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Abstract

The climate system is excited by changes in the solar forcing caused by two effects: (a) by variations of the solar radiation caused
by dynamical processes within the Sun, and (b) by changes in the orbital parameters of the Earth around the Sun.

Numerical simulations with a three-dimensional coupled ocean—atmosphere climate model have been performed to investigate
the sensitivity of the climate system to both kinds of changes in the forcing.

The climate system responds to the (relatively) short term variations of the solar output variations with changes in the surface
temperature of up to 2 K, but without any noticeable long lasting effect. The response to the changes in the orbital parameters is
more dramatic: dependent if the orbital parameters correspond to the Eemian (a warm phase at around 125 kyr BP) or the one at
115 kyr BP (the onset of the last ice age), the simulation produces a warm state or the initiation of a cold climate. For the Eemian,
the simulated climate agrees with the temperature distribution derived from pollen data. For the glacial inception, the model grad-
ually builds up a large snow cover in the northern part of North America.
© 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. The climate system

The climate system consists of the subsystems atmo-
sphere, oceans (hydrosphere), the ice and snow cover
(cryosphere), vegetation (biosphere), the land surfaces
(pedosphere) as well as the lithosphere.

The different climate sub-systems fluctuate at different
time-scales. These different time-scales determine the
time-dependent behaviour and represent therefore
the dynamics of the climate system. Fluctuations in the
climate system component atmosphere, commonly called
“weather”, vary at timescales from hours to days, deep
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sea currents and ice shields vary in time scales from cen-
turies to millennia. As these climate components are
interacting with each other, the variability of one sub-sys-
tem influences the variability of the other sub-systems. In
extreme cases, it is therefore possible that a small distur-
bance 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 radiation, but also
volcanism counts as external forcing for the climate sci-
entists, as the aerosols emitted by the volcanoes modu-
late the incoming solar radiation. Mankind influences
the climate system via the emission of greenhouse gases,
pollutants and land usage.

The solar forcing is only to a first approximation con-
stant. Changes of the orbit of the Earth around the Sun
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and variations in the solar radiative output represent a
time dependent forcing.

In this paper, the response of the climate system (a) to
the temporal variability of the solar radiation, anthro-
pogenic emission of greenhouse gases and volcanism,
and (b) to varying orbital parameters is studied using
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
Section 4, which is followed by a summary (Section 5).

2. The model

The climate model consists of the atmospheric model
ECHAM4 (Roeckner et al., 1992) with a horizontal res-
olution of 3.75° x 3.75° 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° x 2.8° with equator refinement and 20 vertical lev-
els. The ocean and atmosphere models are coupled
through flux adjustment to avoid climate drift in long
climate simulations. This coupled model has been devel-
oped at the Max-Planck-Institute of Meteorology
(Legutke and Voss, 1999) and it has been used in many
studies of climate variability and climate change (von
Storch et al., 2004) as well as paleo climate simulations
(Felis et al., 2004; Lorenz and Lohmann, 2004).

3. The experiments

To assess the effect or varying solar radiation on the
climate, the model was driven by estimations of varia-
tions of the solar constant for the last 1000 years, volca-
nic activity and concentrations of greenhouse gases
(derived from air bubbles trapped in polar ice cores
(Etheridge et al., 1996; Blunier et al., 1995)). Annual val-
ues of net radiative forcing due to solar variability and
volcanic activity were estimated by Crowley (2000) from
concentrations of '°Be (a cosmogenic isotope), from his-
torical observations of Sun spots and acidity measure-
ments in ice cores. 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.

To investigate the effect of the orbital parameters,
two simulations using the orbital parameters at
125,000 yr before present (BP) and 115,000 yr BP (see
Table 1), which represent different phases of the Eemian
interglacial (which was the last interglacial before the
present one), have been run.

Compared to the conditions before industrialization
(i.e., the time before mankind has begun to influence cli-
mate on a large scale) at 125,000 yr BP the combined ef-
fect of greater obliquity and eccentricity, together with

Table 1
Orbital parameters and greenhouse gas concentrations of the equilib-
rium simulations

125 kyr BP 115 kyr BP Pre-indust
Eccentricity 0.0400 0.0414 0.0167
Obliquity 23.79 22.41 23.44
Precession 127.3 290.9 282.7
CO; conc. 270 ppm 265 ppm 280 ppm
CH,4 conc. 630 ppb 520 ppb 700 ppb
N,O conc. 260 ppb 270 ppb 265 ppb

Orbital parameters are calculated following Berger (1978). Greenhouse
gas concentrations are based on Vostok ice cores (CO, and CHy: Petit
et al. (1999); N,O: Sowers (2001)).

the fact that perihelion occurred in northern hemisphere
summer caused an stronger seasonal cycle of insolation.
At 115,000 yr BP the length of perihelion was almost
opposite, resulting in a weaker seasonal cycle. There-
fore, the selected dates represent phases with approx.
maximum and minimum summer insolation on the
northern hemisphere. In contrast to the experiments de-
scribed above, we did not perform transient simulations
with variable forcings but so called equilibrium experi-
ments with a constant orbital configuration. The green-
house gas concentrations (CO,, CHy, N,O) have been
adapted to values obtained from Vostok ice cores (Petit
et al., 1999; Sowers, 2001). An equilibrium simulation
with pre-industrial conditions has been used for compar-
ison, because greenhouse gas concentrations are very
similar to the values of the Eemian simulations and
therefore the simulated changes can be attributed to
orbitally-induced insolation change. All parameters are
shown in Table 1.

4. Results
4.1. The effect of solar variability

The external climate forcing and the simulated global
annual near-surface air temperature (SAT), is repre-
sented in Fig. 1. The model simulates a temperature
maximum around 1100 AD, the Medieval Warm Period
(MWP) (Jones et al., 2001), with temperatures very sim-
ilar to the ones simulated for the present period. The
existence of the MWP has been recently a matter of con-
siderable 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 glo-
bal phenomenon, probably caused by the maximum in
solar activity in the 12th century. From 1300 AD global
temperatures decrease and the simulation enters the so
called Little Ice Ice (LIA) lasting until about 1850 AD
(Jones et al., 2001). Temperatures in the LIA were about
1 K colder than today’s values, the cooling peaking in
the Late Maunder Minimum (Eady, 1976) (around
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Fig. 1. External forcing effective solar constant and greenhouse 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 1258-1259 AD, an
eruption of unknown location, recorded in the acidity measurements of
ice cores, causes a temperature drop of about 1 K.

1700 AD) and the Dalton Minimum (Jones et al., 2001)
(around 1820 AD), when simulated temperatures are
about 0.25 K colder than the LIA mean. The cooling
is a global phenomenon with a regional maxima around
a latitude belt of 60°N over land areas (Zorita et al.,
2004). Subsequently, global temperatures start increas-
ing 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 sur-
passed, by warming trends around 1100 AD and in
the 18th century. A shorter simulation of the last 500
years with a slightly different model version yields simi-
lar results.

The simulated temperature evolution has similar
phases of the minima and maxima as the empirical
reconstruction by Mann et al. (1999), but with a larger
amplitude (up to factor 5), particularly for the LIA
and the Dalton Minimum. Other empirical reconstruc-
tions based on different proxy data have obtained differ-
ent amplitudes in variability, depending on the
sensitivity of the proxies used (Zorita et al., 2004). For
example, the multi-proxy approach of Mann et al.
(1999) represents a reconstruction of the annual North-
ern Hemisphere (NH) temperature, whereas the recon-
struction by Esper et al. (2002), based on extratropical
dendrochronological data, is more strongly biased
towards the NH extratropical summer temperatures.

Results by Moberg et al. (2005), in which he used a
blend of lake and ocean sediments with tree ring data
to estimate the temperature of the last 2000 years show
a larger amplitude than the Mann et al. (1999) recon-
struction and are closer to the modelled results. This
indicates that the issue of the amplitude of surface tem-
perature reconstructions has not yet been settled.

The ECHO-G simulations show a good agreement
with a similar simulation of the last 500 hundred years,
independently performed at the Hadley Center for Cli-
mate Research (Widmann and Tett, 2004).

4.2. Results of the simulation for 125,000 yr BP

At 65°N, the insolation at mid-month June was
11.7% higher than today (531 W/m? instead of 475
W/m?). The insolation of mid-month December was
1.88 W/m” compared 3.02 W/m” today. A simulation
of 2000 years was performed with the modified insola-
tion pattern as constant forcing. After approx. 1000
years the simulation becomes quasi-stationary with re-
spect to ocean-circulation and sea-ice extend. The
enhancement of the seasonal cycle in insolation is clearly
visible in simulated northern hemispheric temperatures
(Fig. 2). Fig. 3 shows the simulated summer temperature
as difference to the pre-industrial conditions. The sum-
mer near-surface temperature is higher for almost the
entire northern hemisphere, in particular over the conti-
nents where it is 2 K warmer than during pre-industrial
conditions.

A belt with cooler temperatures at around 20°N
emerges over Africa and India, which is caused by sig-
nificantly higher cloud coverage in the summer months.
The difference in the percentage of cloud coverage is ap-
prox. +10% over Africa at around 20°N and approx.
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Fig. 2. The annual cycle of temperature in the Northern Hemisphere
(20-75°N) for the 125 kyr BP, the 115 kyr BP and the pre-industrial
simulation (50 year intervals starting 1200 years after the start of the
simulation).
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Fig. 3. Mean simulated difference (Eemian at 125 kyr BP minus pre-industrial) of the near-surface temperature in northern summer (JJA).

+25% in the region from the Arabian peninsula to India
at around 25°N. In these regions, significantly enhanced
westerly winds cause an increase in transport of oceanic
moisture into the continents. An increase in summer
precipitation of around 2 mm/day is simulated in these
regions. These results are consistent with the study of
Rohling et al. (2002), who found a northward shift of
the Innertropical Convergence Zone during the Eemian
summer based on the interpretation of proxy data. Sim-
ilar results have been obtained in the model experiments
by Montoya et al. (2000).

The winter temperatures are lower over the conti-
nents with the exception of the area between Eastern
Europe and Siberia, where higher temperatures prevail.
The general pattern of simulated summer and winter
temperatures are in agreement with published datasets
of pollen-based reconstructions of European tempera-
tures (Kiihl, 2003; Kaspar et al., in press) in displaying
higher temperatures than today over most parts of Eur-
ope in summer. They show a similar east—west-gradient
in winter temperature changes with increasing anomalies
towards north-eastern Europe. These higher winter tem-
peratures are in contrast to the reduced winter insola-
tion, but are consistently visible in the reconstructions
and simulations. In the simulation two reasons for this
pattern can be identified: The sea-ice in the Arctic sea
is significantly reduced in both summer and winter.
Stronger westerly winds occur over the Atlantic at
60°N which lead to additional advection of oceanic heat
into the European continent. As the greenhouse gas con-
centrations in the simulations are only slightly different,
it can be concluded that orbitally induced changes in
insolation are sufficient to induce the reconstructed pat-
terns. However, the reconstructed anomalies refer to ob-
served modern climatic conditions where greenhouse
gases were already increased. When the Eemian simula-
tion is compared to periods within the 20th century of a
transient simulation with the same model, similar pat-

terns are obtained, but they become less distinct for
the late decades, because they are blurred by the green-
house gas effect. The simulated European winter warm-
ing was also found in the modelling experiments
performed by Felis et al. (2004), who used the same
model but with an accelerated transient insolation forc-
ing and calculated the anomalies to a simulation of
modern climate.

4.3. Results of the simulation for 115,000 yr BP

At 115,000 yr BP the insolation of mid-month June at
65°N was 7.6% lower (439 W/m?) than today. At mid-
month December it was 6.82 W/m?, therefore the sea-
sonality of insolation was less strong than today. Again,
a consistent reaction of the temperature is apparent,
with the strongest differences on the continents. In this
simulation, the global annual mean near surface air-tem-
perature cools by 0.08 K/century over the whole simu-
lated interval of 2300 years. It is connected with a
continuous increase in northern hemisphere sea ice vol-
ume and an expansion of the permanently snow-covered
areas over North America (Fig. 4). The northern hemi-
sphere summer sea ice volume is increasing from
28,000 km® at the beginning of the simulation to
49,000 km® after 2300 simulated years. Due to the re-
duced insolation an increased meridional temperature
gradient occurs. At the end of the simulation the tem-
perature difference between the high and the low lati-
tudes is 47.5 K compared to 42.5K in the Eemian
simulation.

On a global average, the stronger meridional temper-
ature gradient leads to an increased meridional trans-
port of moisture on the northern hemisphere as
suggested by Kukla et al. (2002). A comparison of the
simulations (125 kyr, 115 kyr, pre-industrial) shows that
at 115,000 yr BP a significantly stronger poleward trans-
port of moisture is simulated, in particular over the
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Fig. 4. Expansion of permanently snow-covered areas over North America in the 115 kyr BP simulation. On marked areas snow coverage occurs in

all months of the year. The size of the grid boxes corresponds to the spatial resolution of the atmosphere model (~3.75°).

Pacific and Atlantic for the summer months. The de-
creased summer temperatures combined with the in-
creased moisture availability leads to an increase in
snowfall during the summer months and therefore sup-
ports the expansion of the snow-covered areas. During
the simulated interval a perennial snow coverage occurs
on the North American continent only. The accumula-
tion of snow on these areas is a pre-requisite for the
build-up of an ice sheet and it indicates that the orbitally
induced changes in insolation are sufficient to trigger ini-
tial processes of a glaciation. However, since the climate
model used does not include an inland ice model, this
build-up cannot explicitly be calculated.

5. Summary

The changes in the solar forcing have a noticeable ef-
fect on the climate. The solar variability induces climate
changes in the order of 1-2 K, thus supporting the find-
ings of Cubasch et al. (1997) and Stott et al. (2000). As
these changes in the forcing are comparatively short
lived (decades), the climate recovers once the forcing re-
turns to “‘normal” conditions.

In the case of the forcing by orbital parameters, the
climate is substantially altered, since the forcing acts
on longer timescales. A “warm” orbital constellation
corresponding to the one of the Eemian (125 kyr BP) in-
duces a warmer than present-day climate, while a “cool”
orbit corresponding to the conditions of 115 kyr BP
forces the climate system toward a significantly colder
phase.

For both types of experiments, a number of questions
remain:

Why is the amplitude in the case of the model simu-
lation for the last 1000 years for the longer periods sub-
stantially larger than what has been derived from the
proxy-data reconstructions? Here, the mechanism de-
scribed by von Storch et al. (2004) might play an impor-
tant role, i.e., that a reconstruction of the climate by
applying regression methods on proxy data underesti-
mates the climate variability. On the other hand, the so-
lar forcing might have been overestimated (Foukal et
al., 2004). There are also indications that the snow-veg-
etation feedback, which could not be simulated due to
the lack of a sophisticated vegetation model, would im-
prove the realism of the climate simulation (Claussen et
al., 2003).

For the orbital forcing experiments some differences
arise between the pollen data reconstructions and the
model results, particularly for the precipitation field.
The models have problems to simulate precipitation
accurately (IPCC, 2001). On the other hand, the recon-
struction of the global climate based on local pollen data
has a number of deficiencies (Bradley, 1999). Further-
more, in both cases we compare model data, which are
representing scales of larger than 500 km with locally de-
rived data (von Storch et al., 1993).

With increasing computing resources, it will in the
foreseeable future be possible to simulate either with in-
creased horizontal resolution more regional details, or
with the same resolution longer intervals, for example
the whole Holocene or the transitions between warm
and cold stadials. This leads to a re-assessment and
homogenization of the proxy data since the models per-
form a check on the physical consistency of the data.
Accurate information about the solar variability will im-
prove this process.
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