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COOL STARS, THE SUN AND CLIMATE VARIABILITY: IS THERE A CONNECTION?
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Abstract

A simulation of the climate of the last millennium with
a state-of-the art ocean-atmosphere climate model, which
has been forced with solar variability, volcanism and the
change in anthropogenic greenhouse gases, shows global
temperatures during the Little Ice Age of the order of
1 K colder than present, which is markedly colder than
some accepted empirical reconstructions from proxy data.
In this simulation temperature minima are reached in the
Late Maunder Minimum, (around 1700 A.D.) and the Dal-
ton Minimum (1820 A.D.), with global temperature about
1.2 K colder than today. The model also produces a Me-
dieval Warm Period around 1100 A.D., with global tem-
peratures approximately equal to present values.
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1. The climate system

The climate system consists of the subsystems atmosphere,
oceans (hydrosphere), the ice and snow cover (cryosphere),
vegetation (biosphere), the land surfaces (pedosphere) as
well as the lithosphere (cf., Fig. 1). The different climate
sub-systems fluctuate at different time-scales. These dif-
ferent time-scales determine the time-dependent behaviour
and represent therefore the dynamics of the climate sys-
tem. Fluctuations in the climate system component at-
mosphere, commonly called “weather”, vary at timescales
from hours to days, deep sea currents and ice shields vary
in time scales from centuries to millennia. As these climate
components are interacting with each other, the variabil-
ity of one sub-system influences the variability of the other
sub-systems. In extreme cases it is therefore possible that
a small disturbance is amplified by non-linear processes
and has large impacts. The climate system is driven by
external forcings. Here the prime forcing is the solar ra-
diation, but also volcanism counts as external forcing for
the climate scientists, as the aerosols emitted by the vol-
canoes modulate the incoming solar radiation. Mankind
influences the climate system via the emission of green-
house gases, pollutants and land usage. The solar forcing
is only to a first approximation constant. Changes of the

orbit of the earth around the sun and variations in the
solar radiative output represent a time dependent forcing.
In this paper the response of the climate system to the
temporal variability of the solar radiation, anthropogenic
emission of greenhouse gases and volcanism is studied us-
ing a fully coupled ocean atmosphere model. This model
is described in section 2, the experimental conditions are
discussed in section 3. The model results are shown in
sections 4 and 5, which is followed by a summary (section
6).

Figure 1. The climate system (IPCC, 2001)

2. The model

The climate model (ECHO-G) consists of the atmospheric
model ECHAM4 with a horizontal resolution of 3.75 ×

3.75 degrees and 19 vertical levels, 5 of them located in the
stratosphere, coupled to the ocean model HOPE-G with
a horizontal resolution of approx. 2.8 × 2.8 degrees with
equator refinement and 20 vertical levels. The ocean and
atmosphere models are coupled through flux adjustment
to avoid climate drift in long climate simulations. This
coupled model has been developed at the Max-Planck-
Institute of Meteorology and it has been used in many
studies of climate variability and climate change (Grötzner
et al. 1998).
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3. The experiment

For the simulation of the climate of the last 1000 years,
the model was driven by estimations of past variations of
the solar constant, volcanic activity and concentrations of
greenhouse gases (derived from air bubbles trapped in po-
lar ice cores (Etheridge et al. 1996, Blunier et al. 1995).
Annual values of net radiative forcing due to solar vari-
ability and volcanic activity were estimated by Crowley
2000 from concentrations of 10Be (a cosmogenic isotope),
from historical observations of sun spots and acidity mea-
surements in ice cores. In this simulation, they were trans-
lated to variations in an effective solar constant communi-
cated to the climate model, represented by a global annual
number, equally distributed over the solar spectrum, with
no seasonal or geographical dependence. In the last two
centuries the solar component is very close to the Lean
data (Lean et al. 1995). Changes in tropospheric sulphate
aerosols and ozone concentrations have not been included.

Figure 2. External forcing (effective solar constant and green-
house gas concentration used to drive the climate model ECHO-
G; the simulated global annual surface air temperature (SAT)
for two ECHO-G simulations and the running 100-year SAT
trends for the 1000-year simulation. The spikes in the effective
solar constant represent the effect of volcanic aerosols on the
radiative forcing. In 1258-9 A.D. an eruption of unknown loca-
tion, recorded in the acidity measurements of ice cores, causes
a temperature drop of about 1K.

4. Results

The external climate forcing and the simulated global an-
nual near-surface air temperature (SAT), is represented
in Fig. 2. The model simulates a temperature maximum
around 1100 A.D., the Medieval Warm Period (MWP)
(Jones et al. 2001), with temperatures very similar to the
ones simulated for the present period. The existence of the
MWP has been recently a matter of considerable debate,
since proxy data have not yielded a consistent picture of
its existence (Bradley et al. 2001, Broecker 2001). In this
simulation the MWP was a global phenomenon, probably
caused by the maximum in solar activity in the 12th cen-
tury. From 1300 A.D. global temperatures decrease and
the simulation enters the so called Little Ice Ice (LIA)
lasting until about 1850 A.D (Jones et al. 2001). Temper-
atures in the LIA were about 1 K colder than today’s val-
ues, the cooling peaking in the Late Maunder Minimum
(Eady 1976) (around 1700 A.D.) and the Dalton Mini-
mum (Jones et al. 2001) (around 1820 A.D.), when simu-
lated temperatures are about 0.25 K colder than the LIA
mean. Subsequently, global temperatures start increasing
almost continuously into the 20th century until the end
of the simulation. The simulated secular warming trend
in the 20th century is approached, but not surpassed, by
warming trends around 1100 A.D. and in the 18th century
(Fig. 2). A shorter simulation of the last 500 years with
a slightly different model version yields similar results
(Fig. 2).

The simulated temperature evolution is at variance
with the most accepted empirical reconstruction (Mann et
al. 1999). The empirical reconstructions based on different
proxy data have targeted different temperatures, depend-
ing on the sensitivity of the proxies used. Thus, the multi-
proxy approach of Mann et al. (1999), hereafter MBH99,
represents a reconstruction of the annual Northern Hemi-
sphere (NH) temperature, whereas the reconstruction by
Esper et al. (2002), based on extratropical dendrochrono-
logical data, is probably more strongly biased towards
the NH extratropical summer temperatures. Instead of re-
scaling the reconstruction to a common framework (Briffa
and Osborn 2002), Fig. 3 shows these two not re-scaled
reconstructions, together with the simulated NH annual
temperature and the NH extratropical summer tempera-
ture. The discrepancies between reconstructions and sim-
ulations remain large, although up to 1600 A.D. the sim-
ulated values lie within the 2 xσ errors of MBH99. The
NH ECHO-G and MBH99 temperatures are reasonably
correlated in the period 1000-1990 A.D., even when the
long-term linear trends before and after 1900 A.D. are con-
sidered (r=0.25 at interannual timescales, 0.37 at decadal
and longer timescales), but the amplitude of the variations
is clearly different. The ECHO simulations show a good
agreement with a similar simulation of the last 500 hun-
dred years, independently performed at the Hadley Center
for Climate Research (Widman and Tett 2004). The latter
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Figure 3. Simulated annual and summer extratropical North
Hemisphere SAT deviations compared to two empirical recon-
structions in the last millennium by Mann et al. (2000) and
Esper et al. (2002).

model is not flux-adjusted, indicating that flux adjustment
does not greatly distort the variability at long-time scales.

An assessment about the consistency of the model sim-
ulations and empirical reconstructions can be achieved
by analysing the temperature evolutions in the 20th cen-
tury, specially in the second half, when a global and com-
plete climate data set of pseudo-observations- the National
Centre for Environmental Prediction (NCEP) reanalysis
(Kalnay et al. 1996) is available and solar output under-
went strong variability (Lean et al. 1995). The analysis fo-
cusses on the NH temperature, which is arguably more re-
liable than the global mean. Fig. 4a shows the NH annual
SAT from the NCEP reanalysis together with the evolu-
tion of the solar constant. The correspondence between
both in the period 1948-1990 A.D. strongly suggests that
the solar forcing contributed to a large extent to the North
Hemisphere cooling between 1950 A.D. and 1975 A.D., the
subsequent rapid warming (1975-1980 A.D.) and cooling
(1980-1990 A.D.), a relationship also previously suggested
from sea-surface-temperature data (White et al. 1997).

In the last decade greenhouse warming becomes domi-
nant. The comparison with the (Jones et al. 1999) instru-
mental data set leads to a similar conclusion (Fig 4a). It
is noted that ensemble simulations with the Hadley Cen-
tre model driven only by anthropogenic forcing deviate
considerably from observations in this period (Stott et al.
2000). The inclusion of the effect of volcanic activity would

not have changed the overall picture, since in this period
volcanic activity, as reflected in ice-core acidity measure-
ments, was regularly distributed over time. The ECHO-G
NH temperatures are depicted in Fig. 4b. Both show a
similar evolution, ruling out internal variability as cause
for this behaviour, and suggesting that the model is able
to simulate reasonably the effects of a varying solar out-
put. The solar signal in the NH NCEP temperature at 30
mb height (not shown) is not as clear and agrees better
than in the simulations, but Fig. 4b also suggests that a
complex stratosphere model may not always be required
(Haig 1996), at least to simulate the NH temperature. Fi-
nally, Fig. 4c shows the MBH99 NH temperature, which
in this period displays the smallest variability range.

5. Climate sensitivity

One can try to check the consistency of the different SAT
data sets through a rough estimation of the sensitivity
of the NH temperature to variations of the solar con-
stant, although the climate sensitivity may be dependent
on the previous pathway and mean state of the climate
(Senior 2000; Meehl et al. 2002). By linearly detrend-
ing the temperature and solar constant in the 20th cen-
tury, the presumably linear warming due to anthropogenic
greenhouse gases and the linear increase in the solar con-
stant may be filtered out. The correlation between de-
trended temperature and detrended solar constant should
reflect the sensitivity of temperature to decadal varia-
tions of the solar constant, such as the ones of Fig. 4a.
This correlation is represented in Fig. 5 for the NCEP
reanalysis, the Jones et al. instrumental data, the longer
ECHO-G simulation and the MBH99 reconstruction. The
20th century regression slopes yield a sensitivity of 0.13
K/(W/m2) for the NCEP and Jones et al. instrumental
data set, 0.11 K/(W/m2) for ECHO-G temperature, and
0.08 K/(W/m2) for the MBH99 reconstruction. Previous
estimations based on empirical reconstructions yielded a
close value of 0.12 K/(W/m2) (Lean and Rind 1999). A
value of 0.13 K/W/m2 corresponds to a sensitivity to net
radiative forcing of about 0.75 K/W/m2, assuming a fixed
NH reflectivity of 30 %, which is closed to the assumed sen-
sitivity to changes in greenhouse gas forcing (IPCC, 2001)
and model simulations driven by solar changes (Cubasch
et al. 1997). This sensitivity would explain about 0.2K of
the NH warming in 1970-1999, approximately one third of
the observed NH warming. This is close to a value of 40%
estimated from simulations with other models driven by
solar forcing alone (Cubasch et al. 1997).

The same sensitivity analysis has been carried out for
the ECHO-G simulation and the MBH99 reconstruction
in the period 1600-1900 A.D. In this period, greenhouse
gases variations should have played a minor role, so that
no other external trends are to be expected. This analysis
yields a sensitivity of 0.16K/(W/m2) for ECHO-G and
0.02K/(W/m2) for MBH99. The data from this period
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are also depicted in Fig. 5. The sensitivity of the ECHO-G
model seems to have been larger in the previous centuries.

Uncertainties in this rough estimate, the different path-
way and mean climate in the LIA (Senior and Mitchell
2000; Meehl et al. 2002), or the presence of stronger vol-
canic activity could contribute to explain this change.
However, the sensitivity derived from the MBH99 recon-
struction in the previous centuries is a factor 4 smaller
than in the 20th century, possibly indicating that the re-
constructions of the solar constant and the empirical tem-
perature reconstructions in the previous centuries are not
consistent with their behaviour in the 20th century.

6. Summary

The discrepancies between model simulation and empiri-
cal reconstructions are discussed in terms of the climate
sensitivity to changes in the solar constant. We find that
whereas the model sensitivity is roughly constant along
the simulation and agrees with the sensitivity derived from
instrumental data, the empirical reconstructions show a
lower sensitivity in the 20th century, and a much lower
one in the past centuries, thus pointing to potential in-
consistencies between the reconstructed temperature and
solar constant.
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Figure 4. Comparison of different North Hemisphere surface
temperature average in the period 1900-1999 from the NCEP
Reanalysis, the ECHO-G simulations, the Jones et al. (1999)
instrumental data set and the MBH99 reconstructions. The
evolution of the solar constant as used in the ECHO simu-
lations (derived from Crawford 2000)) is also included in the
upper-left panel. Data are deviations from the 1948-1980 mean.

Figure 5. Scatter diagrams of annual solar constant, derived
from Crawford (2000), and the North Hemisphere annual tem-
perature deviations from the 1948-1990 mean for the NCEP
data set, the Jones et al. (1999) instrumental data, the ECHO-
G simulations and the MBH99 reconstruction. Black dots in-
clude data from the period 1600-1900 A.D., blue dots include
linearly detrended data from 1900-1990 A.D. The correlation
coefficients and the regression slopes are indicated.
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