case-study evidence of cirrus modification
by this mechanism. The extent of the effect, and even the
sign of the resulting radiative forcing, remain unclear.

2.4.4 Solar Variability 
I P C C (1994) reviewed direct observations of solar
variability since 1978, presented correlative and theoretical
studies of possible solar-climate connections, and
described methods used to infer possible solar changes
prior to the period of direct observations. Evidence
suggests that the solar output was significantly lower
during the Maunder M i n i m u m (mainly in the 17th
century), while recent observations and theoretical
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Figure 2.15: (a) Variation of global mean visible optical depth, and the consequent radiative forcing (Wm'^) resulting from
stratospheric aerosols of volcanic origin from 1850 to 1993, as estimated by Sato et al (1993). The radiative forcing has been estimated
using the simple relationship given in Lacis et al (1992) where the radiative forcing is -30 times the visible optical depth, (b) Variation
of visible optical depth from the ice core volcanic index of Robock and Free (1995) for 1850 to 1985. The Robock and Free (1995)
index has been normalised so that their Northern Hemisphere mean agrees with the Sato et al Northern Hemisphere optical depth for
the mid-1880 Krakatau peak. Since Robock and Free's analysis is largely based on high latitude measurements, it is not likely tobe
representative of the global mean.

calculations imply that the radiative forcing due to changes
in the Sun's output over the past century has been
considerably smaller than anthropogenic forcing.

Estimates of the distant past and future role of solar
variability for global radiative forcing are based upon
observations and models of solar physics. For a concise
review of solar processes and predictive models, see N R C
(1994); solar-climate relationships have also been reviewed
in Nesme-Ribes (1994). Empirical parametrizations have
been developed to relate solar output fluctuations due to
dark sunspots and bright faculae to indices such as the solar
He I 1083 nm line (see, e.g.. Lean et al, 1992; Foukal,
1994a), while others have also considered possible changes
in the solar diameter and rotation rate (e.g., Nesme-Ribes et 

al, 1993) and comparisons of the behaviour of our Sun to
other stars (Lockwood et al, 1992). It is important to
consider the age (Radick, 1994) and physical properties
(e.g., photospheric magnetic structures) of such
comparison stars and their relationship to the contemporary
sun (Foukal, 1994b).

A recent paper by Zhang et al (1994) helps to bracket
the range of variability observed in sun-like stars and hence
the likely past and future variability of our Sun. They noted
that empirical models based upon sunspots and faculae do
not account for all irradiance variations observed over an
activity cycle (see also N R C (1994)) and base their
con-elation on an observed relationship between brightness
and excess chromospheric emission, using the Ca II H and
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!  (396.8 nm and 393.3 nm) flux as the index. Using 33
sun-like stars, they estimate to 95% confidence that the
solar brightness increase between the Maunder Minimum
and the decade of the 1980s was likely to be 0.4 ± 0.2%.
The lower limit of 0.2% (equivalent to a radiative forcing
of 0.48 Wm"^) agrees with the estimates of Lean et al. 
(1992) and Hoyt and Schatten (1993), while the upper range
of 0.6% is in reasonable agreement with Nesme-Ribes et 
al. (1993) and corresponds to a radiative forcing of 1.4

Wnr^. The radiative forcing since 1850 is likely to be no
more than 50% of that since the Maunder Minimum (see
IPCC 1994). This study thus provides support for the
conclusions reached in IPCC (1994) that solar variations of
the past century are highly likely to have been considerably
smaller than the anthropogenic radiative forcings and
expands that conclusion to show that the variations in solar
output over the coming century are unlikely to exceed
those observed since the Maunder Minimum.
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Figure 2.16: Estimates of the globally and annually averaged anthropogenic radiative forcing (in Wm^^) due to changes in
concentrations of greenhouse gases and aerosols from pre-industrial times to the present day and to natural changes in solar output from
1850 to the present day. The height of the rectangular bar indicates a mid-range estimate of the forcing whilst the error bars show an
estimate of the uncertainty range, based largely on the spread of published values; our subjective confidence that the actual forcing lies
within this error bar is indicated by the "confidence level". The contributions of individual gases to the direct greenhouse forcing is
indicated on the first bar. The indirect greenhouse forcings associated with the depletion of stratospheric ozone and the increased
concentration of tropospheric ozone are shown in the second and third bar respectively. The direct contributions of individual
tropospheric aerosol components are grouped into the next set of three bars. The indirect aerosol effect, arising from the induced change
in cloud properties, is shown next; our quantitative understanding of this process is very limited at present and hence no bar
representing a mid-range estimate is shown. The final bar shows the estimate of the changes in radiative forcing due to variations in
solar output. The forcing associated with stratospheric aerosols resulting from volcanic eruptions is not shown, as it is very variable
over this time period; Figure 2.15 shows estimates of this variation. Note that there are substantial differences in the geographical
distribution of the forcing due to the well-mixed greenhouse gases (COj, N 2 O , C H ^ and the halocarbons) and that due to ozone and
aerosols, which could lead to significant differences in their respective global and regional climate responses (see Chapter 6). For this
reason, the negative radiative forcing due to aerosols should not necessarily be regarded as an offset against the greenhouse gas forcing.


