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Abstract. The response of atmospheric CO2 and climate to the reconstructed variability in solar

irradiance and radiative forcing by volcanoes over the last millennium is examined by applying a
coupled physical-biogeochemical climate model that includes the Lund-Potsdam-Jena dynamic global
vegetation model (LPJ-DGVM) and a simplified analogue of a coupled atmosphere-ocean general
circulation model. The modeled variations of atmospheric CO2 and Northern Hemisphere (NH) mean

surface temperature are compatible with reconstructions from different Antarctic ice cores and
temperature proxy data. Simulations where the magnitude of solar irradiance changes is increased
yield a mismatch between model results and CO2 data, providing evidence for modest changes in

solar irradiance and global mean temperatures over the past millennium and arguing against a
significant amplification of the response of global or hemispheric annual mean temperature to solar
forcing. Linear regression (r = 0.97) between modeled changes in atmospheric CO2 and NH mean

surface temperature yields a CO2 increase of about 12 ppm for a temperature increase of 1 °C and

associated precipitation and cloud cover changes. Then, the CO2 data range of 12 ppm implies that

multi-decadal NH temperature changes between 1100 and 1700 AD had to be within 1 °C. Modeled
preindustrial variations in atmospheric  13C are small compared to the uncertainties in ice core  

13C data. Simulations with natural forcings only suggest that atmospheric CO2 would have remained

- 1 -



around the preindustrial concentration of 280 ppm without anthropogenic emissions. Sensitivity
experiments show that atmospheric CO2 closely follows decadal-mean temperature changes when

changes in ocean circulation and ocean-sediment interactions are not important. The response in
terrestrial carbon storage to factorial changes in temperature, the seasonality of temperature,
precipitation, and atmospheric CO2 has been determined.

1

Introduction
Ice core data of the atmospheric CO2 history provide information on the coupled climate-carbon cycle

system. Estimates of past temperature and climate variability are a prerequisite for a possible
attribution of the twentieth century warming to anthropogenic greenhouse gas forcing. While proxy
based climate reconstructions can inform our knowledge of large-scale temperature variations in past
centuries, they are not without their uncertainties (Folland et al. 2001). Independent estimates from
models driven with estimates of changes in radiative forcing can provide a complementary picture of
temperature trends over the past millennium (e.g., Crowley 2000). Here, we make use of atmospheric 
CO2 variations as recorded in ice cores in the context of a modeling approach that is as yet a new

constraint on temperature variations over the last millennium.

Magnitude and importance of fundamental mechanisms operating in the climate carbon cycle system
such as the role of solar variability in climate change or the dependency of primary productivity on
atmospheric CO2 are under debate. A reason is that time scales larger than a few years cannot be

assessed by detailed and well controlled field studies and that long-term instrumental observations are
missing for many variables. On the other hand, paleoclimatic reconstructions provide the opportunity
to test our understanding and models of the Earth system on long time scales. However, paleoclimatic
studies generally suffer from incomplete data and uncertainties in reconstructed data. In this study, we
will use the radiative forcing, temperature, and CO2 data shown in Fig. 1 to investigate whether our

current understanding of variations in climate (Folland et al. 2001) and the global carbon cycle
(Prentice et al. 2001) is consistent with the ice core CO2 record (Stauffer et al. 2002) by forcing the

reduced-form Bern carbon cycle-climate (Bern CC) model (Joos et al. 2001) with reconstructed
changes in radiative forcing from variations in solar irradiance and volcanic eruptions (Bard et al. 
2000; Crowley 2000). 
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Fig. 1A-C. Reconstructions of solar and volcanic radiative forcing, NH temperature, and atmospheric 
CO2 for the last millennium. A top panel: reconstructed radiative forcing from variations in total solar

irradiance based on a smoothed cosmonuclides production record (Bard et al. 2000). The different
curves have been obtained with different scaling factors to match the Maunder Minimum (around
1700) irradiance reduction derived by Reid (1997) (thin solid line) and by Lean et al. (1995) (thick
solid line). This latter reconstruction has been used as standard input in this study. High-frequency
variations have been included here for the industrial period based on Lean et al. (1995). A Bottom 
panel, right hand axis: reconstructed radiative forcing from explosive volcanic eruptions (Crowley 
2000). Note the different scales between the upper and lower panel. B Reconstructions of Northern
Hemisphere (NH) surface temperature variations for the last millennium by Jones et al. (1998) 
(dot-dashed, summer, extratropical-emphasis), Mann et al. (1999) (thin solid line annual mean, full
hemisphere), Briffa (2000) (gray, summer, extra-tropical) Crowley and Lowery (2000)(dashed,
summer-emphasis, extratropical), Huang et al. (2000) (squares, borehole temperature, gridded before
averaging, taken from Briffa and Osborn (2002)) and Esper et al. (2002) (solid line, with circles). The
instrumental record (annual mean, full hemisphere) is shown by the thick solid line (Jones et al. 1999).
All series have been smoothed by 31-year running averages. The shaded area indicates the uncertainty
(±2 standard deviation) of the smoothed temperature reconstruction by Mann et al. (1999). It was
computed based on the use of the standard reduction of variance in the estimate of the mean, 

 where  2 is the nominal variance in the annual estimates diagnosed from the

calibration residuals, and N  is the effective degrees of freedom which is approximately N  = N/2 in
the decadal range, owing to the existence of serial correlation in the calibration residuals. C
Atmospheric CO2 concentration as measured on air entrapped in ice drilled at Law Dome (solid 

circles) (Etheridge et al. 1996), Siple (open triangles) (Neftel et al. 1985), South Pole (solid triangles)
(Siegenthaler et al. 1988), and Adelie Land (cores D47 and D57, open squares) (Barnola et al. 1995).
The age scale of the South Pole ice core has been shifted by 115 years towards older dates compared
to the original publication based on an improved firn-diffusion model (Schwander 1996)

In the following paragraphs, we will discuss the data shown in Fig. 1 that serve as the primary input to
our study. Proxy data from different archives such as trees, lakes and ocean sediments, corals,
boreholes, ice cores and historical documentary evidence reveal variations in climate during the last
millennium (Esper et al. 2002; Folland et al. 2001; Hu et al. 2001; Johnsen et al. 2001; Kreutz et al. 
1997; Mann et al. 1998, 1999; Pfister et al. 1996; Pfister 1999) that are linked to variations in solar
irradiance (e.g., Crowley 2000; Bond et al. 2001) and to explosive volcanic eruptions (e.g., Briffa et al. 
1998), as well as to variations in greenhouse gas concentrations.

Reconstructions of solar irradiance (Fig. 1A, upper panel) show a high total solar irradiance (TSI)
during the 11th and 12th century, and low TSI during 1400 to 1700 AD. Distinct minima are found
around 1320, 1450, 1550, 1680 and 1820 AD. Volcanic forcing (Fig. 1A, lower panel) is negative
(cooling) and pulse-like as sulfur injected into the stratosphere by explosive eruptions is removed
within a few years. Uncertainties in reconstructed radiative forcing, that serves as an input to drive
climate models, are large. For example, the role of solar variability for climate change has been
discussed controversially (Ramaswamy et al. 2001). Changes in TSI are reconstructed based on proxy
records of solar magnetic activity such as historically observed sunspot numbers and the abundance of
the cosmogenic radio-isotopes 10Be as recorded in polar ice and 14C as recorded in tree rings (e.g.,
Beer et al. 1994; Bard et al. 2000). Simple linear scaling has been applied to translate the radio-isotope
records into TSI changes by Bard et al. (2000) and the scaling varies by a factor of 2.6 between
different plausible reconstructions (Fig. 1A). In addition to TSI variations, changes in ultraviolet
radiation influence the atmospheric ozone distribution and thereby climate (Haigh 1996; Thompson
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and Solomon 2002). Furthermore, it has been speculated that changes in solar magnetic activity itself
influence climate (Svensmark and Friis-Christensen 1997). Similar uncertainties exist with regard to
past volcanic forcing.

Reconstructions of the Northern Hemisphere (NH) mean surface temperature show distinct cold and
warm periods during the past millennium (Fig. 1B). Most reconstructions suggest that NH mean
temperature was lower than today by a few tenths of a degree (Folland et al. 2001). A recent primarily
extratropical reconstruction (Esper et al. 2002) yields more pronounced temperature fluctuations and
suggests that NH temperatures have been lower by 0.3 to 1 °C between 1200 AD and 1800 AD as
compared to recent decades and a warm period around 1000 AD. The timing of cold and warm periods
varies considerably over the globe (Folland et al. 2001). Unusually cold and dry winters have been
found in Central Europe during the "Little Ice Age" that were associated with lower index states of the
Arctic and North Atlantic Oscillation patterns during the seventeenth century (Wanner et al. 1995;
Luterbacher et al. 1999). On the other hand, recent work by Hendy et al. (2002) suggest little if any
cooling at all during the seventeenth to nineteenth centuries in the Great Barrier Reef sector of the
tropical Pacific. Primarily extratropical NH temperature reconstructions exhibit more cooling during
the seventeenth to nineteenth centuries than reconstructions based on the full (tropical and
extratropical) NH (see e.g., Mann et al. 1999; Crowley and Lowery 2000; Folland et al. 2001; Esper et
al. 2002). Measurements of borehole temperatures (Huang et al. 2000) reveal a warming of 0.9 °C
since 1500 AD. Simulations with energy balance models (Crowley 2000; Bertrand et al. 2002) and
atmosphere-ocean general circulation models (Cubasch et al. 1997; Shindell et al. 2001) forced by
reconstructed radiative forcing yield small changes in hemispheric mean surface temperature and are
in broad agreement with the reconstructed small changes by Mann et al. (1999) or Briffa (2000), but in
conflict with results from Esper et al. (2002). There remain substantial uncertainties (e.g., Folland et
al. 2001) in existing reconstructions and differences between published reconstructions of NH mean
surface temperature are up to 0.8 °C (Fig. 1B). In conclusion, uncertainties in past climate forcing and
climate reconstructions call for independent additional information to further constrain past global
climate variations.

Variations in atmospheric tracers recorded in ice cores such as carbon dioxide, methane, nitrous oxide,
and sulfate provide additional clues on the magnitude of past climate changes. The ice core records
show a small variability in atmospheric greenhouse gases and deposited sulfate over the last
millennium until the onset of industrialization as compared to measured variations over
glacial-interglacial cycles, Dansgaard/Oeschger events, or the entire Holocene (Stauffer et al. 2002;
Bigler et al. 2002). Qualitatively, this suggests that averaged over the globe or the NH natural climate
variations have been modest during the last millennium.

CO2 data from several Antarctic ice cores (Fig. 1C) show that atmospheric CO2 varied by less than

15 ppm during the last millennium until the onset of industrialization (Siegenthaler et al. 1988;
Barnola et al. 1995; Etheridge et al. 1996). However, the detailed evolution is not consistent between
different cores. For example, results from cores D47/D57 (Barnola et al. 1995) suggest an increase in
atmospheric CO2 of around 10 ppm during 1200 to 1400 AD, whereas the data from Law Dome

(Etheridge et al. 1996) suggest a small downward trend. Similarly, the Law Dome data show a rapid 
CO2 decrease of about 8 ppm at the end of the sixteenth century, which is not found in the other cores.

Possible reasons for these discrepancies are the in-situ transformation of calcite and/or organic carbon
to CO2 after the enclosure of air in the ice (Tschumi and Stauffer 2000; Anklin et al. 1995) as well as

analytical problems, especially for measurements made in the 1980 and early 1990s. In summary,
preindustrial atmospheric CO2 variations were small during the last millennium and details in the

different CO2 ice core records need to be interpreted with caution.
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The outline of this work is as follows. The Bern CC model and the experimental setup are described in
the next section. In Sect. 3.1 we present the sensitivity of the terrestrial component of the Bern CC
model, the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM), to step-like changes
in one of the driving variables CO2, temperature, precipitation and cloud cover. The adjustment time

of atmospheric CO2 to a step change in radiative forcing or in climate is explored in Sect. 3.2 for the

coupled carbon cycle-climate model. The results of the transient simulations for the past millennium
are presented in Sects. 3.3 and 3.4. In Sect. 3.5, we apply the ice core CO2 record to constrain

low-frequency variations in NH mean surface temperature for the period 1100 to 1700 AD. In Sect.
3.6, we then compare simulated atmospheric  13C with ice core data and discuss briefly the
relevance of  13C in the climate-carbon cycle system. Discussion and conclusions follow in Sect. 4.

2

Model description
The Bern CC model (Joos et al. 2001) consists of a chemistry, radiative forcing, climate, and carbon
cycle module. The main features of the model are summarized.

2.1

Radiative forcing

In simulations over the last millennium (1075 AD to 2000 AD), global-average radiative forcing from
solar irradiance changes and explosive volcanic eruptions are prescribed (Crowley 2000, Fig. 1A) to
simulate the evolution of temperature, precipitation, cloud cover, and atmospheric CO2. Radiative

forcing by CO2 is calculated from concentrations assuming a logarithmic relationship (Myhre et al. 

1998). Radiative forcing by other anthropogenic greenhouse gases and aerosols and carbon emissions
due to fossil fuel use and land use changes for the industrial period (1700 to 2000 AD) are taken into
account (Joos et al. 2001).

2.2

Climate model

The model’s climate component is an impulse response-empirical orthogonal function (IRF-EOF)
substitute driven by radiative forcing. An IRF for surface-to-deep tracer mixing in combination with
an equation describing air-sea heat exchange and the energy balance at the surface (Joos and Bruno 
1996) characterize the adjustment time of the climate system to changes in radiative forcing, whereas
EOFs describe the spatial patterns of the annual mean perturbations in temperature ( T),
precipitation (  P), and cloud cover (  CC) (Hooss et al. 2001; Meyer et al. 1999). The climate
sensitivity for temperature, defined as the change in global mean surface temperature per radiative
forcing unit, is specified here as a term in the surface energy balance equation (Siegenthaler and
Oeschger 1984), whereas the climate sensitivity of comprehensive models is determined by the
strength of the resolved feedback mechanisms. The spatial patterns (EOFs) in  T,  P, and  CC
associated with global temperature changes resulting from radiative forcing by greenhouse gases and
solar irradiance were derived from a 850-year "4  CO2" simulation with the ECHAM3/LSG model

wherein atmospheric CO2 was quadrupled in the first 120 years and held constant thereafter (Voss and

Mikolajewicz 2001). The IRF for surface-to-deep mixing of heat (and other tracers) was derived from
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the High-Latitude Exchange-Interior Diffusion/Advection (HILDA) model (Joos et al. 1996). The
combination of an IRF for surface-to-deep heat mixing and an energy balance equation allows us to
explicitly simulate the damping effect of ocean heat uptake on modeled surface temperatures (Hansen
et al. 1984), in contrast to the IRF-EOF model developed by Hooss et al. (2001) that was used in
earlier work with the Bern CC model (Joos et al. 2001). Simulations with both IRF approaches yield
almost identical results for the 4  CO2 experiment when the IRF-EOF models’ climate sensitivity

for a doubling of atmospheric CO2 is set to 2.5 °C, i.e., the sensitivity of the ECHAM3/LSG.

However, when the IRF models’ climate sensitivity is increased, temperature changes scale with the
climate sensitivity in the IRF approach by Hooss et al. (2001), whereas in the IRF model used here
simulated temperature changes are smaller during the first transient phase of the experiment, because
ocean heat uptake is explicitly simulated.

Modeled changes in precipitation and cloud cover are used in a purely diagnostic way and scale
linearly with the modeled global mean surface temperature changes. The climate sensitivities of the
substitute for a doubling of atmospheric CO2 corresponding to a change in radiative forcing of 

3.7 W m-2 are 2.5 °C (global mean surface-air temperature), 64 mm yr-1 (global mean precipitation),
and -0.9% (cloud cover) in the standard case. In sensitivity experiments, temperature sensitivities of
1.5 °C and 4.5 °C have been used; the sensitivities of other climate variables were scaled accordingly.
We note that for the ECHAM3/LSG pattern deviations in NH mean are 20% larger than in global
mean surface temperature and that the temperature deviations averaged over land are 36% higher than
those averaged over the globe.

The temperature response of each volcanic eruption of the last millennium was calculated by
multiplying its peak radiative forcing (Crowley 2000) with an observationally based response pattern
for tropical and high-latitude volcanoes, respectively. The temperature anomalies due to volcanic
forcing were then linearly combined with the anomalies calculated by the ECHAM-3/LSG substitute
in response to solar and CO2 forcing. Changes in precipitation and photosynthetic active radiation in

response to explosive volcanic eruptions were neglected. Each peak of the volcanic radiative forcing
series was assigned to either a high latitude or a tropical eruption using a catalogue of volcanic
eruptions (Simkin and Siebert 1994). The average temperature response of tropical and northern
high-latitude volcanoes was calculated from observations (Jones 1994) following Robock and Mao 
(1993). First, low-frequency variations, and the El Niño/Southern Oscillation signal are removed from
the temperature data and the resulting temperature anomalies are seasonally averaged. Then, the
seasonal temperature anomalies for the first five years after the eruptions of the tropical volcanoes
Krakatau (1883), Soufrière (1902)/Santa Maria (1902), El Chichón (1982), and Mt. Pinatubo (1991)
were extracted. The individual seasonal temperature fields of the four eruptions were averaged for
each year after the eruptions to obtain a five-year long data set. Finally, the anomalies were divided by
the average of the peak radiative forcing of the four eruptions. The response of northern high-latitude
volcanoes was obtained by repeating this procedure for the eruptions of Bandai (1888), Katmai (1912)
and Bezymianny (1956). Peak radiative forcing of Bandai, which left no trace in the Crowley (2000)
series, was calculated using the global-average aerosol optical depth estimate of Sato and Hansen 
(1992) and the relation of Lacis et al. (1992). We note that conclusions remain unchanged if the
climatic response (temperature, precipitation, cloud cover) to explosive volcanic eruptions is
calculated using the ECHAM3/LSG substitute instead of applying the observationally based
temperature response pattern.

2.3
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Carbon cycle model

The carbon cycle component consists of a well-mixed atmosphere, a substitute of the HILDA ocean
model (Siegenthaler and Joos 1992; Joos et al. 1996), and the LPJ-DGVM (Sitch 2000; Prentice et al. 
2000; Cramer et al. 2001; Joos et al. 2001; McGuire et al. 2001; Sitch et al. submitted 2002; Kaplan 
2002). Surface-to-deep tracer transport in the ocean substitute is described by an IRF. The
non-linearities in air-sea gas exchange and carbon chemistry are captured by separate equations. The
effect of sea-surface warming on carbonate chemistry is included (Joos et al. 1999b). However, ocean
circulation changes are not considered in our standard simulation.

The LPJ-DGVM is driven by local temperatures, precipitation, incoming solar radiation, cloud cover,
and atmospheric CO2. The LPJ-DGVM simulates the distribution of nine plant functional types

(PFTs) based on bioclimatic limits for plant growth and regeneration and plant-specific parameters
that govern plant competition for light and water. The PFTs considered are tropical broad-leaved
evergreen trees, tropical broad-leaved raingreen trees, temperate needle-leaved evergreen trees,
temperate broad-leaved evergreen trees, temperate broad-leaved summergreen trees, boreal
needle-leaved evergreen trees, boreal summergreen trees, C3 grasses/forbs, and C4 grasses. Dispersal

processes are not explicitly modeled and an individual PFT can invade new regions if its bioclimatic
limits and competition with other PFTs allow establishment. There are seven carbon pools per PFT,
representing leaves, sapwood, heartwood, fine-roots, a fast and a slow decomposing above-ground
litter pool, and a below-ground litter pool; and two soil carbon pools, which receive input from litter of
all PFTs. Photosynthesis is as a function of absorbed photosynthetically active radiation, temperature,
atmospheric CO2 concentration, day length, and canopy conductance using a form of the Farquhar

scheme (Farquhar et al. 1980; Collatz et al. 1992) with leaf-level optimized nitrogen allocation
(Haxeltine and Prentice 1996) and an empirical convective boundary layer parametrization (Monteith 
1995) to couple the carbon and water cycles. Soil texture classes are assigned to every grid cell (Zobler 
1986), and the soil hydrology is simulated using two soil layers (Haxeltine and Prentice 1996).
Decomposition rates of soil and litter organic carbon depend on soil temperature (Lloyd and Taylor 
1994) and moisture (Foley 1995). Fire fluxes are calculated based on litter moisture content, a fuel
load threshold, and PFT specific fire resistances (Thonicke et al. 2001). 13C discrimination during
photosynthesis is based on Lloyd and Farquhar (1994). The spatial resolution of the LPJ-DGVM is set
to 3.75°  2.5°.

2.4

Model spin-up

The LPJ-DGVM is spun up from bare ground under pre-industrial CO2 (281.43 ppm) and a baseline

climate that includes inter-annual variability (Cramer et al. 2001; Leemans and Cramer 1991) for 2000
years for idealized sensitivity runs with the LPJ-DGVM alone and for 4000 years for simulations with
the coupled climate-carbon cycle model. At year 400, the sizes of the slowly overturning soil carbon
pools are calculated analytically from annual litter inputs and annual mean decomposition rates in
order to reduce the necessary time to approach the final equilibrium. Then spin-up is continued and all
pools (including the soil pools) and state variables are continuously updated. The annual average
global net ecosystem production is less than 1·10-2 gigatons of carbon (GtC) after 2000 years and less
than 5·10-3 GtC after 4000 years of spin-up. In standard simulations the LPJ-DGVM is coupled to the
other modules after spin-up, and the spatial fields in annual mean perturbations of temperature, cloud
cover, and precipitation simulated by the ECHAM3/LSG substitute and calculated for explosive
volcanic eruptions are added to the baseline climate.
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3

Results
3.1

Sensitivity of the dynamic global vegetation model to changes in
temperature, precipitation, and atmospheric CO2

In this section, the sensitivity of the LPJ-DGVM to spatially uniform step-like variations in
temperature, precipitation, and atmospheric CO2, is investigated to determine the importance of

individual climate forcing factors for modeled terrestrial carbon storage. In the idealized sensitivity
experiments presented here, the LPJ-DGVM is run alone and atmospheric CO2 and climate are

prescribed. A globally or hemispherically uniform perturbation in one of the driving variables (CO2,

temperature, precipitation) is added to the baseline climatology and simulations are continued until a
new equilibrium is reached. Results are expressed as deviations to a baseline simulation. Experimental
setup and results are summarized in Table 1. 

Table 1. Equilibrium sensitivity of the terrestrial carbon storage to atmospheric CO2 concentrations

and climate parameters
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Experiment  CO2  T  ST  P  Cterr

[ppm] [°C] [%] [%] [GtC]

Changes in atmospheric CO2

SC-5 -5 -20 4.0 GtC/ppm

SC+5 +5 +23 4.6 GtC/ppm

SC+10 +10 +47 4.7 GtC/ppm

SC+250 +250 +770 3.1 GtC/ppm

SC+500 +500 +1220 2.4 GtC/ppm

SC+1000 +1000 +1740 1.7 GtC/ppm

SC+2000 +2000 +2280 1.1 GtC/ppm

Changes in temperature

ST-1 -1 +75 -75.0 GtC/°C

ST+1 +1 -65 -65.0 GtC/°C

ST± 1 ±1 +27 ±27.0 GtC/°C

Changes in the seasonality of temperature

SS+10 +10 +22 2.2 GtC/%

SS-10 -10 +66 6.6 GtC/%

Changes in precipitation

SP-20 -20 -130 6.5 GtC/%

SP-14 -14 -90 6.4 GtC/%

SP-8 -8 -51 6.4 GtC/%

SP-2 -2 -12 6.0 GtC/%

SP+2 +2 +12 6.0 GtC/%

SP+8 +8 +42 5.3 GtC/%

SP+14 +14 +68 4.9 GtC/%

SP+20 +20 +100 5.0 GtC/%

In all sensitivity experiments, one driving variable was changed in a step-like manner while keeping
all other variables constant and the model was run until the new equilibrium was reached. The last two
columns give the total perturbation in terrestrial carbon storage ( Cterr ) and the sensitivity (  )

expressed as change in carbon storage per unit change in a driving variable. In experiments SC-5 to 

SC+2000 atmospheric CO2 was varied by -5 ppm to +2000 ppm. In experiments ST  and SP
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temperature and precipitation was varied uniformly over the globe, except in ST±1 , where temperature

are decreased in the NH and increased in the Southern Hemisphere by 1 °C. Temperature seasonality
was varied in experiments SS

3.1.1

Temperature

The sensitivity of the LPJ-DGVM to variations in temperature is examined with step-like global
temperature perturbations by +1 °C and -1 °C, respectively (experiments ST+1 and ST-1). A third

experiment ST±1  is a sudden temperature decrease by 1 °C for all grid cells in the NH, and a

simultaneous increase by 1 °C in the Southern Hemisphere (SH) to schematically mimic the effect of a
reduction in the North Atlantic thermohaline circulation. We note, however, that paleodata and models
suggest that for a reduction in the North Atlantic thermohaline circulation SH warming is much less
pronounced than cooling in the Atlantic region. The atmospheric CO2 is set to a constant value of

281 ppm. An increase in temperature leads to higher turnover rates of litter and soils and thus to a
decrease in soil and litter carbon storage, whereas the effects on vegetation growth and vegetation
structure vary regionally. With the experiment ST+1, the terrestrial biosphere releases 65 GtC into the

atmosphere until the new equilibrium is reached (Fig. 2). The overshooting immediately after the
temperature perturbation (the stock is reduced by 83 GtC in the year 150) and the following approach
towards the equilibrium state is governed by significant changes in vegetation distribution, especially
in northern mid- and high-latitudes, and the long response time of slow overturning soils. The increase
in carbon stock resulting from experiment ST-1  is 75 GtC. 
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Fig. 2. Perturbations in terrestrial carbon inventories after a step change in air temperature. The solid 
line represents the sensitivity experiment ST-1 , where temperature is decreased uniformly by 1 °C; the 

dotted line is the simulation ST+1, where temperature is increased uniformly by 1 °C; the dashed line

shows the carbon stock for ST±1 , where temperature is decreased in the NH and increased in the

Southern Hemisphere by 1 °C. Atmospheric CO2 concentrations are set to a preindustrial value of 

281 ppm

For experiment ST±1 , all tree plant functional types show a southward shift in both hemispheres,

where they find better growing conditions. The spatial coverages of the different PFTs at the new
equilibrium (450 years after the temperature perturbation) in comparison to preindustrial conditions
are plotted for individual latitudinal bands (Fig. 3). Tree coverage is decreasing at high northern
latitudes where growing conditions get worse. The global area covered by vegetation is not changed
significantly by the temperature perturbation as it is only 1.1% smaller after the changes in
temperature. The global carbon stock is mainly influenced by the air temperature decrease in the NH,
because the main part of land area is in the NH. The global terrestrial carbon inventory increases by 27
GtC. Terrestrial carbon storage increases in the southern part of boreal regions (USA and Eurasia) due
to decreased soil respiration rates, whereas the storage decreases in high northern latitudes where tree
coverage has decreased (Fig. 4). 
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Fig. 3. Sensitivity of plant cover to temperature changes. Areas covered by tropical trees, temperate
trees, boreal trees, and grasses, resulting from the temperature sensitivity experiment ST±1 . Solid lines

indicate plant coverages before temperature steps, dashed lines show coverages in the new equilibrium
after experiment ST±1 . The black area indicates an increase, the gray area a decrease in plant cover of

the different plant types. Areas covered by plants (in m2) are shown for latitudinal bands with a
resolution of 2.5°

- 13 -



Fig. 4. Perturbations in the terrestrial carbon storage due to a step in air temperatures by -1 °C in the
NH and, by +1 °C in the SH (experiment ST±1). Carbon inventory changes are plotted 450 years after

the temperature perturbation, when the LPJ-DGVM has equilibriated with the new temperatures

Next, we address the sensitivity of the LPJ-DGVM to changes in the seasonality of surface
temperatures. Variations in monthly temperatures from the annual mean value are changed by +10%
or -10% respectively for every individual grid cell (experiments SS+10 and SS-10). The global carbon

pool contents change by +22 GtC in the new equilibrium with a weaker temperature seasonality and
by -66 GtC with a stronger seasonality. The terrestrial carbon inventory is more sensitive to increasing
seasonality because temperature stress for most PFTs increases significantly when summer
temperatures are increased. The biggest changes in vegetation resulting from variations in temperature
seasonality can be observed in mid- to high-latitudes.

3.1.2

Precipitation

In order to examine the reaction of the model to variations in precipitation, local precipitation values
are instantaneously increased or decreased by a fixed percentage number at every grid cell (Table 1).
Carbon storage increases (decreases) by about 12 GtC for an increase (decrease) in local precipitation
by 2%. The terrestrial carbon inventory shows a slightly stronger sensitivity to precipitation decreases
than to increases.

According to Voss and Mikolajewicz (2001), global precipitation changes by about 2.4% for
temperature variations of 1 °C, and Hulme et al. (1998) also estimated precipitation sensitivity to be
2.4%/°C for the anthropogenic climate perturbation. Applying the sensitivity derived from a uniform
precipitation perturbation yields then an estimated decrease in terrestrial carbon storage of about 15
GtC caused by the precipitation change associated with a temperature decrease of 1 °C. This is small
compared to the increase in carbon storage of 75 GtC caused by a uniform temperature perturbation of
1 °C. In reality precipitation changes are not spatially uniform, but changes may be of opposite sign in
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different regions. The spatial precipitation and temperature patterns (EOFs) derived from the 4  

CO2 simulation with the ECHAM3/LSG have been applied as boundary conditions for the

LPJ-DGVM. Then, the sensitivity of global terrestrial carbon storage to precipitation changes is
smaller by about a factor 2.5 than the sensitivity to corresponding temperature changes.

3.1.3

Atmospheric CO2

The sensitivity of the LPJ-DGVM to variations in atmospheric CO2 concentrations is examined by

instantaneously changing CO2 level after the model spin-up. Climate variables are kept constant.

After a CO2 decrease by 5 ppm (sensitivity experiment SC-5), the terrestrial carbon storage decreases

by 20 GtC in the new equilibrium (Table 1). If the atmospheric CO2 concentration is increased by

5 ppm (SC+5), the terrestrial carbon storage changes by 4.6 GtC ppm-1, but this coefficient decreases

for higher changes in CO2. A step of 500 ppm leads to a terrestrial uptake of 2.44 GtC ppm-1, a step

of 1000 ppm results in 1.74 GtC ppm-1. A doubling of atmospheric CO2 concentrations results in an

increase in terrestrial carbon inventory of approximately one third, and when the CO2 concentration is

tripled, the carbon stock is increased by 50% under a constant climate. Approximately half of the
whole carbon increment under increased CO2 concentrations is found in the vegetation pool, about

one third in the slow organic matter pool, and the rest in the litter pools. The reason for the additional
carbon storage is the "CO2-fertilization"; both the photosynthesis rate and the water use efficiency

increase under higher CO2. The effects of elevated atmospheric CO2 concentrations on vegetation

structure are that trees tend to out-compete grass PFTs because of their dominant position in light and
water competition, and that tropical raingreen trees are partly displaced by tropical evergreen trees
because of an increased water use efficiency and soil water availability. In the coupled carbon
cycle-climate system, CO2 fertilization acts as a negative feedback on climate-induced variations in

atmospheric CO2; an increase (decrease) in atmospheric CO2 is partly mitigated by an increased

(decreased) terrestrial storage.

The experiments presented in Table 1 correspond to highly idealized situations and the response of the
carbon cycle to a climate perturbation depends on the combined spatio-temporal evolution of all
climate variables. Nevertheless, results of the various sensitivity experiments suggest that global
terrestrial carbon storage is most sensitive to variations in NH temperature and that comparable
variations in precipitation have a much smaller effect on global storage. Furthermore, additional
simulations to those presented have revealed that cloud cover changes have a minor effect on modeled
carbon storage and plant cover. The LPJ-DGVM shows a strong change in terrestrial carbon storage in
response to changes in atmospheric CO2 that tends to dampen any climate-induced fluctuation in

atmospheric CO2.

3.2

The adjustment time of atmospheric CO2  and  13C to a perturbation
in climate

Next, time scales in the coupled carbon cycle-climate system are explored to evaluate how fast
atmospheric CO2 responds to changes in radiative forcing and temperature. First, a step perturbation
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of 1 W m-2 in external radiative forcing is applied in the Bern CC model, using the patterns derived
from the ECHAM3/LSG model. The model is run for another 900 years after the step. Temperature,
precipitation, and cloud cover change rapidly in the first few decades after the step, but the final
equilibrium is approached very slowly (Fig. 5A). The simulated change in atmospheric CO2 (Fig. 5B)

increases radiative forcing by up to 15% above the prescribed 1 W m-2. Accordingly, temperatures are
higher when considering radiative forcing by CO2 (Fig. 5A) compared to a simulation where radiative

forcing is kept at 1 W m-2. Atmospheric CO2 follows the temperature rise to peak about 100 years

after the step. The initial increase of about 8 ppm is caused by both a reduced CO2 solubility in the

ocean and a terrestrial carbon release. A large fraction of the carbon released by the land biosphere is
eventually sequestered by the ocean. This causes atmospheric CO2 to decrease in the following 

centuries.

Changes in climate and the carbon cycle also affect the carbon isotopic ratios. The 13C:12C ratio is
usually given as deviation from a standard ratio in permil  13C. Atmospheric  13C changes are
primarily governed by the following processes. Sea surface warming tends to increase atmospheric  

13C. Release of 13C-depleted carbon from the land biosphere tends to decrease atmospheric  13C.
The perturbation in atmospheric  13C caused by terrestrial carbon release is removed by exchange
with the ocean and the biosphere on time scales from decades to centuries. The interplay of these

processes causes atmospheric  13C to decrease by about 0.07  within the first few decades after

the step. This initial perturbation in atmospheric  13C is to a large extent removed within 150 years
after the step change in radiative forcing (Fig. 5C). Afterwards, atmospheric  13C continues to

increase and slowly approaches a slightly (0.01 ) higher value than before applying the perturbation

in radiative forcing due to ocean warming. 
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Fig. 5A-C. Timescales of the carbon cycle-climate system. The adjustment towards a new equilibrium
is shown for A global mean surface temperature, B atmospheric CO2, and C atmospheric  13C after

a perturbation in radiative forcing. Radiative forcing due to solar irradiance has been increased by 
1 W m-2 at time 0 and kept constant afterwards. Radiative forcing due to varying CO2 has been

calculated using a logarithmic relationship (Myhre et al. 1998). The right hand y-axis in A indicates
changes normalized to the equilibrium temperature change of 0.674 °C for a 1 W m-2 perturbation in
total radiative forcing. The temperature evolution is also given for a simulation where radiative forcing
by CO2 is not considered (thin solid line). CO2 and  13C results have been smoothed by 31-year

running averages
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Second, a step-like perturbation in temperature, precipitation, and cloud cover is applied that
corresponds to the equilibrium climate change simulated by the ECHAM3/LSG IRF-EOF substitute
for a change in radiative forcing of 1 W m-2. Hence, changes in temperature, precipitation, and cloud
cover are imposed instantaneously and kept constant thereafter, in contrast to the previous experiment
where radiative forcing is changed instantaneously and the transient response in climate, atmospheric 
CO2, and radiative forcing by CO2 is simulated. Atmospheric CO2 reacts rapidly to the perturbation

and increases within 70 years by 10 ppm (Fig. 6). 63% (1 -e-1) of this initial increase is achieved
within 12 years. After peaking, atmospheric CO2 decreases slowly in the following centuries. 63% of

the peak perturbation in atmospheric  13C is removed by the ocean and the terrestrial biosphere
within about 100 years. Although a large range of time scales governs the response of atmospheric 
CO2 and  13C to a climatic perturbation, the major response is evident one to two decades after the

perturbation. This time range is comparable or narrower than the typical width of the age distribution
of air enclosed in an individual bubble in ice. The width of the age distribution is about 20 years for
the cores drilled at Law Dome, a high accumulation site, and larger for the other cores. The important
implication is that atmospheric CO2 closely follows decadal-mean temperature changes if changes in

ocean circulation and ocean-sediment interactions such as those responsible for the glacial-interglacial 
CO2 variations are not important. In other words, changes in simulated atmospheric CO2 under such

conditions reflect to a large extent changes in simulated surface temperatures averaged over one to two
decades. 
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Fig. 6. The adjustment of atmospheric CO2, and  13C after a step-like perturbation in climate.

Global mean temperature has been increased by 0.674 °C at time zero and kept constant afterwards;
perturbation fields of temperature, precipitation, and cloud cover from the ECHAM3/LSG model have
been scaled accordingly. Results have been smoothed by 31-year running averages

3.3

The modeled evolution of atmospheric CO2  and temperature over the
last millennium in response to solar and volcanic forcing

In this section, we investigate whether NH mean surface temperature reconstructions and ice core 
CO2 data are consistent within the framework of the Bern CC model, i.e., whether we are able to

simulate the reconstructed evolution of atmospheric CO2 and NH mean temperature (Fig. 1B, C)

when the model is forced with reconstructed solar and volcanic forcing (Fig. 1A). Radiative forcing
from solar irradiance changes and explosive volcanic eruptions are prescribed in the Bern CC model
and the evolution of temperature, precipitation, cloud cover, atmospheric CO2 and radiative forcing

by CO2 is simulated over the past millennium. Radiative forcing by other anthropogenic greenhouse

gases and aerosols and anthropogenic carbon emissions are taken into account for the industrial period.

Calculated changes in NH mean surface temperatures and atmospheric CO2 over the last millennium

are broadly compatible with many of the observationally based records (Fig. 7) for the standard model
setup and for a range of climate sensitivities (Table 2: simulations S1 to S3). High temperatures are
simulated during the twelth century, whereas the lowest hemispheric mean surface temperatures of the
millennium are simulated during the sixteenth and seventeenth centuries. The modeled preindustrial
NH temperature varies within a range of 0.5 °C, within the uncertainty of various reconstructions
(Briffa and Osborn 2002). The modeled temperature range is comparable to the best estimate by Mann
et al. (1999) in the standard simulation but larger than in this reconstruction for a simulation with a
high climate sensitivity (Fig. 7). On the other hand, simulated temperature fluctuations are
considerably less than suggested by Esper et al. (2002). 
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Table 2. Simulated temperature and CO2 variations for different model setups

Simulation
 

T2x
NH  T(1480-1180)  CO2

(1480-1180) 

Standard model setup (Fig. 7)

Standard model configuration with coupled radiative
forcing, climate, and carbon cycle modules; reconstructed
solar and volcanic radiative forcing prescribed (Fig. 1A);
variations in climate and atmospheric CO2 calculated.

(S1) Standard climate sensitivity 2.5 °C 0.42 °C 4.1 ppm

(S2) Low climate sensitivity 1.5 °C 0.30 °C 2.5 ppm

(S3) High climate sensitivity 4.5 °C 0.58 °C 6.8 ppm

Sensitivity experiments (Fig. 8)

(S4) Radiative forcing by volcanoes omitted 2.5 °C 0.21 °C 2.8 ppm

(S5) Terrestrial carbon storage kept constant 2.5 °C 0.41 °C 2.3 ppm

(S6) Sea surface temperature kept constant 2.5 °C 0.41 °C 3.1 ppm

Suppressed terrestrial CO2 fertilization

(S7) Standard climate sensitivity 2.5 °C 0.44 °C 8.2 ppm

(S8) Low climate sensitivity 1.5 °C 0.36 °C 4.9 ppm

(S9) High climate sensitivity 4.5 °C 0.63 °C 11.0 ppm

Anthropogenic impact (Fig. 9)

(S10) Anthropogenic emissions omitted 2.5 °C 0.42 °C 4.1 ppm

(S11) Pre-industrial land use emissions scaled to population 
growth

2.5 °C 0.41 °C 3.2 ppm

Variations in radiative forcing (Fig. 11)

Solar radiative forcing is multiplied by a factor of 2.6 
(Fig. 1A, thin line)

(S12) Standard climate sensitivity 2.5 °C 0.74 °C 8.0 ppm

(S13) Low climate sensitivity 1.5 °C 0.53 °C 5.8 ppm

(S14) High climate sensitivity 4.5 °C 1.00 °C 10.9 ppm

(S15) Solar radiative forcing multiplied by a factor of 5 4.5 °C 1.65 °C 18.8 ppm

The climate sensitivity (  T2x) applied in the simulations (S1) to (S15) is shown in the first data

column. Simulated differences in NH mean surface temperature (NH  T) and atmospheric CO2 

(  CO2) have been evaluated for the relative maximum around 1180 AD and the relative minimum

around 1480 AD
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Fig. 7A, B. Modeled NH temperature and atmospheric CO2 during the last millennium. A Simulated

deviations in NH mean surface temperature and B atmospheric CO2 when radiative forcing from solar

irradiance changes (Fig. 1A, top, thick solid line and explosive volcanic eruptions (A bottom) is
prescribed in the Bern CC model. The model’s climate sensitivity is set to 2.5 °C in the standard
simulation S1 (solid) and to 1.5 °C (S2) and 4.5 °C (S3) to obtain the shaded band. Reconstructed NH
mean surface temperature by (Mann et al. 1999) (dashed line), (Esper et al. 2002) (dot-dashed line),
the instrumental temperature record (solid circles), and the ice core CO2 record (symbols) are shown

for comparison. Results have been smoothed by 31-year running averages
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The reconstruction by Esper et al. (2002) shows much larger amplitudes of the temperature variations
than other comparable reconstructions (Briffa and Osborn 2002). Reconstructed temperatures by Esper
et al. (2002) are lower by about 0.3 °C than the instrumental record during the second half of the
nineteenth century. The amplitude of the reconstructed temperature depends on the scaling (Briffa and
Osborn 2002). It is halved when the averaged unsmoothed regional curve standardization (RCS) data
of Esper et al. (2002) (Esper personal communication) are scaled to the unsmoothed instrumental
record (NH annual mean, land and ocean) over the period 1852 to 1993 as compared to scaling the
smoothed data over the period 1900 to 1977 only, as done by Esper et al. (2002). Such a rescaling
would bring the amplitudes of the RCS data-based reconstruction in better agreement with the
modeled temperature fluctuations and with the amplitudes of other empirical reconstructions.
Individual minima and maxima in modeled temperature are reflected in the different temperature
reconstructions (Mann et al. 1999; Esper et al. 2002; Briffa and Osborn 2002) (Fig. 7). For example,
the minimum around 1475 and the maxima around 1550 and 1775 are consistently found in the model
results and the reconstructions by Esper et al. (2002) and Mann et al. (1999). Simulated temperature
increases after a minimum in solar and volcanic forcing between 1825 and 1865 similar to the
reconstruction by Esper et al. (2002) whereas the reconstruction by Mann et al. (1999) shows little
change during this period. On the other hand, minima and maxima of the temperature reconstructions
and the model results are to a large degree out-of-phase during the early part of the millennium.

The modeled global mean surface temperature increase over the twentieth century is 0.39 °C,
comparable to the estimate of 0.6 ± 0.2 °C derived from instrumental data (Folland et al. 2001), for the
standard simulation S1 in which the climate sensitivity is set to 2.5 °C. The lower than observed
surface temperature increase modeled for the twentieth century may be due to an overestimation of the
cooling effect by anthropogenic aerosols (Knutti et al. 2002) in combination with a relatively low
climate sensitivity.

Modeled atmospheric CO2 varies within a range of 5 ppm before the onset of industrialization in the

standard simulation S1, well within the scatter of the ice core data (Fig. 7B). Simulated CO2 decreases

after 1180 to reach a first minimum around 1480. Concentrations remain low during the sixteenth and
seventeenth centuries. Atmospheric CO2 increases rapidly during the industrial period due to

anthropogenic carbon emissions.

In summary, simulated changes in atmospheric CO2 and NH mean surface temperature are broadly

compatible with the ice core CO2 data and with temperature reconstructions.

3.4

Sensitivity of NH temperature and atmospheric CO2  to forcings and
carbon cycle processes

The importance of individual mechanisms and forcings for the modeled changes in climate and CO2 is

investigated (simulations S4 to S9, Fig. 8). 
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Fig. 8A, B. Sensitivity of NH temperature and atmospheric CO2 to volcanic forcing and carbon cycle

processes. A Simulated deviations in NH mean surface temperature and B atmospheric CO2 for

different sensitivity experiments in which volcanic forcing is excluded (S4, solid squares), terrestrial
changes are excluded (S5, thin, dot-dashed), ocean surface temperature is kept constant (S6, thin, 
solid), while all other parameters and input data are as in the standard simulation (S1, dashed). In
another set of simulations, CO2 fertilization is suppressed (thick solid line) and  T2x varied

between 1.5 °C and 4.5 °C (thick, dot-dashed) to obtain the gray band (S7 to S9). Results have been 
smoothed
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Volcanic forcing contributes substantially to the low temperatures and low CO2 values during the

sixteenth and seventeenth centuries. Atmospheric CO2 decreases by 2.8 ppm between 1180 and 1480

AD in simulation S4, where volcanic forcing is excluded, compared to 4.1 ppm in S1. In S4, simulated
NH mean surface temperature and atmospheric CO2 start to increase already around 1550.

The CO2 decrease during the first half of the millennium results from both an increase in global

terrestrial carbon storage and an increase in the CO2 solubility in ocean surface waters in response to

cooling. Atmospheric CO2 decreases by 2.3 ppm between 1180 AD and 1480 AD in simulation S5

where terrestrial carbon storage is kept constant. In simulation S6 where the ocean surface temperature
is kept constant, the reduction in atmospheric CO2 is 3.1 ppm between 1180 and 1480 AD.

Terrestrial CO2 fertilization acts as a strong feedback mechanism on atmospheric CO2 variations. In

simulations S7 to S9 (  T2x = 1.5; 2.5; 4.5 °C) terrestrial CO2 fertilization is suppressed by

prescribing a constant CO2 concentration in the model’s photosynthesis module. Then, the modeled

atmospheric CO2 decrease is about 80% larger than for the standard model setup. The decrease in 

CO2 is 11 ppm (1180-1480 AD) and the simulated range in NH mean surface temperature is 0.6 °C

for simulation S9 where a high climate sensitivity is applied. The amplitude of the simulated
atmospheric CO2 variations may still be consistent with the ice core CO2 data and their uncertainties.

Anthropogenic emissions and forcings are excluded in simulation S10 to investigate forced natural
variability over the industrial period. Simulated temperatures remain low and NH mean surface
temperature is decreasing over the past few decades (Fig. 9A). Externally forced natural climate
variations have contributed by a few ppm to the early rise in atmospheric CO2 in the eighteenth

century, but simulated concentrations remain below 282 ppm until year 2000. 
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Fig. 9A, B. The anthropogenic impact on NH temperature and CO2. A Simulated deviations in NH

mean surface temperature and B atmospheric CO2 for different sensitivity experiments in which

anthropogenic emissions are excluded (S10, dashed), land use emissions are scaled to population
growth prior to 1850 (S11, dot-dashed). All results have been smoothed. Results of the standard
simulation (S1, solid) are shown for comparison

Next, an alternative scenario for land use emission is explored. Land use emission data are available
back to 1850 (Houghton 1999) and these data are prescribed in the model. Prior to 1850, land use
emissions between 1700 and 1850 have been obtained by linear interpolation assuming zero emission
up to year 1700 in the standard model setup. In simulation S11, land use emissions are scaled to
population growth prior to 1850. This is done by first estimating carbon emissions per increase in
population. Between 1850 and 1990 122 GtC were emitted by land use (Houghton 1999) and
population increased by 4.024 billion (United Nations 1999). This yields a factor of 0.03039 
(GtC yr-1)/(million yr -1). This factor is multiplied with population growth rate computed from the
United Nations (1999) population data to obtain land use emissions prior to 1850. Population
increased from 310 million to 1260 million between 1000 AD and 1850 AD. This yields cumulative
land use emissions of 36 GtC from the begin of the simulation at 1075 up to 1850 or roughly 23% of
the total emissions between 1075 and 1990. This compares well with the finding that an area
equivalent to 24% of the total area cultivated at year 1990 has been cultivated at year 1850 (Houghton 
1999). Simulated temperatures are hardly discernible between simulation S11 and the standard
simulation S1 (Fig. 9A). Atmospheric CO2 is only slightly higher in simulation S11 than in the

standard simulation prior to 1800 (Fig. 9B). This suggests that assumptions about land use emissions

- 25 -



are not critical for this study.

Changes in terrestrial carbon storage vary considerably over the globe (Fig. 10). The simulated cooling
during the first half of the millennium leads to an increased global terrestrial storage of about 12 GtC
by 1700 AD in the standard simulation S1. Totals of 15 GtC are taken up by vegetation and soils in
low and mid northern latitudes (0-60°N), whereas only about 5 GtC is sequestered in the SH. By 1700,
about 9 GtC have been lost to the atmosphere in high northern latitudes (>60°N) due to less favorable
growth conditions in these temperature stressed areas. This loss tends to partly offset the carbon gain
at other latitudes. The CO2 fertilization mechanism is most effective in northern mid-latitudes and

between 0 to 30°S. About 28 GtC are sequestered globally by 1700 AD in simulation S7 where CO2

fertilization is suppressed. This is more than twice than in the standard case. 
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Fig. 10. Perturbation in terrestrial carbon storage for different latitudinal bands in GtC for the standard
simulation (S1, thick solid) and for simulation S7 where terrestrial CO2 fertilization is suppressed 

(dot-dashed).  T2x is 2.5 °C in both simulations. Results are smoothed by a 31-year running

average. Area covered by land is 1.36·1013 m2 (60°N-90°N), 4.69·1013 m2 (30°N-60°N), 
3.85·1013 m2 (Equator - 30°N), 2.84·1013 m2 (30°S - Equator), and 6.20·1012 m2 (60°S-30°S)

No individual forcing factor or process of the carbon cycle can explain the modeled evolution of
climate and atmospheric CO2 alone; the modeled evolution is rather determined by the interplay of a

variety of forcings and processes. Our results suggest that atmospheric CO2 would have remained

around the preindustrial level of 280 ppm without anthropogenic emissions.

3.5
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Constraining past temperature variations by the ice core CO2  record

Next, the magnitude of past variations in NH surface temperature is constrained by requiring modeled 
CO2 to be within the range of the ice core CO2 data. We will restrict major parts of our analysis to the

period before 1700 as anthropogenic emissions are not well known for the early industrial period.
Solar forcing and the model’s climate sensitivity  T2x was varied to explore atmospheric CO2

changes for a range of variations in NH mean surface temperature and climate (S12 to S15, Fig. 11).
The difference between the warmest and coldest preindustrial temperatures increases from 0.4 °C in
the standard simulation S1, to 1.0 °C in simulation S14 where climate sensitivity is higher ( T2x =

4.5 °C) and solar irradiance multiplied by a factor of 2.6, corresponding to the upper bound of recent
reconstructions (Bard et al. 2000; Reid 1997) (Fig. 1A, thin line). The variation in preindustrial CO2 is

5 ppm and 12 ppm, respectively. To mimic a high solar forcing variability and a high amplification of
solar forcing in the climate system, solar irradiance changes in simulation S15 are assumed to be five
times larger than in the standard simulation S1. Then, the simulated preindustrial temperature and 
CO2 variations are further increased to 1.7 °C and 20 ppm, respectively. A variation in atmospheric 

CO2 of 20 ppm clearly exceeds any variations in the ice core CO2 data and implies that this high solar

forcing scenario is unrealistic. 
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Fig. 11A, B. Sensitivity of NH temperature and CO2 to changes in solar irradiance. A Simulated

deviations in NH mean surface temperature and B atmospheric CO2 applying different  T2x and

different scaling factors for total solar irradiance (31-yr running average). Solar forcing used in S1 
(thin, solid) line is multiplied by 2.6 (0.65% reduction during the Maunder Minimum, thin solid line in 
Fig. 1) and  T2x is set to 2.5 °C (S12, thick, solid) line and 4.5 °C (S14, thick, dot-dashed). Solar

forcing is multiplied by a factor of five and  T2x is set to 4.5 °C (S15, long-dash) to explore the

impact of a high solar climate forcing. The instrumental temperature record (solid circles), the
preindustrial range (1075-1700) for the Mann et al. (1999), Esper et al. (2002) reconstructions 
(arrows) and the ice core CO2 record (symbols) are shown for comparison

We tentatively estimate a quantitative upper limit of preindustrial multi-decadal NH temperature
variations by combining ice core data and model results. First, we establish the relationship between
changes in NH temperature and changes in atmospheric CO2 for the standard model setup and a range

of climate sensitivities and solar irradiance changes by calculating regression coefficients between
deviations in NH mean surface temperature versus deviations in atmospheric CO2 for the simulations

S1 to S3 and S12 to S15. Annual data are smoothed by a 21 year running average. The 21 year
smoothing is motivated by the results of the step experiments described in Sect. 3.2 and by the width
of the age distribution of air enclosed in ice. Linear regression of these smoothed data yields a slope, 

 , of 0.080 ± 0.0003 °C ppm-1 (r = 0.97). A value of 0.08 °C ppm-1 for  corresponds to a CO2
change of 12 ppm caused by a change in NH temperature of 1 °C, and to a change of about 15 ppm for
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a change in global surface temperature of 1 °C. Second, for consistency with the CO2 record we

request that CO2 variations are within four standard deviations, i.e. 12 ppm, of the CO2 data (1100 to

1700 AD). It follows that NH mean surface temperature must have varied within a range of 1 °C (
 12 ppm) between 1100 and 1700 AD. The effect of model uncertainties is investigated by repeating

the same analysis for two extreme cases. Simulations S7 to S9 where CO2 fertilization is completely

suppressed yield a 46% smaller  (  = 0.0428 ± 0.0004 °C ppm-1, r = 0.92), whereas simulations
where ocean surface warming only contributes to atmospheric CO2 variability (S5, plus additional

simulations with different scaling of solar forcing and different climate sensitivities) yield a value for 
 twice as large as for simulations S1 to S3 and S12 to S15) ( = 0.1565 ± 0.0007 °C ppm-1, r =

0.96). This suggests that the estimated upper limit for preindustrial, multi-decadal NH temperature
variations of 1 °C is uncertain by up to a factor of two due to carbon cycle model uncertainties.

In conclusion, simulations where the magnitude of solar irradiance changes is increased yield a
mismatch between model results and CO2 data, providing evidence for modest changes in solar

irradiance and global mean temperatures over the past millennium and arguing against a significant
amplification of the response of global or hemispheric annual mean temperature to solar forcing. An
increase in modeled NH or global mean surface temperature of 1 °C causes atmospheric CO2 to rise

by 12 ppm or 15 ppm, respectively. The model simulations therefore suggest that NH mean surface
temperature changes between 1100 and 1700 AD were less than 1 °C to maintain atmospheric CO2

changes within the data range of 12 ppm.

3.6

Atmospheric  13C

The atmospheric ratio of the stable carbon isotopes 13C to 12C has the potential to provide additional
information on past carbon cycle and climate variations (e.g., Indermühle et al. 1999). Net terrestrial
carbon uptake results in an increase in atmospheric  13C, because the light isotope 12C is
preferentially assimilated by plants. Atmospheric  13C is also altered in response to changes in sea
surface temperature, changes in the distribution of C3 versus C4 plants, and by changes in

temperature, precipitation and CO2 that alter the stomatal conductance. Changes in the marine

biological cycle could also affect  13C, but are not simulated in our model. Only ice core data from
Law Dome, Antarctica, are available to us for the period 1000 AD to 1700 AD. The Law Dome  13C
data (Francey et al. 1999) suggest that  13C remained almost constant during the first part of the

millennium. Measured values are up to 0.1 higher during the eighteenth than during the sixteenth

century (Fig. 12). This has been interpreted as an indication of an increased terrestrial storage in
response to cool temperatures (Trudinger et al. 1999; Joos et al. 1999a). However, the discrepancies
between the Law Dome data and other recent state-of-the-art measurements on ice from Dome Fuji,
Antarctica, (Kawamura et al. 2000) suggest that small  13C variations must be interpreted with
caution. 
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Fig. 12. Measured versus modeled atmospheric  13C. Measured  13C (permil) values are from air
entrapped in ice drilled at Law Dome (Francey et al. 1999), Siple Station (Friedli et al. 1986), Dye 3
(Leuenberger 1992) and Dome Fuji (Kawamura et al. 2000) and model results from the standard
simulation S1 (solid) and simulation S15 where solar forcing is multiplied by a factor of five and  
T2x set to 4.5 °C (dashed). Results have been smoothed

Simulated preindustrial atmospheric  13C variations (31-year average) are smaller than 0.05 in

the standard simulation (S1) and less than 0.25 in simulation S15, with a high climate sensitivity

and extreme solar forcing (Fig. 12). Simulated and reconstructed  13C decrease rapidly during the
industrial period due to the input of 13C depleted CO2 from fossil fuel burning and land use

emissions. We conclude that available  13C ice core data do currently not allow us to further
constrain past variations in NH temperature.

4

Conclusion and discussion
In this study, we have evaluated the response of the Bern CC model by comparing simulated with
reconstructed variations in NH mean surface temperature and atmospheric CO2 over the last

millennium. We find reasonable compatibility between simulated and reconstructed variations in
temperature and atmospheric CO2 given the uncertainties in the reconstructions and in reconstructed

radiative forcing that is used as input in our model.

An implicit assumption in our modeling approach is that past, externally forced, low-frequency
variations in temperature and precipitation have the same regional patterns as obtained for
anthropogenic greenhouse gas forcing. Regional changes in temperature and precipitation have been
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calculated by scaling the computed evolution of global mean temperature changes with time-invariant
patterns derived from a GHG-only experiment with the ECHAM3/LSG. Spatial dissimilarities
between the climatic responses to increased solar forcing and increased CO2 are found regionally in

AOGCM simulations (Marshall et al. 1994). However, Cubasch et al. (2001) report that the spatial
patterns found in global warming simulations with and without direct sulfate aerosol forcing obtained
with the same AOGCM are more similar to each other than to the patterns obtained by other
AOGCMs. This indicates that the individual response characteristics of the various AOGCMs are
dominating the response pattern rather than differences in the forcing. Marshall et al. (1994) and
Cubasch et al. (1997) found in AOGCM simulations forced by reconstructed irradiance changes
temperature variations in both hemispheres to be in phase and a temperature pattern similar to that
obtained in simulations with changing CO2 only. Cubasch et al. (1997) and Shindell et al. (2001) both

report an enhanced temperature contrast between land and ocean with warming over the continents and
large parts of the globe and cooling over some parts of the North Atlantic and North Pacific under
increased solar irradiance, roughly consistent with the pattern associated with CO2 forcing. Different

climate models yield different regional changes in temperature and precipitation, which could imply
important differences in the response of the terrestrial biosphere to global climate change. Leemans et
al. (2002) found differences of less than 2% in simulated atmospheric CO2 when applying

temperature and precipitation patterns from four different AOGCMs in emission scenarios.

Changes in the thermohaline circulation are not considered in our model. Bond et al. (2001) suggest
based on proxy data that reduced solar irradiance leads to a reduced formation rate of North Atlantic
Deep Water (NADW) and less heat transport into the North Atlantic region. The modeling study of
Delworth and Dixon (2000) demonstrates that moderate changes in the thermohaline circulation, as
inferred by Bond et al. (2001), could be driven by changes in the state of the Arctic Oscillation. The
negative Arctic Oscillation anomaly found by Shindell et al. (2001) during cold phases in their model
is then consistent with a moderate reduction in the NADW formation rate suggested by Bond et al. 
(2001). A moderate reduction in NADW formation implies additional moderate cooling in the North
Atlantic region and a hardly detectable warming in the SH (Stocker 1998; Marchal et al. 1999a). More
clearly, Broecker (2001) argues that the "Medieval Warm Period" and the "Little Ice Age" primarily
reflect changes in the thermohaline circulation and that temperatures varied in opposite direction in the
NH and SH. However, evidence from ocean sediment cores for a significant variability in the ocean
thermohaline circulation during the past millennium as well as evidence for an anti-phase relationship
between temperature variations in the NH and SH remain ambiguous or even contradictory (Keigwin
and Boyle 2000; Bradley et al. 2001; Hendy et al. 2002). Earlier ocean model results (Joos et al. 
1999b; Marchal et al. 1999b; Plattner et al. 2001) suggest, in agreement with ice core CO2 results,

(Stauffer et al. 1998; Marchal et al. 1999b) that even strong changes in NADW formation have a small
influence on atmospheric CO2 on decadal-to-centennial time scales. Furthermore, simulations with a

zonally averaged dynamical ocean model coupled to energy- and moisture-balance model of the
atmosphere yield little changes in atmospheric CO2 and NADW over the last millennium when driven

with reconstructed forcing (Plattner et al. 2002).

The ice core record of atmospheric CO2 has been used to constrain the magnitude of natural

low-frequency temperature variability during the last millennium. Our results are in agreement with
reconstructions that suggest modest variations in NH mean temperature. Our results are neither
compatible with large changes in solar irradiance nor with a strong amplification of solar forcing by
feedbacks within the climate system such as enhanced cloud formation (Svensmark and
Friis-Christensen 1997). This supports earlier findings that solar variability has contributed relatively
little to the observed twentieth century warming and that most of the twentieth century warming is due
to anthropogenic forcing (Mitchell et al. 2001).
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A quantitative upper bound for natural low-frequency temperature variations during the last
millennium has been estimated by requiring that simulated atmospheric CO2 changes are not larger

than four times the standard deviation of the ice core data. This is a conservative criterion as a
significant part of the scatter in the CO2 data shown in Fig. 1C probably reflects analytical problems.

For example, recent measurements on remaining ice from the South Pole core show a largely reduced
variability (Siegenthaler 2002). This suggests that the current ice core record can be improved
significantly. We propose that a new core be analyzed from a site with low temperatures, a relatively
high accumulation, low deposition rates of carbonates and other impurities, and low levels of oxidants
such as H2O2 (Tschumi and Stauffer 2000) to obtain a high resolution CO2 record over the last 

millennium.

The quantification of past temperature variations using the ice core record depends critically on the
applied model. Here, we have used a simplified carbon cycle - climate model. This has allowed us to
perform many simulations and to explore systematically the sensitivities and time scales of the coupled
climate-carbon cycle model. It also yields clearly defined climatic perturbations to drive the carbon
cycle model component. However, the model includes simplifications and important processes may
not, or not adequately, be described. For example, internal, unforced climate variability has not been
considered. Similarly, simulated terrestrial carbon uptake (release) differs between different DGVMs
for a particular climate forcing. Key simulations of this study should be repeated using other carbon
cycle-climate models including comprehensive models (Cox et al. 2000; Friedlingstein et al. 2000).
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