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Abstract An intercomparison of eight climate simula-
tions, each driven with estimated natural and anthro-
pogenic forcings for the last millennium, indicates that
the so-called ‘‘Erik’’ simulation of the ECHO-G coupled
ocean-atmosphere climate model exhibits atypical
behaviour. The ECHO-G simulation has a much stron-
ger cooling trend from 1000 to 1700 and a higher rate of
warming since 1800 than the other simulations, with the
result that the overall amplitude of millennial-scale
temperature variations in the ECHO-G simulation is
much greater than in the other models. The MAGICC
(Model for the Assessment of Greenhouse-gas-Induced
Climate Change) simple climate model is used to inves-
tigate possible causes of this atypical behaviour. It is
shown that disequilibrium in the initial conditions
probably contributes spuriously to the cooling trend in
the early centuries of the simulation, and that the omis-
sion of tropospheric sulphate aerosol forcing is the likely
explanation for the anomalously large recent warming.
The simple climate model results are used to adjust the
ECHO-G Erik simulation to mitigate these effects, which
brings the simulation into better agreement with the
other seven models considered here and greatly reduces
the overall range of temperature variations during the
last millennium simulated by ECHO-G. Smaller inter-
model differences remain which can probably be
explained by a combination of the particular forcing
histories and model sensitivities of each experiment.
These have not been investigated here, though we have

diagnosed the effective climate sensitivity of ECHO-G to
be 2.39±0.11 K for a doubling of CO2.

1 Introduction

The MAGICC (Model for the Assessment of Green-
house-gas-Induced Climate Change) simple climate
model (Wigley and Raper 1992, 2002) comprises a sur-
face energy-balance coupled with a one-dimensional
ocean column model that parameterises vertical heat
transport processes by a combination of advection
(upwelling) and diffusion. The only horizontal resolution
is provided by the separate representation of the land and
ocean areas within each hemisphere (a total of four
boxes). Nevertheless, with appropriate choices (i.e. tun-
ing) for its various parameters, the MAGICC model is
able to closely replicate the hemispheric- and global-scale
response to rapidly increasing greenhouse gases simu-
lated by much more complex general circulation models
(GCMs) (e.g. Fig. 6.17 of Kattenberg et al. 1996; Raper
and Cubasch 1996; Raper et al. 2001). MAGICC has
been used extensively for generating future climate
change scenarios, because of its ability to replicate some
GCM behaviour with just a few tunable parameters
which then allows it to be run quickly under a range of
radiative forcing scenarios for which the GCM has not
been run (Kattenberg et al. 1996; Cubasch et al. 2001;
Wigley and Raper 2002). It is also easy to explore the
dependence of climate response on the model’s parame-
ter space (Wigley and Raper 2001). Other simple climate
models have been used for similar purposes (Harvey
et al. 1997; Kheshgi and Jain 2003; Yohe et al. 2004).

Simple climate models, including MAGICC, have
also been used to simulate the response to the smaller
radiative forcing changes that are likely to have occurred
during recent centuries and the last millennium (e.g. Free
and Robock 1999; Crowley 2000; Crowley et al. 2003;
Foukal et al. 2004). Similar simulations have also been
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undertaken with intermediate complexity and GCM-
based climate models (Bertrand et al. 2002; Bauer et al.
2003; Gerber et al. 2003; von Storch et al. 2004; S.F.B.
Tett et al., submitted for publication; C.M. Ammann
et al., submitted for publication). One such GCM-based
experiment is the ‘‘Erik’’ simulation, run for the last
1,000 years with the ECHO-G model (von Storch et al.
2004; also see Sect. 2). A visual comparison of these
simulations (see Sect. 3) suggests that the ‘‘Erik’’ simu-
lation exhibits quite different behaviour than the other
experiments, with greater multi-centennial Northern
Hemisphere (NH) temperature variations. The purpose
of the present paper is to demonstrate that the MAGICC
model, with appropriate tuning, can closely reproduce
the ECHO-G Erik simulation at global and hemispheric
scales, and can be used to investigate possible reasons for
the atypical behaviour of the Erik simulation.

Exploring how well the MAGICC model is able to
replicate the behaviour of the ECHO-G Erik simulation
over this period is a valuable test in itself, given that most
previous comparisons have focussed on future changes
when the forcing change is usually of one sign (increas-
ing) and where the time scale of the response is deter-
mined to a large extent by the time scale of the strongly
increasing forcing. Within the past 1,000 years, the cli-
mate forcing (Sect. 2) both increased and decreased over
time, and the structure of the forcing variability places
emphasis on the ability of MAGICC to simulate the
approach to new climate equilibria, as well as the more
immediate response to a transient forcing change. The
climate sensitivity is diagnosed from the ECHO-G Erik
simulation (Sect. 4) and is then used in the MAGICC
model, together with tuning of its other parameters (Sect.
5), to attempt to replicate the Erik simulation. Having
achieved at least partial success, the tuned MAGICC
model is then used to investigate possible explanations
for the atypical behaviour of the ECHO-G Erik simula-
tion compared with other simulations of the last
1,000 years. The factors considered here are the dis-
equilibrium in the initial conditions of the experiment
and the absence of any negative forcing during the 20th
century from tropospheric sulphate aerosols (Sect. 6).
The importance of these factors in explaining the differ-
ent behaviour is then evaluated in Sect. 7 by returning to
the comparison with other model simulations. Finally,
the results are discussed and summarised in Sect. 8. A
related study (Goosse et al. 2005) was published just as
the present study was completed; the implications of the
results obtained here for the conclusions of Goosse et al.
(2005) are also discussed in Sect. 8.

2 Description of the ECHO-G model and the Erik
simulation

The ECHO-G climate model (Legutke and Voss 1999)
consists of the ECHAM4 atmospheric GCM coupled to
the HOPE-G ocean GCM, both developed at the
Max-Planck-Institute for Meteorology in Hamburg. The

simulations used here were undertaken by the Institute
for Coastal Research at GKSS in Germany and the
Universidad Complutense de Madrid in Spain. The
configuration used for the Erik simulation (so-called
because of the similarity between its start date and the
settlement of Greenland by Erik the Red) has 19 vertical
levels in the atmosphere and 20 in the ocean, and hori-
zontal resolutions of approximately 3.75� (atmosphere)
and 2.8� (ocean) in both latitude and longitude (the
oceanic meridional resolution is enhanced in the tropical
regions, reaching 0.5� at the equator). To enable the
coupled model to sustain a simulated climate near to the
real present-day climate, with minimal drift, the heat
and freshwater fluxes between atmosphere and ocean are
modified by constant (in time) fields of adjustment
terms.

A 1,000-year control simulation (Zorita et al. 2003)
was generated using fixed external forcings set to pres-
ent-day values (solar constant=1,365 W m�2; [CO2]=
353 ppm; [CH4]=1,720 ppb; [N2O]=310 ppb). The flux
adjustments were successful in preventing a long-term
drift in the global-mean 2 m air temperature, though
regional changes do occur with warming in the Southern
Hemisphere (SH) and cooling in the NH of the order
0.2 K over the 1,000-year run (see Sect. 6 for further
details about model drift).

The ‘‘Erik’’ simulation (Gonzalez-Rouco et al. 2003;
von Storch et al. 2004) is an attempt to model climate
variations from 1000 to 1990, as a response to natural
and anthropogenic forcings. The following forcings were
included as input to the ECHO-G model: (i) combined
anthropogenic and natural fluctuations in the concen-
trations of the CO2, CH4 and N2O well-mixed green-
house gases (including pre-industrial fluctuations in CO2

and CH4); (ii) natural variations in solar irradiance
generated by Crowley (2000) from a combination of the
Lean et al. (1995) sunspot-based estimates and an ice
core record of the cosmogenic isotope 10Be, but with
greater magnitude than the Crowley (2000) series due to
the scaling that Gonzalez-Rouco et al. (2003) applied to
match its variance to that of the Lean et al. (1995) time
series during the 20th century (von Storch et al. 2004,
supplementary information); and (iii) natural variations
in volcanic aerosols, parameterised as reductions in solar
irradiance, according to Crowley (2000). A number of
potentially important forcings were not included in the
Erik experiment, most notably the negative forcing due
to anthropogenic tropospheric sulphate aerosols during
the 20th century, but also variations in some other
greenhouse gases (halocarbons and ozone) and the effect
of land-use changes.

The initial conditions of the Erik simulation were
taken from year 100 of the control run. Those initial
conditions are, however, representative of present-day
rather than pre-industrial climate and the experimental
design therefore included a 30-year adjustment period
during which the control run forcing was linearly
reduced until it matched the forcing appropriate for
AD 1000, followed by a 50-year period with fixed
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forcing to allow the model’s climate to respond to the
reduced forcing (solar constant=1,364.92 W m�2;
[CO2]=283 ppm; [CH4]=691 ppb; [N2O]=277 ppb).
The Erik simulation then proceeded from the conditions
at the end of this latter period. The possibility of
continuing adjustment, after the start of the Erik simu-
lation, to this initial reduction in radiative forcing is
considered in Sect. 6. The total of all forcing factors is
shown in Fig. 1, including the pre-1000 adjustment
period (the calculation of this total forcing is described
in Sect. 4).

3 Comparison of the Erik simulation with other
simulations

Figure 2a presents an intercomparison of a number of
published climate simulations that span at least the last
1,000 years (the HadCM3 simulation for 1500–1999 is
also included). These are based on energy-balance,
intermediate complexity and GCM-based climate mod-
els (references are given in the caption), including the
Erik simulation with ECHO-G. The inter-model spread
of simulated temperatures is not solely attributable to
different model behaviour because the initial conditions
and radiative forcings differ between each simulation.
The simulated parameter shown is the annual NH mean
temperature, smoothed and expressed as anomalies from
the 1901–1960 reference period. Mean NH temperature
was selected because it is more frequently compared with
palaeoclimate reconstructions than other regions/vari-
ables, due to the difficulty in reconstructing past tem-
peratures in the SH from the existing sparse climate
proxy records (Mann and Jones 2003). A similar
impression is, however, obtained from an intercompar-
ison of the global-mean temperatures of these simula-
tions (not shown).

The various model simulations exhibit significant
spread away from the 1901–1960 reference period, with
much of the ‘‘divergence’’ of individual simulations
occurring between 1700 and 1900. Prior to 1700 the
simulations approximately parallel each other, with the

exception of the ECHO-G Erik simulation. This model
run is the coolest out of all runs between 1520 and 1850,
yet is one of the warmest between 1000 and 1150. The
reference period used in Fig. 2a tends to direct the focus
towards differences in the relative coolness of the ‘‘Little
Ice Age’’ period, and hence also on explanations for
differences in this coolness such as model sensitivity or
the particular forcings applied [e.g. Mann et al. (2005)
argue that the solar forcing used in this experiment is
unusually large, though intercomparison of the solar
forcing histories applied in each of the simulations in
Fig. 2 indicates that the magnitude of forcing differences
is relatively small].

A rather different visual impression is given by a
change to the reference period. Figure 2b shows the
same NH temperature simulations, but now expressed as
anomalies from the 1500–1899 period. Each curve in
Fig. 2b is simply shifted vertically from its position in
Fig. 2a, by an amount equal to the difference between
the 1901–1960 and 1500–1899 means for each series. In
Fig. 2b, the ECHO-G Erik simulation clearly stands out
as having different behaviour to the other model runs,
with a much warmer pre-1250 period and also consid-
erably greater warming during the final two centuries.
Investigation of the possible causes for this atypical
behaviour, using the MAGICC simple climate model, is
the focus of the remainder of this paper.

4 Diagnosing the mean effective climate sensitivity
and reference temperature for Erik

Most of the MAGICC model parameters do not have a
direct physical counterpart with a parameter or diag-
nostic of the ECHO-G model (e.g. although the HOPE
ocean GCM uses a specific value for vertical thermal
diffusivity, this value would not be appropriate for the
MAGICC vertical diffusivity because in MAGICC that
term is used to represent a whole range of heat pene-
tration processes, not just diffusion). Appropriate values
of some parameters can be diagnosed from GCM sim-
ulated data [Raper et al. (2001) do in fact attempt to

1000 1200 1400 1600 1800
Year

-8

-6

-4

-2

0

d
el

ta
Q

  (
W

 m
-2
)

Fig. 1 History of radiative
forcing (W m�2) used during
the ECHO-G Erik simulation,
including the pre-1000 spin-up
period. The forcing combines
solar, volcanic and greenhouse
gas variations. Values are
expressed as anomalies from the
forcing used in the ECHO-G
present-day control run,
marked by the dotted line
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diagnose appropriate values of ocean vertical diffusivity
from a simulation with the HadCM2 climate model], but
in most cases it is simpler (and requires less GCM data)
to estimate parameter values by trial and error. One
exception is the climate sensitivity, which can be diag-
nosed directly from the GCM simulation.

The global-mean surface energy-balance can be
approximated by

DQ ¼ kDT þ F ð1Þ

which simply requires that any anomalous radiative
forcing (DQ) that is applied to the model is balanced by
the rate of climate system heat content change (F) and a

perturbation to the long-wave radiative heat loss to
space, that is itself a linear function of the surface tem-
perature anomaly (DT). The coefficient k, which relates
long-wave radiation change to the surface temperature
anomaly, is inversely proportional to the climate sensi-
tivity: s=1/k, where the units of s are K/(W m�2). If the
system reaches a new equilibrium, F=0 and DT=s DQ.
If the forcing applied to the model is equivalent to that
generated by a doubling of the CO2 concentration
½DQ2�CO2

¼ 3:71Wm�2 is the estimate given by Ra-
maswamy et al. (2001)], then DT2�CO2

¼ sDQ2�CO2
is the

familiar climate sensitivity expressed as the equilibrium
warming expected following a doubling of CO2. Equa-

-1.0

-0.5

0.0

0.5

T
em

pe
ra

tu
re

 a
no

m
al

y 
(°

C
 w

rt
 1

90
1-

19
60

)
T

em
pe

ra
tu

re
 a

no
m

al
y 

(°
C

 w
rt

 1
50

0-
18

99
)

T
em

pe
ra

tu
re

 a
no

m
al

y 
(°

C
 w

rt
 1

50
0-

18
99

)

1000 1200 1400 1600 1800 2000
Year

(a) Simulated NH temperature (1901-1960 reference)

HadCM3 Bertrand2002 Crowley2000 NCAR CSM Gerber s=2.5
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(b) Simulated NH temperature (1500-1899 reference)
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(c) Simulated NH temperature (1500-1899 reference)

HadCM3 Bertrand2002 Crowley2000 NCAR CSM Gerber s=2.5

Bauer 14C Bauer 10Be ECHO-G adjusted

Fig. 2 Comparison of
Northern Hemisphere mean
temperature time series
simulated by energy-balance
models (orange: Crowley 2000);
intermediate complexity models
(blue: Bertrand et al. 2002; pink
and black: Bauer et al. 2003
with solar irradiance changes
estimated using 14C and 10Be
records, respectively; brown:
Gerber et al. 2003, with a
climate sensitivity of 2.5 K for
CO2 doubling); and general
circulation model-based climate
models (red: ECHO-G,
Gonzalez-Rouco et al. 2003;
green: NCAR CSM, C.M.
Ammann et al., submitted for
publication; purple: HadCM3,
Widmann and Tett 2003; S.F.B.
Tett et al., submitted for
publication). Each series is
expressed as anomalies from its
mean calculated over a 1901–
1960; and b and c 1500–1899;
and smoothed with a 30-year
filter. In (c), the red ECHO-G
line is adjusted according to the
estimates of early climate drift
and recent sulphate aerosol
cooling obtained in this paper
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tion 1 is commonly applied to estimate the climate sen-
sitivity from equilibrium simulations (F=0) with GCMs.
However, Eq. 1 is also applicable to transient model
runs, using GCM-simulated values for DQ, DT and F to
estimate what is often called the ‘‘effective’’ climate
sensitivity of the model (Murphy 1995; Raper et al.
2001).

Appropriate values of DQ are not straightforward to
calculate from GCMs, however, because they are usually
taken to represent forcing at the top of the troposphere
and thus need to be adjusted for any changes in the
stratospheric temperature (Hansen et al. 1997). Gregory
et al. (2004) demonstrate how Eq. 1 can be used to
estimate both the climate sensitivity and DQ from a
transient GCM simulation, provided that DQ is constant
during the simulation (i.e. a step-function change in
forcing, which is then maintained for the length of the
simulation). The Gregory et al. (2004) method cannot be
used here because the forcing is not constant during the
ECHO-G Erik simulation; therefore the forcing was
estimated directly from the inputs prescribed to the
model. The forcing due to variations in greenhouse gases
was estimated using the algorithms given in Table 6.2 of
Ramaswamy et al. (2001). This was combined with the
known radiative forcing that was applied to the model in
the form of a changing effective solar irradiance to
represent the combination of the solar and volcanic
forcings (see also Sect. 2). The effective solar irradiance
was divided by 4 (the ratio of the area of the Earth’s
surface to the area of the solar flux that the Earth
intercepts) and multiplied by the average planetary co-
albedo during the simulation. The combined greenhouse
gas, solar and volcanic forcing is shown in Fig. 1.

Given this estimated time series of DQ (which is likely
to be very close to the actual forcing felt by the model),
and actual simulated time series of DT and F, Eq. 1 can
be used to estimate the effective climate sensitivity.
Before this calculation can be done, however, appro-
priate reference levels for DQ and DT must be obtained
(F is an absolute heat gain by the ocean and land surface
of the climate system, rather than an anomaly from
some reference period). The problem is not as simple as
expressing both the forcing and the temperature as
anomalies from some reference period mean. This is fine
for the forcing, but the temperature would then need to
be expressed as anomalies from the equilibrium tem-
perature that would have been achieved under the ref-
erence period forcing. This is not simply the mean
temperature simulated during the reference period, un-
less the simulated climate was in equilibrium with the
forcing at that time. Here, we express the forcing rela-
tive to the present-day control run forcing, but the ini-
tial conditions in year 900 of the simulation (taken from
the ECHO-G present-day control simulation) may not
be appropriate to use as a reference temperature because
the model may not have been in equilibrium (as indi-
cated by a small long-term drift). Instead, we will
independently estimate both the reference temperature
and the effective climate sensitivity.

Plotting values of F � DQ against the DT values
should, according to Eq. 1, give values that lie approx-
imately along a straight line with slope �k. The line will
also go through the origin if the reference temperature
chosen for expressing DT was correct; if this was esti-
mated incorrectly, then the regression line fitted to the
data will intercept the x-axis at a non-zero value and this
non-zero value can be subtracted from the estimated
reference temperature to obtain the correct reference
temperature. Figure 3 shows such a plot, with the ref-
erence temperature adjusted to force the regression line
to pass through the origin. It is not clear which variable
should be considered as the dependent variable in the
regression, because both F and DT include random
variability (Gregory et al. 2004). The regression has,
therefore, been done in both ways and the geometric
mean of the two slopes is used [also known as the ‘‘line
of organic correlation’’—Hirsch and Gilroy (1984)]. The
results also show some sensitivity to the period of data
used for the analysis and the time averaging applied.

Annual-mean values from the full 1000–1990 period
show a highly significant correlation of r=�0.81
(Fig. 3). For DQ expressed as a perturbation from the
radiative forcing of the ECHO-G present-day control
simulation (Fig. 1), a reference temperature of 287.9 K
is obtained (the mean temperature from the ECHO-G
present-day control simulation for the years of overlap
with the Erik simulation is also 287.9 K). The regression
slope yields s=0.64 K/(W m�2) (with a 95% uncertainty
range of 0.62–0.68), which is equivalent to DT2�CO2

¼
2:39 K (95% range 2.28–2.50). These ranges are calcu-
lated using standard formulae for regression parameters
and as such are likely to considerably underestimate
the true uncertainty because (i) the annual values are
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Fig. 3 Annual-mean values of implied long-wave radiative heat
loss (F � DQ, W m�2, with DQ expressed as anomalies from the
ECHO-G present-day control run forcing) versus global-mean
temperature anomaly (DT, K, expressed as anomalies from a
reference period that allows the regression line to pass through the
origin). The regression line (thick) is obtained using the geometric
mean of the slopes of the least-squares fits of y on x and x on y,
which are also shown (thin) as an ad hoc measure of uncertainty

Osborn et al.: Simulated climate change during the last 1,000 years



autocorrelated and thus the effective independent sam-
ple size is much less than 991 years; (ii) the choice of
regression method yields a larger range for DT2�CO2

(1.93–2.96 K); (iii) longer time averaging yields higher
values for DT2�CO2

(up to 2.99 K for 90-year means).

5 Replicating the Erik simulation using the MAGICC
simple climate model

The MAGICC climate model resolves the air tempera-
ture over land and ocean separately, which are deter-
mined by a radiative energy-balance combined with heat
transfers between the land and ocean and between the
two hemispheres (the latter occurring only between the
ocean boxes of the hemispheres) and ocean heat uptake
(the land heat capacity is assumed to be zero). Following
Sect. 4, the effective climate sensitivity is prescribed to be
DT2�CO2

¼ 2:39 K: Selection of other parameters is by
trial and error to obtain good fits between the global and
hemispheric temperatures simulated by MAGICC and
ECHO-G under the same forcing and spin-up conditions
(with the exception that the initial conditions in year 900
are selected to be in equilibrium with the present-day
control run forcing for MAGICC, but may not be in
equilibrium for ECHO-G due to ongoing drift in the
ECHO-G present-day control run). The final variable
that is used to constrain the tuning is the ocean heat
uptake time series (i.e. F). This is particularly useful,
both because it is an absolute value (not an anomaly)
and thus provides a more stringent test of the MAGICC
model and because it can be used to differentiate be-
tween situations where a given temperature change
could have occurred either from a high climate sensi-
tivity damped by strong ocean heat uptake, or from a
lower climate sensitivity combined with weaker ocean
heat uptake.

The tuned parameter values are shown in Table 1 and
the match between the MAGICC and ECHO-G simu-
lations is presented in Fig. 4 for long-term changes and
in Fig. 5 for the composite response to individual vol-
canic events. ECHO-G data were not available for the
pre-1000 adjustment period. The agreement between the
simulations is excellent for most periods, time scales and
for the three variables shown. The biggest mismatch is a
difference in the multi-century rate of cooling in the first
centuries of the simulations, for both the global (Fig. 4a)
and NH temperatures (Fig. 4b); it appears that the two
simulations gradually converge, and after 1500 they
follow each other closely. It proved impossible to tune
MAGICC to reproduce the strength of the 1000–1500
cooling, given the prescribed forcing history (Fig. 1)
because there is only a small trend in the forcing over
that period. The strength of the modern global-mean
warming is very slightly larger in the MAGICC results
than in ECHO-G (Fig. 4a), but there is a good match for
the NH temperature (Fig. 4b). Given that the climate
sensitivity should not be altered because it was diag-
nosed rather than tuned, the only way to reduce the rate

of modern global warming would be to increase the heat
uptake by the MAGICC ocean (perhaps by further
tuning of the ocean mixing parameters or the land–
ocean exchange coefficients). That would, however,
deteriorate the current excellent match between the
MAGICC and ECHO-G ocean heat fluxes (Fig. 4c).
Given these constraints, it is probably not possible to
achieve much improvement in the already good fit be-
tween the models on these long time scales.

The decadal time scale response to volcanic forcing
spikes shown in Fig. 4 is also well replicated by
MAGICC with only minor differences: the decadal
temperature responses are somewhat larger in ECHO-G,
while the ocean heat flux responses are slightly weaker.
The shape of the heat flux response on both multi-
decadal (Fig. 4c) and sub-decadal time scales (Fig. 5e, f)
is, however, similar in the two models: initial oceanic
cooling, followed by heat uptake as the climate recovers
to its previous level, with a characteristic exponential-
type decay. The initial oceanic heat loss (Fig. 5e, f) in the
year of the eruption is too strong in MAGICC for most
events and in the composite mean, though the difference
is only marginally significant when compared with the
sampling variability evident within the composite. The
high heat loss during eruption years is due in part to the
large land–ocean exchange coefficient selected (LO in
Table 1), which efficiently transfers heat loss from the
land to ocean boxes of the MAGICC model and was
necessary to distribute the peak cooling from the year
of the eruption (year 0 in Fig. 5) more equally across
years 0 and 1 (Fig. 5a–d). With the much lower LO
values used in previous work (Cubasch et al. 2001;
Wigley and Raper 2002), year 0 cooling was much too
great in MAGICC due to a very large cooling over the
land boxes (which have zero heat capacity in this model
and thus respond immediately to the balance between

Table 1 MAGICC (Model for the Assessment of Greenhouse-gas-
Induced Climate Change) model parameters obtained after tuning
to replicate the ECHO-G Erik simulation

Parameter Symbol Tuned
value

Units

Global climate sensitivity DT2�CO2
2.39 K

Ratio of land to ocean
equilibrium temperature
change

RLO 1.4 –

Land–ocean exchange
coefficient

LO 5.0 W m�2 K�1

Interhemispheric
exchange coefficient

NS 0.5 W m�2 K�1

Mixed layer depth hm 60.0 m
Ocean vertical diffusivity k 2.3 cm2 s�1

Present-day upwelling rate w 4.0 m year�1

Magnitude of warming that
would reduce w by 30%a

DT+ 10.0 K

All other parameters are unchanged from Appendix 9.1 of Cubasch
et al. (2001) and Wigley and Raper (2002)
aTo represent a collapse of the thermohaline circulation (Appendix
9.1 of Cubasch et al. 2001)
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radiation and land–ocean exchanges). Note that a higher
land–ocean exchange also reduces the apparent time
variation in effective climate sensitivity that can arise

due to the different land and ocean response times
(Raper 2004). All other differences in the volcanic
composites are within the range of sampling variability

(a) Global-mean temperature simulations
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(b) NH-mean temperature simulations
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(c) Global-mean ocean heat flux
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Fig. 4 Time series of a global-mean temperature (K), b Northern
Hemisphere temperature (K) and c global-mean heat flux into the
ocean (W m�2) as simulated by the ECHO-G general circulation
model (red) and the MAGICC (Model for the Assessment of
Greenhouse-gas-Induced Climate Change) simple climate model
(black). The temperature series are expressed as anomalies from
their 1500–1899 means, while the heat fluxes are in absolute units

with fluxes into the ocean positive. Each series is smoothed with a
10-year filter. Also shown (dashed) is the MAGICC simulation with
radiative forcing held fixed from 1000 onwards, to indicate the
ongoing adjustment to the pre-1000 spin-up; the two horizontal
solid lines mark the climate change in this run between 1000 and
1990
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(a) Global-mean temperature simulations
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(b) Global-mean temperature simulations
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(c) NH-mean temperature simulations
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(d) NH-mean temperature simulations
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(e) Global-mean ocean heat flux
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(f) Global-mean ocean heat flux
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Fig. 5 Composite members (a, c, e) and composite means (b, d, f)
of a and b global-mean temperature (K), c and d Northern
Hemisphere temperature (K) and (e and f) global-mean heat flux
into the ocean (W m�2) as simulated by the ECHO-G general
circulation model (red) and the MAGICC (Model for the
Assessment of Greenhouse-gas-Induced Climate Change) simple

climate model (black). Composites are selected and aligned
according the 17 largest spikes in the volcanic forcing applied to
the models, each expressed as anomalies from the mean of the
5 years prior to the peak negative forcing, and then divided (scaled)
by magnitude of the peak negative forcing
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expected for a composite of this size, and thus the
temperature response and subsequent recovery, as well
as the ocean heat flux in years 1–7 after the eruption, are
well replicated by MAGICC. Similarly good results have
also been obtained using MAGICC tuned to fit simu-
lations with the NCAR/US DOE Parallel Climate
Model (Wigley et al. 2005), though for that case it was
not necessary to use a large land–ocean exchange coef-
ficient.

Though we have focussed in some detail on the
intricacies of the MAGICC behaviour, this was to justify
the decisions that must be made when tuning such a
model, rather than to imply that the relatively minor
differences between MAGICC and ECHO-G restrict the
potential for our use of MAGICC. The only large dif-
ference is in the rate of cooling from 1000 to 1500, and
this is considered further in the next section.

6 Using MAGICC to estimate the impact of initial climate
adjustment and best-guess tropospheric sulphate
aerosols on the Erik simulation

It seems likely that climate drift, or slow climate
adjustment, is contributing to the decreasing tempera-
tures in the ECHO-G Erik simulation during the 1000–
1500 period. The evidence for this is that (i) there is only
a small trend in the forcing over that period (the maxi-
mum change is only about �0.5 W m�2, from the 12th
to 15th centuries, compared with more than
+1.5 W m�2 since 1700), (ii) the MAGICC model is
unable to replicate the trend, yet performs well in all
other respects, and (iii) the time series of inter-model
differences (not shown) slowly levels off near to zero,
indicative of a gradual convergence following on from
initially different states.

There are two possible sources of drift in the ECHO-
G Erik simulation. First, the initial conditions taken in
year 901 from the present-day control run may be out of
equilibrium with the present-day forcings applied to that
run. This would be apparent by drift, or trends, in that
control simulation. Inspection of the present-day control
run data (not shown here) shows no drift in the global-
mean temperature but a downward drift of around
�0.2 K in the NH temperature during the overlap per-
iod with the Erik simulation. The MAGICC simulation
does not include this drift, because the initial conditions
used in year 901 were assumed to be in equilibrium with
the present-day forcing. Second, the pre-1000 adjust-
ment period, intended to allow the reduction from
present-day to pre-industrial forcing conditions, is
insufficient to allow the climate to adjust fully to the
lower level of forcing. It is not possible to quantify the
magnitude of the effect after 1000 because an appro-
priate simulation with forcing held fixed after 1000 has
not been completed with the ECHO-G model (though
we understand that early attempts at such an experiment
resulted in a cooling trend that extended over a number
of centuries—U. Cubasch, personal communication). It

is possible to estimate this drift indirectly, however, be-
cause such a simulation is easy to do with the tuned
MAGICC model, and the results for each variable are
indicated by the dashed lines in Fig. 4. The magnitude of
this second drift over the period 1000–1990 is indicated
by the horizontal lines that mark the simulated values in
1000 and 1990. This drift, according to the MAGICC
model, is �0.24 K for global temperature, �0.30 K for
NH temperature, and +0.41 W m�2 for the ocean heat
flux.

Without a comparable ECHO-G simulation, it is
not possible to test how well MAGICC simulates the
drift. Nevertheless, if we assume that ECHO-G would
have adjusted to the changed forcing in a similar way
(in terms of magnitude and adjustment time scale),
then we can use the MAGICC simulation to ‘‘correct’’
the Erik simulation. Subtracting the MAGICC simu-
lation with fixed forcings after 1000 from the main
MAGICC simulation gives the same results as when
MAGICC was subjected to the same forcing history
but started from initial conditions in balance with the
forcing in year 1000. Of course, the real climate con-
ditions in the year 1000 are not known, so it is prob-
ably incorrect to assume that they were in balance with
the forcing; it is likely, however, that they were nearer
to equilibrium than the conditions used in ECHO-G,
shown clearly by Fig. 4 to be relatively warm. MA-
GICC could be used to explore sensitivity to a range of
reasonable initial conditions, or could be forced from
an earlier period (e.g. the whole of the last 2,000 years)
to obtain conditions in 1000 that were in accordance
with estimates of the earlier forcing, allowing an
assessment of the likely degree of disequilibrium in
1000. The aim of the present paper is to compare
ECHO-G Erik with other model simulations, however,
and the experimental design for most of the other
simulations shown in Fig. 2 would have resulted in
initial conditions that were near to equilibrium at the
start of each run. We choose, therefore, to adjust the
Erik simulation by subtracting the MAGICC run with
fixed forcings after 1000, because this gives our best
estimate of how ECHO-G would have behaved had it
started from equilibrium conditions. For the NH tem-
perature, we also subtract the long-term changes in the
present-day control run of ECHO-G (approximately
�0.2 K over the length of the run), as an additional
source of climate drift.

It was noted in Sect. 2 that the ECHO-G Erik
simulation did not include all anthropogenic forcings,
notably the cooling effect of tropospheric sulphate
aerosols. Even though the aerosol forcing is uncertain
(Ramaswamy et al. 2001), the central estimate of the
direct albedo and indirect cloud property (1st type)
forcings is negative and therefore it is likely that the
omission of sulphate forcing may contribute to the
greater recent warming in ECHO–G Erik than in other
simulations which included this forcing (Fig. 2a, b).
This possibility was investigated using MAGICC, by
modifying the forcing applied to the model (Fig. 1) to
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include the central estimate of tropospheric sulphate
aerosol forcing used by Wigley and Raper (2002). The
forcing is geographically variable, and is specified
separately for each of the four boxes—the greatest
cooling effect is in the NH, which is clearly important
for the comparison shown in Fig. 2. The global-mean
of this central estimate reaches �1.1 W m�2 in 1990.
The forcing was modified further, to include the
Wigley and Raper (2002) central estimates of the
forcing due to changes in tropospheric and strato-
spheric ozone and halocarbons too. The total of
these additional forcings reaches �0.5 W m�2 in the
1990 global-mean. The recent cooling simulated by
MAGICC in response to this additional forcing is
also applied to the ECHO-G simulation. To do this,
a number of assumptions about the similarity of
MAGICC and ECHO-G behaviour must be made, but
without undertaking an additional ECHO-G run using
these forcings, the MAGICC model provides our only
available estimate of their effect.

Figure 6 shows the MAGICC and ECHO-G simu-
lated NH temperature after all modifications described
above have been made, compared with the original
ECHO-G Erik simulation. The adjustment for present-
day ECHO-G control run drift has brought the
ECHO-G data much closer to the MAGICC run (note
that the vertical scale is the same as in Fig. 4b to allow
easy comparison). Adjusting the initial conditions to
be in equilibrium with the forcing in 1000 (as esti-
mated using MAGICC) lowers the early temperatures
in both simulations relative to later temperatures.
Much of the warming in recent decades has been
removed by the inclusion of the other forcings (i.e. the
cooling influence of tropospheric sulphate aerosols),
with the difference reaching 0.6 K by the end of the
simulation.

7 Comparison of the modified Erik simulation with other
simulations

The earlier intercomparison of simulated NH tempera-
tures for the last 1,000 years is revisited in Fig. 2c, with
the original ECHO-G Erik time series replaced by the
modified data described in Sect. 6 and shown in Fig. 6.
The modified simulation no longer appears to be atyp-
ical when compared with the other model runs. Some
differences remain, of course, but these are expected
because of internal climate variability (except in the
energy-balance models that do not simulate such vari-
ability), differences in the forcings applied to each model
(in addition to those investigated here), and differences
in each model’s global and regional sensitivity to forc-
ing. Though the adjusted temperatures are much lower
than the original temperatures in the early centuries,
they do remain slightly above the other models for the
1000–1250 mean. This might be related to our use of the
simple MAGICC model to estimate the drift/adjustment
behaviour of the complex GCM-based ECHO-G model.
Finally, note that it is not significant that the 1990 ad-
justed temperatures are cooler than mid-20th or mid-
12th century values, because the recent tropospheric
sulphate aerosol forcing is so uncertain (Ramaswamy
et al. 2001) that other choices could have been made
with equal justification, and could have resulted in ad-
justed ECHO-G 1990 temperatures lying at either the
bottom or the top of the range of other models.

8 Discussion and conclusions

The ECHO-G ‘‘Erik’’ simulation (Gonzalez-Rouco
et al. 2003; von Storch et al. 2004) of the climate of the
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Fig. 6 As Fig. 4b, but after the simulations have been adjusted (i)
to remove drift in the present-day control run (ECHO-G only); (ii)
to remove drift following the pre-1000 adjustment to lower pre-
industrial forcing levels [ECHO-G and MAGICC (Model for the
Assessment of Greenhouse-gas-Induced Climate Change)]; and (iii)
to include the expected influence of forcings (tropospheric sulphate

aerosols, tropospheric and stratospheric ozone, and halocarbons)
that were not included in the original Erik experiment (ECHO-G
and MAGICC). The Northern Hemisphere temperatures shown
are the adjusted MAGICC (black), the adjusted ECHO-G (red) and
the unadjusted ECHO-G (blue, repeated from Fig. 4b)
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last millennium exhibits quite different behaviour to a
set of seven other model simulations, with a much
stronger cooling trend during the first 7 centuries and a
much stronger warming trend during the final 2 centu-
ries of the millennium (Fig. 2b). The set of simulations
used in the comparison were from climate models that
varied in complexity from simple energy-balance/ocean-
column models to coupled atmosphere–ocean GCMs. It
was shown that the visual intercomparison of the sim-
ulated NH temperatures is sensitive to the choice of
reference period. This choice is arbitrary, of course, but
here we prefer to use each simulation’s 1500–1899 mean,
which is the maximum (pre-20th century) common
overlap period of all the simulations.

The MAGICC simple climate model (Wigley and
Raper 1992, 2002) is able to replicate the ECHO-G
simulation quite closely on various time scales (ranging
from the multi-annual response to individual volcanic
forcing spikes up to the multi-century response to slowly
varying forcing), provided that appropriate parameter
values are selected and the initial conditions and forcing
history match those used in ECHO-G. The main dis-
crepancy between the ECHO-G and MAGICC simula-
tions is that MAGICC simulates only part of the cooling
trend during the first 7 centuries. The climate sensitivity
is the most important parameter, and this was set to the
central estimate of the effective climate sensitivity that
was diagnosed directly from the ECHO-G simulation,
equivalent to 2.39 K for a doubling of CO2. The climate
sensitivity for this particular version of ECHO-G has
not previously been documented [Goosse et al. (2005)
state a value of 3.2 K, but the basis for this is not made
clear and it should be treated with caution], though a
similar version of the atmospheric GCM coupled to a
different ocean model has been reported to have an
effective sensitivity of 2.6 K (Cubasch et al. 2001; EC-
HAM4/OPYC in Table 9.1). The sensitivity diagnosed
in this paper has a large uncertainty associated with it (at
least 2.28–2.99K), partly because the forcing perturba-
tions applied to this model during the last millennium
are relatively small. Nevertheless, when values outside
the range 2.3–2.5 K are used in the MAGICC model, the
similarity between MAGICC and ECHO-G begins to
degenerate.

Experiments with the MAGICC model were then
used to demonstrate that the ECHO-G experimental
design (using present-day conditions from 901 to 920
followed by a reduction towards pre-industrial forcing),
would have led to conditions in 1000 that were prob-
ably warmer than appropriate for the pre-industrial
forcing. The ongoing adjustment from this initial
disequilibrium would then contribute artificially to the
simulated cooling trend during the early centuries of
the run. For MAGICC, the amplitude of this artificial
cooling was 0.3 K for NH temperature over the entire
simulation. Examination of the ECHO-G present-day
control run from which the experiment was initialised
suggests that the NH temperature may have an addi-
tional drift of almost 0.2 K cooling per 1,000 years.

The ECHO-G simulation has been modified using these
estimates of control run drift and ongoing adjustment
to the initial forcing reduction. There are two major
assumptions involved in making these modifications:
first, that the MAGICC model is capable of simulating
the response to the initial forcing reduction correctly,
and second, that the real climate system was near to
equilibrium in year 1000. Though this second assump-
tion is arguable, there is no evidence (Jones and Mann
2004) that forcing prior to 1000 was sufficiently high to
have caused conditions in 1000 to be as far from
equilibrium as the ECHO-G Erik conditions appear
to be.

The ECHO-G Erik simulation included most, but not
all, of the most important climate forcings expected to
influence the climate during the last 1,000 years. The
most significant omission is that no anthropogenic tro-
pospheric sulphate aerosol forcing was included.
Though the magnitude of this forcing factor is very
uncertain, the likely range of forcing change from 1750
to present is negative (Ramaswamy et al. 2001). Using
the tuned MAGICC model, the influence of this missing
negative forcing has been quantified for one example
choice of the forcing magnitude. The results demon-
strate that this forcing might reduce the NH warming
during the final century of the millennium by about
0.5 K.

Recently, Goosse et al. (2005) have also investigated
differences between the ECHO-G Erik simulation and
the simulation with the NCAR CSM model (C.M.
Ammann et al., submitted for publication). They noted
the possibility that the spin-up procedure (and hence the
conditions in 1000) may have contributed to the early
warmth in ECHO-G. We have extended their study by
using MAGICC to quantitatively assess this problem
(Fig. 6). Goosse et al. (2005) also note that the absence
of tropospheric sulphate aerosols results in much larger
warming in Erik during the last 150 years; again, the
present study attempts to quantify the magnitude of this
effect (Fig. 6). Goosse et al. (2005) could not separate
out this specific influence because their Fig. 3a and
Fig. 3b have different implicit ‘‘sensitivities’’ as well as
different forcing histories.

Goosse et al. (2005) focus on the likelihood that
different climate sensitivity is the major explanation for
the difference between the two models’ simulations. We
have some reservations about the simple scaling of
simulations employed by Goosse et al. (2005) to inves-
tigate this, because scaling an entire simulation by a
constant factor can give a different result to running the
experiment with a higher (or lower) sensitivity model.
This stems from the fact that the climate response is a
non-linear function of the climate sensitivity that de-
pends on the time scale of the forcing in such a way that
at shorter time scales, the sensitivity has a smaller
influence on the response, until at the high frequency
limit the response is independent of the sensitivity
(Wigley and Raper 1991; Wigley et al. 2005). By scaling
the response at all time scales from decadal to millennial
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equally, Goosse et al. (2005)’s approach cannot account
for this behaviour. The diagnosis of climate sensitivity
used here does, however, take this into account because
it includes the changing heat content term (F in Eq. 1)
that captures the time scale dependence. Subsequently
running the MAGICC model with the diagnosed climate
sensitivity reproduces the correct behaviour, to the ex-
tent that MAGICC is able to capture the time scale
dependence of the effective heat capacity of the climate
system (Wigley and Raper 1991).

The Goosse et al. (2005) results may also be biased by
the artificially strong cooling trend during the early
centuries of the ECHO-G Erik simulation. Their scaling
factors were determined from the standard deviations of
the decadal mean temperatures between 1200 and 1850.
The cooling trend during most of this period contributes
greatly to this standard deviation for ECHO-G and if, as
demonstrated here, this trend is spuriously large, then
the scaling factors obtained by Goosse et al. (2005) for
ECHO-G will also be too large. Evidence that this may
have occurred is given by Fig. 3b of Goosse et al. (2005),
which indicates that the recent warming is overestimated
by their scaled simulations (though it is not clear by how
much because the time series extends beyond the vertical
scale of their figure). It is likely, therefore, that Goosse
et al. (2005) have overestimated the importance of cli-
mate sensitivity for explaining the differences between
the ECHO-G and NCAR CSM simulations. We do not
discount the contribution of sensitivity differences, but
we suggest that it is less important than the contribution
from the initial condition and sulphate forcing differ-
ences. The effective climate sensitivity diagnosed here
takes into account any drift in the early part of the
simulation because that appears as a non-zero ocean
heat flux (Fig. 4c) term. The value we obtain for ECHO-
G, 2.39 K, is only moderately higher than the 2 K
equilibrium sensitivity quoted by Goosse et al. (2005)
for the NCAR CSM model.

We have been able to adjust the ECHO-G simulation
(at hemispheric and global scales) by using the
MAGICC simulations to quantify the effects of initial
conditions and tropospheric sulphate forcing. These
adjustments rely on the assumption that MAGICC is
capable of emulating the ECHO-G behaviour, an
assumption that has been tested to the extent allowed by
the single Erik simulation available to us. When the
adjustments are made, the ECHO-G simulation is no
longer a clear outlier in the context of the other seven
climate model simulations in our comparison (Fig. 2c).
Some differences remain between all simulations, and
future work (for which MAGICC would again be use-
ful) could quantify the contribution of differences in
forcings and model sensitivities, as well as internally
generated variability.

The principal finding here is that the amplitude
(range) of millennial-scale NH temperature variability
simulated in the ECHO-G Erik run may be too strong
by around 0.5 K (around 1.5 times too large). This has
implications for the conclusions of von Storch et al.

(2004), who used this ECHO-G simulation to indicate
that centennial climate variability may have been
underestimated in empirical climate reconstructions by a
factor of 2 or more. Though our results do not discount
the bias in climate reconstructions identified by von
Storch et al. (2004), which is an inherent property of the
reconstruction methods, it is likely that the magnitude of
this bias depends on the magnitude of long-term tem-
perature variability (Osborn and Briffa 2004). If the
ECHO-G Erik run overestimates this, then the bias in
climate reconstructions found by von Storch et al.
(2004) will also be overestimated. Note, however, that in
this paper we have suggested that the long-term tem-
perature variability is overestimated relative to other
climate model simulations, and not necessarily with re-
spect to the evolution of the real climate system. This is a
critical distinction, though it is also clear that this
ECHO-G simulation should not be used without caveats
to support evidence for greater temperature variability
in the past [as was done by Moberg et al. (2005), for
example].
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