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ABSTRACT: Secular variations of the solar constant are frequently invoked as a possible source of
long-term climatic changes. Various solar forcing functions have been proposed to explain the possible
periodicities found in climatic records. Recently, Foukal & Lean (1990; Science 247: 556-558) proposed
areconstruction of the total solar irradiance based on satellite observations of the last solar cycle. [n this
paper, we combine this solar forcing with a zonally averaged seasonal climate model to evaluate the
transient climatic response to this new reconstruction. Comparison is made with previous modelled
climatic response to solar irradiance changes. The latitudinal distribution of the transient temperature
change in response to this solar forcing is also investigated. We conclude that, if a significant part of the
global temperature increase over the last decades is of solar origin, sunspot blocking and facular
activity contribute a negligible amount to the observed global temperature trend.

INTRODUCTION

Variations of global surface temperature over the last
century have been reported on the basis of measure-
ments of continental air (CAT) {(Hansen & Lebedeff
1988, Jones 1988, Vinnokov et al. 1987}, marine air
(MAT) (Folland et al. 1984) and sea-surface (SST)
(Folland et al. 1984) temperatures compiled in differ-
ent data bases. All data sets are in basic agreement
and exhibit an almost continuous warming trend
punctuated with periods of constant or decreasing
temperature (Jones et al. 1988). Variations of the solar
luminosity can be invoked as an external forcing
mechanism in addition to other factors, such as
enhanced greenhouse efficiency, aerosols or natural
variability of the climate system, to explain the climatic
changes observed over the last 100 yr. It is therefore of
interest to assess the relative role of this factor in order
to be able to determine quantitatively the importance
of the warming due to enhanced concentrations of
trace gases added to the atmosphere during the
industrial era.

The determination of the secular variation of the
solar luminosity and its potential effects on the surface
temperature have been a subject of speculation. Since
the pioneer work of Sellers (1969), the response of the
climate system to strong solar variability over geologic
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ages has been intensively studied {see for example the
review of North et al. 1981). Also, a variation of solar
constant of a few percent is currently used as a sensi-
tivity test of climate models to investigate, for example,
the ice snow albedo feedback (Robock 1978) or, more
recently, the vegetation masking feedback (Harvey
1988a). A temperature response range of 1.1 to 2.3 °C
fora 1 % solar total irradiance increase is predicted by
climate models (Gérard 1990). Concerning the transi-
ent response, climate models have also been used to
determine possible solar signatures in the recent past
evolution of the temperature, but a major limitation to
these works is the inadequate knowledge of the secu-
lar variation of the solar irradiance. Various formula-
tions were proposed, based on the use of indirect indi-
cators. For example, several studies were based on an
assumed positive irradiance-sunspot number correla-
tion (Schneider & Mass 1975, Robock 1979). Others
assumed sinusoidal variations of solar irradiance with
frequencies derived from data such as solar diameter
and with amplitudes and phases tuned to reproduce
observed climatic records (Gilliland 1982, North et al.
1983, Wigley 1988). Reid (1987) linked the variations of
solar irradiance to the envelope of the 11 yr cycle of
solar activity. This approach was also adopted and
refined later by Reid & Gage (1988) and Reid (1991).
Other studies derived reconstructions based on a
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fitting technique in order to match the past 10 yr
observed with space instruments (Hoffert et al. 1988,
Schatten 1988). Most of these works were based on
box-models without spatial resolution or with models
neglecting ice/snow albedo feedbacks. Since the
climatic response to forcing is governed by high
latitude ice/snow albedo feedbacks and changes in
meridional heat transport, it is useful to simulate clima-
tic response to solar forcings with a latitudinal model
including detailed surface albedo feedback para-
meterization. Further, it is necessary to take into
account the damping and delay introduced by the
deep ocean thermal inertia and to investigate the
transient response instead of an equilibrium approach.

Recently, Foukal & Lean (1990) proposed a new
technique to reconstruct the solar irradiance S of the
last 125 yr in a way similar to that adopted to calculate
AS values since 1874 (Foukal & Lean 1988). This
method is based on the understanding of the irradi-
ance variations observed with satellites and has been
shown to reproduce with reasonable accuracy the
irradiance variations observed with the ACRIM and
ERB instruments since 1981. The brightening of the
sun during periods of activity is mostly ascribed to the
facular activity which overcomes the opposed effect of
blocking by sunspots. Since facular indices are not
directly available for periods before 1946, the sunspot
number R was used as a proxy to the facular contribu-
tion to the solar irradiance. This factor was combined
with the sunspot area index A to reconstruct the solar
irradiance over the past century.

In this article we refine and investigate further the
results of Gérard & Hauglustaine (1989) calculating the
transient temperature variations associated with this
recent reconstruction of the solar irradiance change
using a zonally averaged seasonal climate model. We
then compare our results with the expected equi-
librium response and describe the model response to
larger secular irradiance variations possibly due to
other physical processes in the sun's interior.

THE CLIMATE MODEL

The climate model used for this investigation is con-
ceptually similar to the models developed by Harvey
(1986b) and Ledley (1988} and is described in some
detail in studies of the latitudinal distribution of the
warming due to trace gases (Hauglustaine et al. 1989,
Hauglustaine & Gérard 1991). This 1%-D energy-
balance model extends from 85° S to 85° N with a
latitudinal resolution of 5° and has an atmosphere-
surface-deep ocean partitioning. The atmospheric and
oceanijc meridional energy fluxes are proportional to
the meridional temperature gradient with coefficients
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derived from observations. The oceanic mixed layer
depth is seasonally and latitudinally dependent. In
order to conserve energy as the mixed layer changes
depth with season, an interactive shallow lower layer
has been added. This deep ocean layer exchanges
mass with the mixed layer such that their combined
depth is constant (Thompson & Schneider 1979). In
each latitudinal bin a surface and atmospheric land-
ocean resolution is adopted. For each surface type, the
atmospheric absorption, transmission and reflection as
well as the energy fluxes at the ground (sensible heat,
latent heat, infrared fluxes) are computed. The seas-
onal cycle of solar radiation reaching the top of the at-
mosphere and the solar zenith angle are computed and
diurnally averaged. Solar fluxes at the surface are cal-
culated using the formulation of Thompson & Barron
(1981). Cloud cover is assumed to be a single layer with
cloud fraction set, at each grid point, to the observed
zonally averaged total mean monthly cloud amount.
Surface albedos are calculated taking into account
snow and sea-ice covers, which are obtained from
empirical temperature-dependent parameterizations
(Robock 1983). The heat exchange between marine
and continental regions is proportional to the tempera-
ture difference between the 2 atmospheric boxes with
empirical coefficients (Harvey 1988b). In each latitudi-
nal zone, the temperature of each of the 5 systems
(atmosphere over land, atmosphere over ocean, land,
mixed layer and deep ocean layer) is computed using
the thermodynamic equation. Comparisons between
model-simulated present climate and climatic data
show that the model reproduces well the annual cycle
of the surface and surface air temperature on land and
ocean.

Various sensitivity tests have shown that the model
has a global mean temperature response of 3.2 °C to
an abrupt atmospheric CO, doubling. The climate
feedback parameter A = AQ/AT = 1.27 W m~2°C-!
(where AQ is the radiation forcing at the tropopause
and AT the induced surface temperature perturba-
tion) lies within the range of most recent models
(Ramanathan 1988). The sensitivity of models to
changes in solar irradiance is frequently expressed
in terms of a parameter 8 = S d7/dS. The value of 3
for this model is 195°C, in good agreement with
other EBM and GCM climate models. The modelled
transient solution of climate to external forcings
shows that the equilibrium is reached approximately
exponentially with a characteristic 'e-folding time' ..
This parameter depends on the total inertia of the
system and consequently on the rate of heat
exchange between the mixed-layer and the deep
ocean. In this model, the e-folding time depends on
the adopted deep ocean thermal inertia [see Hauglu-
staine & Gérard (1991) for a further description].
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Without energy exchange between mixed layer and
deep ocean, we obtain 7, = 5 yr. When the coupling
between surface layer and bottom layer is intro-
duced, 7. ranges from 30 to 530 yr for a deep ocean
thermal inertia (Cy,) ranging respectively from 10 to
200 times the mixed layer inertia (C,,}). In this work,
a value Cg, = 15 X Cy, is adopted. This leads to 7, =
42 yr, a middle value of the range given, for exam-
ple, by Schlesinger (1986). Following Wigley &
Schlesinger (1985), an effective thermal diffusivity «
of about 1.5 cm? s-! may be deduced from this value
of 7.

NUMERICAL SIMULATIONS

Fig. 1A reproduces the solar irradiance change as
calculated by Foukal & Lean (1990). A gradual
increase in total irradiance since 1945 is calculated,
continuing to the present. The maximum relative
variation over this period is about 6 X 107" and took
place during solar cycle 21, which was unusually
strong. We now describe the results of numerical
simulations of the global surface temperature change
of the last 120 yr calculated with our 1%;-D seasonal
model. Fig. 1B shows the temperature change ob-
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Fig. 1. (A) Reconstruction of relative 5 .002-
total solar irradiance since 1874 based a ’
on sunspot blocking and facular com- 003
ponents (Foukal & Lean 1990). (B) Tem- '
perature variation calculated in Case 1 0.04 . ) ) , ) )
( ), Case 2 (----)and Case 3 (-----) 1860 1880 1900 1920 1940 1960 1980
using the solar forcing function shown
in (A). See text for description of cases YEAR
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LATITUDE

1860 1880 1900 1920 1940 1960 1980
YEAR

tained under various assumptions with the irradiance
curve in Fig. 1A. The computed climatic response to
solar irradiance variations is obtained by calculating
the deviation from a steady state (fixed irradiance)
control run. Since the history of solar irradiance
before 1874 is unknown, assumptions have to be
made to evaluate the importance of this factor on the
calculated temperature evolution. In Case 1 the solar
irradiance before 1874 is set to its mean value calcu-
lated over the entire reconstruction period 1874 to
1988 (S = 1367.47 W m~?). In Case 2, the mean value
of S for the year 1874 is adopted to initialize the
system. A series of 11 yr peaks is observed with the
largest amplitudes occurring after 1930. They corres-
pond to maxima in the reconstructed time-series of
the solar constant. In Case 1, little change is calcu-
lated before the second part of the century whereas in
Case 2, a fairly well-defined minimum is obtained in
the early 1940s. This feature is due to the fact that the
mean S value for 1874 is significantly larger than the
average value of the following years. This stresses the
important role played by the initial model conditions
on the simulated transient response. The largest mod-
ulation is associated with cycle 12 which was un-
usually pronounced compared to the previous 100 yr.
Case 3 is similar to Case 1 but in order to investigate
the role played by the ocean thermal inertia, the cou-
pling between the mixed layer and the deep ocean is
removed. In Case 3, the amplitude of the 11 yr modu-
lation of the global temperature is larger as a conse-
quence of the damping induced by the inertia of the
ocean in Case 1. The maximum temperature change
between the low irradiance period before 1940 and
the higher values in the early 1980s is 0.067 °C for
Case 3 in comparison to 0.044 °C for Case 1. The rela-
tive variation of the solar irradiance reconstruction for
this period of about 6 X 10°¢ coupled with the 8 equi-
librium feedback parameter of this model predicts a
steady-state temperature change AT of 0.12°C. The
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-0.10 Fig. 2. Latitudinal distribution of the
transient temperature change calcu-
lated for Case 3 (°C)

comparison between predicted and simulated temper-
ature response shows that the damping due to ocean
inertia is between 40 and 60 %.

In any case, the amplitude is thus considerably
smaller than the ca 0.6 °C variation observed since
the beginning of the century. Further, no significant
correlation between observed data and reconstructed
temperature change (Case 1) appears from these
results. The same conclusion of small direct effects of
Foukal & Lean’s (1990) reconstructed solar irradiance
on global-mean temperature has been reached from
simple EBM calculations in an independent study
(Wigley & Raper 1990).

Fig. 2 illustrates the latitudinal distribution of the
surface temperature change corresponding to Case 3.
Since the climatic response is governed by ice/snow
albedo feedbacks, maximum temperature changes are
located in northern and southern hemisphere high
latitudes during both climate warming and cooling
periods. The climate response is centered at 75° in the
northern hemisphere and at 60° in the southern hemi-
sphere. This interhemispheric asymmetry is due to the
different sea ice and snow cover distributions in the 2
hemispheres. Like the solar forcing, the climate
response exhibits a high variability from 1880 to 1950
and clear maxima (corresponding to maximum solar
activity) after 1960. A maximum temperature increase
of 0.1 °C is reached at 60°S in 1984 and a maximum
cooling of 0.07 °C is obtained at the same latitude in
1935.

In order to compare this result with a previous solar
reconstruction, we now examine the time evolution of
the global surface temperature calculated with the
time-dependent S value of Reid (1987). Reid's results
show a time variation which resembles the SST global
curve of Folland et al. (1984), with @ minimum between
1900 and 1920 and a warming trend since then, with
the exception of a dip around 1970. The total ampli-
tude is about 0.5°C, in reasonable agreement with
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RELATIVE SOLAR IRRADIANCE VARIATION (X 1000)
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Fig. 3. (A) Time vanation of the relative
total solar irradiance based on a solar
sunspot index formulation. (B) Tempera-
ture variation calculated using the solar 0.3

forcing function shown in (A) 1860

SST observations. In an attempt to explain the SST
observations compiled by Folland et al. (1984), which
suggest the presence of a 80 yr Gleissberg periodicity,
Reid (1987) proposed a linear relationship between the
sunspot number average over 11 yr R and the solar
luminosity S:

S(t) = Sy + aSy(R - Ry)

where Sy and R, are reference values for S and R
respectively. A value of 1.08 X 10~% was determined for
the proportionality coefficient « on the basis of a fit to
the SST data by Folland et al. (1984). The relative solar

1880 1900 1920 1940 1960 1980

irradiance variation given by this relation is plotted in
Fig. 3A. For the period from early 1980 to the present,
the irradiance values observed with the ACRIM expe-
riments are used and the reference value S, is chosen
to ensure continuity with the pre-1980 calculated val-
ues. Not surprisingly, since « is used as a tunable para-
meter, in this case the temperature change reaches a
maximum of about 0.7 °C, similar to the observations
(Fig. 3B}). We note, however, that the additional war-
ming due to the accumulation of greenhouse gases
would accentuate the calculated warming trend. Reid
& Gage (1988) and Reid (1991) indicated that the inclu-
sion of this component reduces the consistency be-
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1900 1920 1940 1960 1980
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1860 1880

tween observed and calculated temperatures. Similar
results have been obtained with this model.

The latitudinal distribution of the temperature
change calculated in this case is shown in Fig. 4. As in
Fig. 2, the maxima are located at high latitudes. In this
experiment, a general cooling is obtained during the
period 1880 to 1940 reaching —0.56 °C in 1985 in
southern polar regions. A warming after 1940 is calcu-
lated which reaches 1.2 °C in 1985 in the same region.

CONCLUSIONS

Climate simulations using a zonally averaged
seasonal model have been performed to investigate
the response of the global climate system to possible
secular changes in the solar irradiance forcing. Expres-
sions proposed in the past to model variations of the
solar luminosity vyield temperature changes com-
parable in amplitude to the warming trend observed
during this century. However, this agreement may be
fortuitous since they were based on tunable solar
forcing simulations and since no physical basis exists
to justify the use of simple expressions based solely on
the sunspot index as an indicator of solar output. A
recent reconstruction of the solar irradiance of the past
120 yr gives a global temperature change of a few
hundredths of a degree, independently of the scenario
adopted for the irradiance history before 1874 and of
the strength of the exchanges between the surface and
deep ocean. The warming predicted by the model is, in
this case, considerably less than the observed temper-
ature trend. This is inconsistent with the hypothesis of
significant solar forcing of historical climate variations,
because if one were to assume a much greater climatic
sensitivity, due for example to cloud feedback, the
greenhouse forcing would still dominate. This 1is
because the radiative forcing due to accumulated
infrared active gases is on the order of 2 W m™2
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—-0.60 — ~0.40 Fig. 4. Latitudinal distribution of the

Below -~0.80

transient temperature change calcu-
lated using the solar forcing function of
Fig. 3A (°C)

whereas it is less than 0.1 W m~2 in the solar irradiance
reconstruction. The latitudinal distribution of the tem-
perature change shows that surface albedo feedbacks
play an important role during both warming and
cooling periods. Pronounced maxima are obtained at
high latitudes after 1960 corresponding to maximum
solar activity.

It is thus concluded that, if the climatic evolution is
controlled in part by solar activity, other factors than
the photospheric and chromospheric indices must be
used to describe the evolution of the solar output
and its secular evolution. For example, a changing
magnetic field in the solar convection zone would
possibly be able to produce luminosity changes
reaching 1 % (Gilliland 1989).
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