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Abstract

A fully coupled OAGCM has been forced with the so-
lar variability, the volcanism and the greenhouse gas concen-
trations for the last 450 years. The simulation shows almost
global cooling during the Late Maunder Minimum (LMM,
1675-1715) with the lowest values in the North Atlantic. This
is consistent with the available historic reconstructions. The
rate of cooling at the onset of the LMM and the rate of warm-
ing at the end of the LMIM are in the same range or even larger
than what has been experienced since the industrialization.
During the first half of the LMM the NAO has a negative
phase allowing cold Siberian air to penetrate deeply into Eu-
rope. During the second half, the NAO shifts into a positive
phase, thus contributing to the warming, which eventually
marked the end of the LMM. The North Atlantic experiences
a “Great Salinity Anomaly”, which leads to an increased ice-
coverage in the Denmark Straight.

1. Introduction

So far, fully coupled 3-dimensional OAGCM’s
have successfully simulated the present day climate, the
climate since the beginning of the industrialization, and
have been used to calculate future climates (IPCC, 2001).
In the study presented here, such a model is used to simu-
late the climate since 1550. These simulations are per-
formed in response to the discussion about the attribu-
tion of the recently observed climate change to anthro-
pogenic factors. In this context it is debated whether the
climate change experienced since the beginning of in-
dustrialization is unique in its rate and magnitude, and
how this change compares to the climate change during
the Little Ice Age (LIA). It is also an interesting test for

the models, where we can gain more confidence in their
ability to simulate a future climate, if we can calculate
realistically historic climate events. Furthermore such a
simulation can be used to validate historic climate re-
constructions, for example from tree rings.

Cubasch et al. (1997) and Cubasch and Voss (2000)
performed the first numerical experiments of this kind.
They forced an earlier version of the model, which has
been used to run climate change simulations with the
solar variability since the 17* century. They found a sig-
nificant response to long periodic large amplitude vari-
ations of the solar radiation. These data where further
analysed by Hegerl et al. (1997). They could distinguish
between a natural forcing signal and a greenhouse gas
signal and could prove that during the recent decades
the anthropogenic signal was significantly larger than
the natural forcing signal. Tett et al. (1999, 2000) extended
this approach running multiple experiments and the in-
clusion of volcanic forcing. They confirmed the results
of Hegerl et al. (1997) and Cubasch et al. (1997) that the
natural forced variability is smaller than the
anthropogenically forced climate change and does not
explain the temperature increase recently observed. Both
sets of experiments did, however, not go far back enough
in time to be able to simulate the LIA.

Crowley (2000) performed a simulation starting
at the year 1000, but using only a 1-dimensional energy
balance model. Shindell et al. (2001) performed an equi-
librium study with an atmosphere model coupled to a
mixed layer ocean for the LMM.

In the present study the natural and anthropogenic
forcing described by Crowley (2000) has been used to
drive a fully coupled 3-dimensional ocean atmosphere
in a transient mode, i.e. the time evolution of the climate
before, during and after the LMM is calculated.

The experimental set up and the model used are
described in section 2, the results are discussed in sec-
tion 3. Besides an analysis of the temperature evolution,
particular emphasis has been placed on the investiga-
tion of the role of the NAO during this time. This is fol-
lowed by a general discussion in section 4.
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Fig. 1: Effective solar output (in W/
m?) and concentrations of CO, and
methane (CH,) from 1500 to 2000
used to force the climate model.
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2. The model and the experimental set up

The T30 version of the ECHAM4 atmosphere
model (Roeckner et al., 1992) coupled to the HOPE ocean
model (Wolff et al., 1997; Legutke and Maier-Reimer,
1999; Legutke and Voss, 1999) is used for the simulation.
The ocean model has a resolution of 2.8° which increases
to 0.5° near the equator in order to be able to simulate
ENSO events. Two simulations have been performed: a
1000 year long control simulation, in which the solar and
greenhouse gas forcing have been held fixed to present
day conditions, and a historic climate change simulation
with time dependent forcing. For the latter experiment,

This time period is not sufficient to obtain a deep ocean
circulation at equilibrium with the forcing, but it is long
enough to obtain a realistic response in the top layers of
the ocean and in the atmosphere. The model achieves a
stable state around year 1550 AD.

3. Results
Temperature Evolution
The mean temperature evolution can be found in

Fig. 2. In order to make it comparable to the observa-
tional data by Mann et al. (1998), for the years prior to

the solar forcing (reconstructed
from “Be data), the volcanic forc-

ing and the greenhouse gas forcing

have been prescribed using the
same data, which Crowley (2000) 6.0
applied in his experiments. The
albedo effect of the volcanoes is im-
plemented as a reduction of the so-
lar forcing. Fig. 1 shows the differ-
ent forcings prescribed during the
forced simulation. The simulation
starts from present-day forcing
conditions. These are slowly
changed in 35 model years to the
estimated values for year 1500 AD.

Fig. 2: Time series of mean tempera-
ture anomalies simulated in the 1550-
1860 run for the NH (orange), for the
whole globe from 1860 to 1990. These
curves have been superimposed on the
diagram of the IPCC synthesis report
(Albritton et al., 2001) showing the
temperature evolution according to

Departures in temperatures (°C) from the 1961-1990 average

1 ! 1

Projections
Observations, Northern Hemisphere, proxy dat \ Bars show
B the range in
\@Iobal | yea(r; ZI%Ob
| instrumental | Produced by

| observations
| |
|
|

several models

Several |
models, ¢
all SRES
envelope

L4

Scenarios
AlB

R

! | ! 1 ! 1 ! ! 1 !

Mann et al. (1998) and the projections
up to the year 2100.

1000 1100 1200 1300 1400 1500 1600 1700 1800

1
1900 2000 2100
Year



1860 only the Northern Hemisphere (NH) has been dis-
played. The temperature has two distinct minima, one
during the LMM, and one during the Dalton Minimum
(circa 1780-1829). These minima have a larger amplitude
than in the reconstruction by Mann et al. (1998). Their
amplitude is more comparable to the recent reconstruc-
tions by Esper (2002). It is interesting to note that the
warming (cooling) rates are in the same range or even
larger than what has been observed during the 20* cen-
tury.

The global mean temperature change for the LMM
period shows a cooling over the whole globe with the
lowest temperatures in the NH, and particularly in the
North Atlantic region (Fig. 3). This is in contrast to the
findings by Shindell et al. (2001) and Cubasch et al. (1997),
which more or less obtain the global warming pattern
with an inverse sign once the solar input is reduced. This
shows the importance of the volcanic forcing, which had
been neglected in these two studies, as Shindell (pers.
com.) has been able to show.

The largest cooling can be found in the western
North Atlantic, where south of Greenland and close to
Iceland a large ice covered area emerges. This ice cover
diminishes the heat flow of the ocean into the atmos-
phere. It bears the signature of a “Great Salinity
Anomaly” (GSA) as described by Dickson et al. (1988)
and Mysak et al. (1990). Such an anomaly has been found
in simulations by Hall and Stouffer (2001), where it has
been generated by non-linear dynamics without addi-
tional forcing. In the case presented here it is caused by
increased precipitation in the years before the LMM. The
LMM simulation by Shindell et al. (2001) cannot simu-
late a GSA since it is a transient feature and demands a
fully interactive ocean, because it needs the dynamical
interplay of atmosphere, ocean and sea-ice.

North Atlantic Oscillation

The North Atlantic Oscillation (NAO) character-
izes atmospheric variability at monthly to decadal time
scales. Since the interdecadal variability appears to be
most evident during the winter season, an EOF analysis
of the mean sea level pressure anomalies for the North
Atlantic region based on winter data (DJF) has been per-
formed. The model produces a realistic representation
of the winter NAO pattern (Fig. 4) in the historic climate
change simulation (1550-1990).

The NAO index is defined as the difference be-
tween the area averaged and normalized mean sea-level
pressure anomalies representing the teleconnectivity cen-
tres located northwest of Portugal and over Iceland
(Ulbrich and Christoph, 1999, Portis et al., 2001). The
principal component time series corresponding to the
leading EOF is highly correlated (r=0.92) with the NAO

index in the simulation. The simulated NAO index has
also been compared with the reconstructed NAO index
by Luterbacher et al. (1999, 2002), who used long-term
instrumental time series and high-resolution documen-
tary proxy data for his reconstruction. Both time series
show considerable variability and differences in phase.
They never enter a quasi-permanent low index phase
during the LMM associated with weaker mean wester-
lies over the North Atlantic as suggested by Shindell et
al. (2001).

Furthermore, an analysis of the modelled annual
global mean temperature in relation to the modelled
NAO index for the time period 1550-1800 reveals that
during approximately the first half of the LMM (LMM]1,
1671-1684) the NAO index is negative, together with a
sharp drop in temperature in Europe, while it turns posi-
tive approximately during in the second half of the LMM
(LMM2, 1685-1708) with an increase in temperature (Fig.
5). During the first phase of the LMM the advection of
continental cold air dominates in central Europe, while
in the second phase the NAO contributes with an en-
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Fig. 3: Difference in annual mean near-surface air tempera-
ture, simulated during the Late Maunder Minimum event,
1675-1710, and the mean in 1550-1800 AD, in the forced simu-
lation.

Fig. 4: Leading EOF of North Atlantic mean sea level pres-
sure anomalies based on winter means (DJF) of the historic
climate change simulation (1550-1990) explaining 38% of the
total variance.



NAO - NAO +
1671-1684\ / 1685-1708

—— global mean temperature]
——NAO Index

norm. values
o

1550 1600 1650 1700 1750 1800
year

Fig.5: Modeled annual global mean temperature and NAO

index (1550-1800, normalized time series, 11 year moving

average). In the LMM1 period (1671-1684, cooling phase) the

NAO index is negative, in the LMM?2 period (1685-1708,

warming phase) the NAO index is positive.

hanced advection of warmer Atlantic air masses to the
decay of the LMM. This cooling-warming transition can
be verified with the temperature reconstruction of van
den Dool et al. (1978).

The NAO index calculated here is positively cor-
related with the North Atlantic storm track (defined as
the 2.5 to 6 day band pass filtered variance of the 500
hPa geopotential height) with a maximum correlation
of 0.6 in the central North Atlantic (cf. Osborn et al., 1999).
During the first half of the LMM a significant decrease
of storm track activity in the North Atlantic and West
European region is found, while for the second half of
the LMM an significant increase of storm track activity
over the European continent is simulated.

4. Discussion

The model simulation presented here agrees with
the equilibrium mixed layer model simulation of Shindell
etal. (2001) by simulating a distinct Maunder Minimum
with a global drop of temperature and a particularly large
drop of temperature over Europe. Contrary to the simu-
lation by Shindell et al. (2001), it shows a large cooling
connected to a GSA in Denmark Strait. Also, its NAO is
variable, which agrees well with the observational re-
constructions. The more stable NAO in Shindell et al.’s
calculation might be caused by their experimental de-
sign, but might also be caused by their more elaborate
representation of the stratosphere.

It has to be stressed that our result is just one re-
alization. Multiple experiments have to be run to enhance
the significance of the findings. The excessive amount
of computing resources was so far prohibitive.
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