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A B S T R A C T
We investigate changes in extratropical atmospheric circulation as derived from the most recent multi-model ensemble
of global climate projections. This internationally coordinated systematic data base allows for an accurate assessment
of climate change signals against the background of model uncertainty. The multi-model mean time series of the
northern-hemisphere (NAM) and southern-hemisphere (SAM) annular modes and of the North Atlantic Oscillation
(NAO) are in line with the observed positive trends during the second half of the 20th century and project a further
strengthening until the end of the 21st century. For SAM and NAM the simulated changes are unambiguously related
to anthropogenic forcing and outperform the level of model uncertainty. This result may imply an enhanced probability
for some severe regional impacts of climate change, in particular over extratropical land masses. The climate change
signals are noticeably weaker under the B1 mitigation scenario than under the A2 business-as-usual scenario. Ozone
forcing has a significant impact on the amplitude of future circulation changes, whereas no systematic effect is found
with respect to the models’ top-of-the-atmosphere.

1. Introduction

The extent of anthropogenic climate change is often measured
by the warming rate of global-mean near-surface temperature
(Min and Hense, 2006; IPCC, 2007a). However, for livelihood,
mitigation and adaptation strategies the regional dimension of
climate change is of larger relevance (IPCC, 2007b). As state-of-
the-art global climate models still differ considerably in terms of
regional climate change (Tebaldi et al., 2005), the investigation
of large-scale circulation modes is an elegant way to get a first
glimpse on the regional impacts of global climate change: on
the one hand, these leading modes of climate variability are well
captured by climate models (Stephenson and Pavan, 2003), on
the other hand, they govern a substantial part of regional climate
anomalies (Hurrell, 1995; Rauthe and Paeth, 2004; Hurrell et al.,
2006; Lubin et al., 2008) and numerous ecological processes
(Hallett et al., 2004; Gouveia et al., 2008).

In many regions of the globe, temperature and precipitation
variations at the inter-annual to inter-decadal time scale are gov-
erned by up to 75% by a few major extratropical circulation
modes (Quadrelli and Wallace, 2004; Rauthe and Paeth, 2004).
In the Northern Hemisphere, the leading mode of monthly sea
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level pressure (SLP) variability is the NAM, a ringlike pattern
with opposing SLP anomalies over the polar cap and the mid-
latitude oceans (Thompson and Wallace, 2001). Its southern-
hemisphere counterpart is the SAM (Lubin et al., 2008). In the
Atlantic-European sector the NAO represents a more regional
mode of variability which is partly in phase with the tempo-
ral variations of the NAM and affects climate, environment and
society in Eurasia and eastern North America (Hurrell, 1995;
Hurrell et al., 2006). In the northern Pacific sector, the Aleutian
low, measured by the North Pacific index (NPI), is an important
centre of action for regional climate and a modulator for tele-
connections associated with the El Niño-Southern Oscillation
(Hurrell and van Loon, 1997). The signatures of these leading
circulation modes are omnipresent in numerous climatic and
ecological variables and, hence, can be regarded as predictors of
regional climate impacts due to global warming (Hallett et al.,
2004).

Because a strengthening of these circulation modes has been
identified in observational data during the second half of the
20th century (Hurrell and van Loon, 1997; Thompson and
Wallace, 2001; Marshall, 2003; Hurrell et al., 2006), it has been
hypothesized that the circulation changes may be a major indi-
cation of the climate’s response to enhanced radiative forcing
by anthropogenic greenhouse gases (GHG) and aerosols (Deser
and Phillips, 2009). As yet the precise mechanism of this re-
sponse is still a matter of ongoing scientific debate and research
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(Rind et al., 2005a,b). On the other hand, as all circulation in-
dices have exhibited multi-decadal fluctuations since preindus-
trial times, it cannot be ruled out that the observed circulation
trends during the second half of the 20th century still repre-
sent internal fluctuations (Wunsch, 1999; Paeth et al., 2008;
Semenov et al., 2008). Nonetheless, long-term simulations from
former climate modelling initiatives mostly draw a picture of
further strengthening of the extratropical circulation modes un-
der enhanced greenhouse conditions until 2100 (Ulbrich and
Christoph, 1999; Rauthe et al., 2004; Stephenson et al., 2006),
implying an additional warming effect over the extratropical
land masses and a characteristic pattern of regional precipi-
tation anomalies associated with changes in baroclinic wave
activity (Rauthe and Paeth, 2004; Ulbrich et al., 2008). The
observed trends are qualitatively consistent with the simulated
changes when increasing GHG concentrations are prescribed in
the model (Kuzmina et al., 2005; Paeth et al., 2008). However,
the models cannot reproduce the observed striking amplitude
NAO, NAM and SAM trends as response to GHG forcing (Gillett
and Thompson, 2003; Stephenson et al., 2006) but are able to
simulate multi-decadal variability similar to what is found in
control runs. Miller et al. (2006) have analysed a preliminary
subset of the 4th Assessment Report (AR4) data set in terms of
changes in the NAM and SAM, particularly in the 20th century.
At that time, their limited multi-model ensemble was strongly
influenced by the realizations of the GISS model which will
be shown to be little representative of the whole AR4 data set
meanwhile available.

Some studies have revealed that the changes in extratrop-
ical atmospheric circulation may also be sensitive to forcing
agents and model setups which are not homogeneously imple-
mented within the AR4 multi-model ensemble. This is partic-
ularly true for stratospheric ozone recovery in the 21st century
which is taken into account in some of the AR4 climate change
simulations and largely affects the direction and amplitude of
the circulation changes, in particular, during austral summer
in the Southern Hemisphere (Thompson and Solomon, 2002;
Miller et al., 2006; Brand et al., 2008; Perlwitz et al., 2008;
Son et al., 2008). Therefore, we stress upon the winter changes
on both hemispheres when greenhouse forcing probably is the
dominant player in extratropical climate change of the South-
ern Hemisphere as well (Perlwitz et al., 2008). In addition, the
vertical resolution (Shindell et al., 1999), the model’s top-of-
the-atmosphere (TOA) (Gillett et al., 2002; Brand et al., 2008)
as well as the correct simulation of stratospheric sudden warm-
ings (Huebener et al., 2007) and stratospheric circulation (Scaife
et al., 2005; Dall’Amico et al., 2009) appear to influence the sim-
ulated dynamics of extratropical circulation modes.

Motivated by the previous study by Miller et al. (2006), we
investigate for the first time the full range of climate model
simulations available from the multi-model ensemble of climate
projections (Meehl et al., 2007) as realized for the AR4 of the
Intergovernmental Panel on Climate Change (IPCC, 2007a,b,c).

This model data base is much larger and more systematic than
any former international climate modelling initiatives. As an
important advancement relative to Miller et al. (2006) and other
previous studies the climate change signals in extratropical cir-
culation are quantified, tested and compared with the amount
of model uncertainty and internal variability, systematically at
different time scales. This type of signal analysis is crucial to
assess the confidence decision makers can have in the picture
of future climate change as drawn by state-of-the-art climate
models. We use a spectral approach to identify the time scale of
predictability arising from the radiative forcing (cf. Paeth and
Hense, 2004). In addition, we quantify and compare the climate
change signals under different emission scenarios to benchmark
the potential of mitigation policy with respect to extratropical
circulation changes. Finally, we assess the sensitivity of our
climate change signals to different stratospheric ozone forcing
agents and models’ TOA as implemented in the various AR4
climate models.

The following section is dedicated to the considered data
sets and statistical methods. The temporal development of the
observed and simulated time series for the various circulation
indices are presented in Section 3. The climate change signals in
the light of model uncertainty and different emission scenarios
are assessed in Section 4. The effect of ozone forcing and the
models’ vertical extent is dealt with in Section 5, whereas the
results are summarized and discussed in Section 6.

2. Data and methodology

The observed development of the circulation modes is derived
from the Hadley Centre SLP data set (HadSLPr, Allan and
Ansell, 2006) during the 1949–2008 period. As previous studies
suggested that the SAM trend since the 1950s is considerably
overestimated by some SLP data sets due to the lack of station
data in the Antarctic (Mo, 2000; Marshall, 2003), we also plot
the station-based index by Marshall (2003) which is defined
according to the zonal index by Gong and Wang (1999), as a
measure of the SAM dynamics in the 20th century.

Model data are taken from the AR4 multi-model ensemble
of transient climate change simulations (IPCC, 2007a). This
data set consists of ensemble integrations for the 20th and 21st
centuries—and partly beyond—from 24 different climate mod-
els and under different emission scenarios. During the 20th cen-
tury all model simulations are driven by observed emission con-
ditions. Table 1 lists the considered model simulations with their
specific resolution, stratospheric ozone forcing agent and ensem-
ble size per scenario. Altogether, we account for 133 individual
climate change projections. This large model data base repre-
sents an excellent starting point to assess climate change signals
in the light of model uncertainty and internal model variability
(Meehl et al., 2007).

The circulation indices have been computed according to stan-
dard definitions based on the monthly SLP field. The NPI is given
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Table 1. Considered climate models with horizontal resolution, top-of-the-atmosphere
(TOA), stratospheric ozone treatment (O3), number of ensemble members for the 20th
century (20C) as well as for B1, A1B and A2 scenario

Model Resolution TOA O3 20C B1 A1B A2

BCCR-BCM2.0 2.81◦ × 2.81◦ 10 hPa c 1 1 1 1
CCSM3 1,4◦ × 1.4◦ 2.2 hPa r 8 8 7 3
CGCM3.1(T47) 3.75◦ × 3.75◦ 1 hPa c 5 5 5 5
CGCM3.1(T63) 2.81◦ × 2.81◦ 1 hPa c 1 1 1
CNRM-CM3 2.81◦ × 2.81◦ 0.05 hPa r 1 1 1 1
CSIRO-MK3.0 1.87◦ × 1.87◦ 4.5 hPa r 1 1 1 1
CSIRO-MK3.5 1.87◦ × 1.87◦ 4.5 hPa r 1 1 1 1
ECHAM5/MPI-OM 1.87◦ × 1.87◦ 10 hPa r 4 3 4 3
ECHO-G 3.75◦ × 3.75◦ 10 hPa c 3 3 3 3
FGOALS-g1.0 2.81◦ × 3◦ 2.2 hPa c 3 3 2
GFDL-CM2.0 2.5◦ × 2◦ 3 hPa r 1 1 1 1
GFDL-CM2.1 2.5◦ × 2◦ 3 hPa r 1 1 1 1
GISS-AOM 4◦ × 3◦ 10 hPa c 2 2 2
GISS-EH 4◦ × 3◦ 0.1 hPa d 3 3
GISS-ER 5◦ × 3.91◦ 0.1 hPa d 4 1 3 1
INM-CM3.0 5◦ × 4◦ 10 hPa c 1 1 1 1
INGV-SXG 1.12◦ × 1.12◦ 10 hPa c 1 1 1
IPSL-CM4 3.75◦ × 2.5◦ 4 hPa c 1 1 1 1
MIROC3.2(H) 1.12◦ × 1.12◦ 40 km r 1 1 1
MIROC3.2(M) 2.81◦ × 2.81◦ 30 km r 3 3 3 3
MRI-CGCM2.3.2 2.81◦ × 2.81◦ 0.4 hPa c 5 5 5 5
PCM 2.81◦ × 2.81◦ 2.2 hPa r 3 1 3 1
UKMO-HadCM3 3.75◦ × 2.46◦ 5 hPa r 1 1 1 1
UKMO-HadGEM1 1.87◦ × 1.24◦ 39.2 km r 1 1 1

Note: Concerning O3, ‘r’ means ozone depletion in the 20th century and ozone recovery in
the 21st century, ‘c’ stands for seasonal ozone cycle at pre-industrial level, ‘d’ denotes ozone
depletion in the 20th century and afterwards seasonal ozone cycle at 2000 level, according to
IPCC (2007b).

by standardized regional-mean SLP in the sector 30◦N to 65◦N
and 160◦E to 140◦W (Hurrell and van Loon, 1997). For the index
time series of the North Atlantic Oscillation (NAO) SLP pres-
sure is zonally averaged in the sector 10◦W to 70◦W and 20◦N to
70◦N and the meridional positions and central pressures of the
Icelandic low and Azores high are identified. The NAO index is
defined as the leading empirical orthogonal function (EOF) (von
Storch and Zwiers, 1999) of these four time series (Rauthe et al.,
2004). In contrast to classical static indices, like for instance
the pressure gradient between the Lisbon and Iceland (Hurrell
and van Loon, 1997), this dynamical NAO index accounts for
the meridional displacement of the Atlantic centres of action
(Ulbrich and Christoph, 1999). The index of the northern annu-
lar mode (NAM) is given by the leading EOF of monthly SLP
in the region north of 20◦N (Thompson and Wallace, 2001).
Accordingly, the index of the southern annular mode (SAM) is
the counterpart in the monthly SLP field south of 20◦S (Lubin
et al., 2008). In the Northern Hemisphere the indices refer to
the December to February mean, on the Southern Hemisphere
the SAM index is based on the June to August mean, repre-

senting the hemispheric winter seasons when the extratropical
circulation modes peak (Hurrell and van Loon, 1997; Thompson
and Wallace, 2001; Lubin et al., 2008). It has to be noted that
the SAM trend during austral summer is more pronounced than
during austral winter (Thompson and Solomon, 2002). How-
ever, it is supposed that the AR4 multi-model ensemble is more
homogeneous in terms of the winter SAM changes when the
greenhouse-gas rather than ozone forcing is the dominant im-
pact factor for the SAM dynamics (Perlwitz et al., 2008). For
reasons of comparison all index time series – observed and simu-
lated – are normalized to the 1949–2008 period, that is the mean
over this period equals zero whereas variability is maintained
from each individual data set.

The signal analysis is based on a two-way analysis of vari-
ance which uses the systematic bias between different climate
models as block effect and the anthropogenic radative forcing
as treatment effect (Paeth and Hense, 2002; Wang and Swail,
2006). Given a multi-model ensemble with data xijk from climate
model i = 1, . . . , ni , run j = 1, . . . , nj and time k = 1, . . . , nk

the quantification of the anthropogenic climate change signal is
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based on the linear statistical model

xijk = μ + αi + βk + γik + εijk, (1)

where μ is the overall mean of the multi-model ensemble, αi

is the mean over time and all runs from one climate model and
represents the systematic difference between climate models, βk

denotes the multi-model ensemble mean time series as a measure
of the climate change signal which is common to all model
simulations, γik corresponds to the ensemble mean time series
of each model indicating the different time responses between
climate models, and εijk is the amount of internal variability
which is the unpredictable residual of the statistical model (von
Storch and Zwiers, 1999). The individual contributions to total
variability of X are determined by square-sum decomposition:

SSt = SSα + SSβ + SSγ + SSε. (2)

The sum of squares can be estimated from the data X as follows:

SSα = nk

ni∑
i=1

(
nj (x̄i00 − μ̂)2

)
(3)

SSβ = ninj

nk∑
k=1

(x̄00k − μ̂)2 (4)

SSγ =
ni∑

i=1

(
ni

nk∑
k=1

(x̄i0k − x̄00k − x̄i00 + μ̂)2

)
(5)

SSε =
ni∑

i=1

nj∑
j=1

nk∑
k=1

(xijk − x̄i0k)2 (6)

SSt =
ni∑

i=1

nj∑
j=1

nk∑
k=1

(xijk − μ̂)2 (7)

with

μ̂ = 1

ninjnk

ni∑
i=1

nj∑
j=1

nk∑
k=1

xijk (8)

x̄i00 = 1

njnk

nj∑
j=1

nk∑
k=1

xijk (9)

x̄00k = 1

ninj

ni∑
i=1

nj∑
j=1

xijk (10)

x̄i0k = 1

nj

nj∑
j=1

xijk (11)

The portion of variance explained by each parameter αi, βk γik

and the residual εijk is derived from the following ratios with

n = ninjnk:

R̂2
α =

SSα − (ni − 1) SSε

n−nink

SSt

(12)

R̂2
β =

SSβ − (nk − 1) SSε

n−nink

SSt

(13)

R̂2
γ =

SSγ − (ni − 1) (nk − 1) SSε

n−nink

SSt

(14)

R̂2
ε =

n−1
n−nink

SSε

SSt

(15)

The individual portions of explained variance in eqs (12)–(15)
are Fisher F distributed under the Nullhypothesis with appro-
priately chosen degrees of freedom. The method can also be
applied when the time series in X are lowpass filtered. In this
study, we apply a running-mean lowpass filter with stepwise in-
creasing filter length between 1 and 30 yr to remove variability
from X below a certain time scale and to assess to what extent
the common climate change signal βk prevails at that time scale.
When applying this spectral approach the degrees of freedom
have been adjusted to each time scale by estimating the autocor-
relation function of the lowpass filtered index time series.

3. Observed and simulated changes

The observed interdecadal variations of the four considered cir-
culation modes—NPI, NAO, NAM and SAM—are illustrated
in Fig. 1 during the time period 1949–2008. Variability at time
scales shorter than 11 yr has been removed by a running-mean
lowpass filter to focus on the long-term changes presumably in-
duced by increasing GHG concentrations (Deser and Phillips,
2009). The NPI time series is characterized by a slightly neg-
ative trend, equivalent to a strengthening of the Aleutian low.
The observed variations are inside the range spanned by 56
individual 20th-century model simulations and, hence, can be
conceived as one realization covered by the multi-model ensem-
ble. The multi-model mean time series, however, is uncorrelated
to the observations. The NAO index reveals a clear positive trend
which is also occurring in the multi-model mean time series, al-
beit of much lower amplitude. The same is true for the NAM
and SAM. In particular, the SAM trend from HadSLPr is out-
standing. It is often referred to as one of the presumed most
robust and striking indicators of anthropogenic climate change
(Cai et al., 2005). The station-based SAM index from Marshall
(2003) is not subject to a comparable trend component, however,
it is closer to the amplitude of the multi-model ensemble mean
time series. The NAO and NAM time series have undergone a
noticeable decline between 1996 and 2004 which has been in-
terpreted as the effect of internal variability superimposed on
a GHG-induced long-term trend (Overland and Wang, 2005),
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Fig. 1. Observed and multi-model mean
11-year lowpass filtered time series of the
North Pacific Index (NPI), the North
Atlantic Oscillation (NAO), the Northern
(NAM) and Southern (SAM) Annular
Modes in winter during the 1949–2008
period. The observed time series refer to the
Hadley Centre SLP data set. The range over
56 model runs from 24 climate models is
marked grey. The multi-model mean time
series are plotted as red bars. For SAM, the
station-based SAM index according to the
British Antarctic Survey (BAS; Marshall,
2003) is plotted as well. The indicated
correlation coefficients (r) are statistically
significant at the 10% level except for NPI.

although man-made radiative forcing is presently twice as much
as in the 1970s and 1980s.

The multi-model mean during the 20th century is in phase with
the observed interdecadal variability but systematically underes-
timates the amplitudes by a factor of 10. This cannot entirely be
explained by the multi-model ensemble averaging because the
observed NAM and SAM time series partly exceed the range of
individual model simulations. The amplitude error represents a
major deficiency of state-of-the-art climate models which prob-
ably arises from missing feedbacks and teleconnections in the
models, like for instance with stratospheric and sea-ice dynamics
(Gillett and Thompson, 2003; Rind et al., 2005a,b). Therefore,
it cannot be ruled out that the yet quite impressive simulated
trends in the 21st century are still underestimated.

The multi-model mean time series until the end of the 21st
century are a clear function of circulation mode and imposed
emission scenario (Fig. 2). For comparison all model time series
are normalized to the observational period 1949–2008. Accord-
ing to the observed trends, the SAM is characterized by the most
pronounced strengthening. On average over 53 simulations from
24 models the shift amounts to more than 1.5 standard deviations
towards a more positive mean state under the intermediate A1B

emission scenario. Under the B1 mitigation scenario the change
is in the order of +1 standard deviation, under the business-
as-usual scenario A2 beyond +2 standard deviations. In the
face of multi-model ensemble averaging such a shift is indeed
enormous. The temporal evolution of the NAO and NAM time
series is similar at the decadal time scale. However, the NAM
is found to be more sensitive to the radiative heating, at least in
the multi-model ensemble mean. The reason is that the NAM
index captures the decrease of SLP over the northern polar cap
which is a common feature to most climate models, while the
NAO index is confined to the centres of action in the North
Atlantic (Rauthe et al., 2004; Miller et al., 2006; Stephenson
et al., 2006). A weak negative tendency is projected for the NPI
which implies an intensification of the Aleutian low, in agree-
ment with the observations (cf. Fig. 1 as well as Hurrell and van
Loon, 1997).

The simulated changes in the circulation modes imply a va-
riety of regional climate changes and impacts in the densely
populated midlatitudes: a strengthening of the NPI, NAO, NAM
and SAM is accompanied by a more zonal structure of the atmo-
spheric flow and the advection of warm and humid air masses in
winter from the oceans towards extratropical continents. In the

Tellus 62A (2010), 5



652 H. PAETH AND F. POLLINGER

1920 1940 1960 1980 2000 2020 2040 2060 2080
-0.5

0.0

0.5

1.0

1.5

2.0

2.5
B1 scenario 

(45 runs; 21 models)

1920 1940 1960 1980 2000 2020 2040 2060 2080
-0.5

0.0

0.5

1.0

1.5

2.0

2.5
A1B scenario 

(53 runs; 24 models)

1920 1940 1960 1980 2000 2020 2040 2060 2080
-0.5

0.0

0.5

1.0

1.5

2.0

2.5
A2 scenario

(35 runs; 19 models)

year

SAM NPI NAM NAO

s
ta

n
d

a
rd

iz
e

d
 i
n

d
e
x

Fig. 2. Projections of the 11-year lowpass filtered multi-model mean time series (not inflated) for the circulation modes shown in Fig. 1 under
enhanced radiative forcing until the year 2098 for three emission scenarios from B1 (mitigation policy) to A2 (business as usual). The underlying
number of model runs and climate models is indicated.

Southern Hemisphere, the western Antarctic and the Antarctic
Peninsula are most affected. On the eastern sides of the Northern
Hemisphere land masses cold air advection prevails.

4. Signal analysis

From the simulated changes in Fig. 2 the conclusion may be
drawn that the evidence for a future intensification of extratrop-
ical circulation modes is high. However, the multi-model mean
time series do not reveal the level of uncertainty arising from
model differences and the amount of internal variability in the
decadal variations of each circulation mode. When results from
climate model projections shall be used in decision processes

such as adaptation and protection measures, the quality of the
climate change signals has to be assessed accurately. In Fig. 3
the SAM time series are plotted for each of the 24 climate mod-
els as an example of the remarkable model spread. Although
qualitatively all models tend to simulate a strengthening of the
SAM until the year 2100—except for GISS-AOM—the ampli-
tude is noticeably different, ranging between +0.5 and +3.0
standard deviations. For the other circulation modes the model
spread is still larger and differs even qualitatively. Differences
between individual model projections arise from a number of
model specifications such as horizontal and vertical resolution,
physical parameterizations, considered feedback mechanisms,
initial conditions, variable boundary conditions like, for exam-
ple ozone and aerosol treatment, and partly even the dynamical
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Fig. 3. Projections of the 11-year lowpass filtered SAM time series for all available models under the A1B senario, ensemble means and individual
runs, respectively. Numbers in brackets indicate the ensemble size.

core of the model. In the first step of the signal analysis, these
model specifications are equally treated as sources of model
uncertainty. Hence, all available ensemble simulations are put
together under one of the three emission scenarios. In the sec-
ond step, the multi-model ensemble is further differentiated
according to the ozone forcing agent and the models’ TOA
(Section 5).

Given the large model spread, it is obvious that the signal-to-
noise ratio has to be assessed rather than interpreting the multi-
model mean trends in Fig. 2. Therefore, we quantify and test the
portion of variance in each circulation mode related to anthro-
pogenic radiative forcing and compare this with a quantitative
measure of model uncertainty, internal variability and differ-
ent time responses in the multi-model ensemble. The method is

Tellus 62A (2010), 5



654 H. PAETH AND F. POLLINGER

based on a square-sum decomposition of the total variance using
a linear statistical model (Section 2). In addition, the method
is combined with a spectral approach to identify the major
time scale of predictability arising from anthropogenic radiative
forcing.

The results of the spectral signal analysis, applied to all avail-
able ensemble simulations under the A1B scenario, are summa-
rized in Fig. 4. In this analysis, it is not differentiated between
model simulations with different stratospheric ozone treatment.
Although the multi-model ensemble mean time series of the
NPI is characterized by a systematic negative tendency (Fig. 2),
the effect of anthropogenic radiative forcing takes a back seat
compared with the remarkable amount of model uncertainty.
Model-dependent differences in the time response, that is the
timing and amplitude of climate change, range in the same order
of magnitude as the human impact. This result is independent of
the considered time scale. For instance, 68% of the total 30-year
variations of the NPI in the 40-member multi-model ensemble
arise from systematic differences between climate models, 2%
are due to anthropogenic radiative forcing, 3% are related to
different time responses and 27% can be explained by internal
variability. In other words, the strengthening of the Aleutian
low in the multi-model ensemble mean is blurred by model un-
certainty and, hence, does not represent a robust climate change
signal. In terms of the NAO, the greenhouse forcing is somewhat

stronger (∼10%) and model uncertainty is below 30%. Instead,
internal variability in the coupled climate system is much more
pronounced. This finding is not unexpected in a region of fre-
quent cyclo-genesis and—besides the weakening of the Atlantic
Meridional Overturning Circulation—may serve as an explana-
tion for the fact that the future warming patterns displayed in
the 4th Assessment Report of the IPCC have a minimum in the
North Atlantic region (IPCC, 2007a). For the NAM and, even
more, the SAM the situation is different: the impact of anthro-
pogenic radiative heating is clearly prevailing, accounting for 25
to 38% of total interdecadal variability, and thus reaches or ex-
ceeds the level of model uncertainty. Based on these quantitative
estimates an important conclusion can be drawn: under the A1B
emission scenario various global climate model simulations dis-
close a robust climate change signal in the NAM and SAM time
series until 2098 which will affect regional climate in large parts
of the extratropics. Another conclusion of practical relevance is
that the greenhouse forcing leads to predictability at time scales
of 10 yr already, whereas higher-frequency variations arise from
internal variability in the coupled climate system.

To assess the potential of mitigation policy in terms of fu-
ture circulation changes the signal analysis is applied to three
different emission scenarios, according to the 4th Assessment
Report of the Intergovernmental Panel on Climate Change
(IPCC) (Meehl et al., 2007). The A2 scenario is a so-called
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Fig. 4. Portion of variance related to model
uncertainty, to anthropogenic radiative
forcing according to scenario A1B
(including simulations with different
stratospheric ozone treatment) and to
differences in the time response during the
1970–2098 period for the circulation modes
shown in Fig. 1 and for different time scales
between 1 and 31 yr. The complementary
percentage up to 100% is related to internal
variability. The underlying number of model
runs and climate models is indicated. Only
values statistically significant at the 1% level
are displayed.
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business-as-usual scenario with prevailing fossil fuel consump-
tion, high demographic growth and regionally divergent devel-
opment (Nakicenovic and Swart, 2000). This scenario ends up
with a CO2 concentration of around 840 ppm in the year 2100
compared with 280 ppm in the pre-industrial era. A1B is an inter-
mediate scenario assuming a mixture of fossil fuel consumption
and extended usage of renewable energy in the future. The 2100
CO2 concentration amounts to 700 ppm. A successful mitiga-
tion policy and positive regional development are assumed in
the B1 scenario which leads to 540 ppm until the end of the 21st
century. The differences of the climate change signals between
the B1 and A2 scenario are illustrated in Fig. 5 for the NAO and
SAM index. While the greenhouse forcing under the A2 scenario
almost outperforms the level of model uncertainty in terms of
the NAO, the climate change signal virtually disappears under
the B1 scenario. With respect to the SAM, the spectral signal
analysis identifies the same level of model uncertainty under B1
as under A1B but a noticeably lower contribution from anthro-
pogenic radiative forcing, amounting to 20% at the interdecadal
time scale. In contrast, the human impact on the SAM rises to
60% of total variance under the A2 scenario. An adequate sce-
nario dependence is found for the NAM. Combined with the
different responses in the multi-model ensemble mean time se-
ries (for SAM +2.3 versus +1.1 standard deviations towards a
more positive mean state until the end of the 21st century, Fig. 2)

this scenario intercomparison foreshadows a promising potential
of climate mitigation policy in terms of curtailing the amount
of future circulation changes. In this respect, the stabilization
of climate below a certain maximum shift of the extratropical
circulation modes may also be issued as a target for climate
protection policy beside the +2 ◦C guideline (IPCC, 2007b).

5. Ozone and TOA effects

The signal analysis in Section 4 has revealed that model uncer-
tainty is an important aspect of climate change detection. The
question is to what extent model uncertainty is unavoidable be-
cause some model parameterizations cannot be further improved
and, hence, should not be homogenized from model to model,
and to what extent model uncertainty arises from model dif-
ferences which can be homogenized like for instance improved
scenarios, feedback processes and resolution. In terms of the ex-
tratropical circulation modes, a basic inhomogeneity in the AR4
multi-model ensemble is that the stratospheric ozone forcing
agent is treated differently from model to model (cf. Table 1).
Some models account for an ongoing stratospheric ozone recov-
ery from the year 2000 onward as a reponse to the Montreal
process, some models keep the ozone concentration constant
at low-ozone year 2000 conditions with an imposed seasonal
cycle, and some models have no specified ozone forcing agent
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Fig. 5. As Fig. 4 but for NAO and SAM
under the B1 and A2 scenario (each
including simulations with different
stratospheric ozone treatment).
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with concentrations held constant at pre-industrial level (Miller
et al., 2006; Meehl et al., 2007). In particular, the SAM is sensi-
tive to the stratospheric ozone forcing. Thompson and Solomon
(2002) have shown that the strongest observed positive SAM
trend has prevailed in austral summer when ozone depletion has
led to substantial stratospheric cooling during the second half of
the 20th century. This finding is corroborated by climate model
simulations for the 20th century (Gillett and Thompson, 2003).
Accordingly, climate model projections with ozone recovery
simulate a negative SAM trend in summer, in contrast to the
positive trend in models without ozone recovery (Perlwitz et al.,
2008). The ozone effect on the summer SAM is even larger in
coupled chemistry-climate models (Son et al., 2008). In austral
winter, the SAM trend appears to be less sensitive to the ozone
forcing (Miller et al., 2006; Perlwitz et al., 2008; Son et al.,
2008). In the Northern Hemisphere, the positive NAM and NAO
trends are reduced in the future when interactive stratospheric
ozone is implemented in the ECHO-G climate model (Brand
et al., 2008).

To evaluate whether the available AR4 models with different
stratospheric ozone forcing significantly differ from each other,
we have subdivided the multi-model ensemble into three sub-
groups per scenario according to Table 1 and computed the mean
changes in the NAM and SAM for each sub-group. For the A1B
scenario, the results are shown in Fig. 6. Statistical significance
is determined by a t-test deriving the standard error from the
model deviations before 1970 when ozone forcing has not yet
started. In particular, the sub-group with ozone depletion in the
20th and subsequent low ozone concentration systematically dif-
fers from the overall multi-model ensemble mean. According to
Thompson and Solomon (2002), the positive NAM and SAM
trends are significantly intensified. Note that this sub-group
is only built by simulations with the GISS climate models
(cf. Table 1). Thus, intermodel variability may be consider-
ably lower than in the other sub-groups. Simulations with 21st-
century ozone recovery during summer are largely consistent
with the multi-model ensemble mean, whereas projections with
pre-industrial ozone level reveal weaker positive trends. For the
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with different stratospheric ozone treatment
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NAM and SAM under the A1B scenario.
Filled bars indicate statistical significance at
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SAM, this has also been reported by Perlwitz et al. (2008) as
well as Son et al. (2008) and is in complete contrast to the re-
duced SAM trends in austral summer when ozone recovers after
2000. Obviously, ozone depletion is an important aggravating
factor for the SAM and NAM trends in winter by intensifying
the meridional temperature gradient between low latitudes and
polar caps. Ozone recovery in the 21st century has a positive
effect in terms of climate change mitigation in the polar re-
gions but does not reach the level of low circulation changes
as given under pre-industrial ozone concentrations. The reason
probably is that 21st-century ozone recovery is not reaching the
pre-industrial level before around 2085. In the meantime, the
lower stratospheric ozone concentration enhances the circula-
tion trends. Another hypothetical explanation may be that ozone
recovery in summer leads to specific meridional temperature
gradients which persist until the winter season and affect the
winter SAM—a matter of ongoing scientific debate. Although
no final theory can yet be given for the impact of stratospheric
ozone forcing, it is obvious that studies on multi-model climate

change signals from AR4 have to account for this basic inhomo-
geneity, because other climatic processes and variables may also
be sensitive to the treatment of the stratospheric ozone agent.

The dynamics of extratropical circulation is also tied to
the models’ vertical resolution and TOA as key factors for
the models’ ability to simulate the stratospheric circulation
and sudden warmings, although the picture is not yet clear:
Shindell et al. (1999) have pointed to the necessity of en-
hanced vertical resolution and TOA to reproduce the observed
prominent NAM trend in the late 20th century. In contrast,
Huebener et al. (2007) suggest a weakening of the NAM trend in
their coupled troposphere–stratosphere model, whereas Gillett
et al. (2002) find no sensitivity of the NAM dynamics to the
models’ TOA. Dall’Amico et al. (2009) highlight the impor-
tance of stratospheric internal variability, long-term trends as
well as the quasi-biennial oscillation (QBO) to reproduce the
observed development of the SAM in the late 20th century. The
same is reported by Scaife et al. (2005) with respect to the recent
NAM trend.
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Within the AR4 multi-model ensemble the vertical resolu-
tion does not vary considerably from climate model to climate
model (IPCC, 2007a). Therefore, the data set can be regarded
as homogeneous in this respect. However, the models’ TOA is
in the range between 15 and 0.05 hPa (cf. Table 1). To assess
the sensitivity of the NAM and SAM trends to the TOA, the
AR4 data set is split up into three sub-groups per scenario with
10 hPa as lower and 1 hPa as upper threshold. These categories
lead to sub-samples of comparable size. The deviations of each
sub-group from the multi-model ensemble mean is displayed in
Fig. 7 for the A1B scenario. Again, the standard error under
the Nullhypothesis is taken from the deviations prior to 2000,
assuming that the greenhouse forcing mainly prevails in the 21st
century. Although the climate model projections with highest
TOA are characterized by the strongest SAM trend, the overall
picture is not coherent: in the intermediate group the SAM trend
is significantly lower than in the group with TOA ≥ 10 hPa and
no systematic effect is found for the NAM. Thus, the climate
change signals in Section 4 obviously are not affected by this
feature. Note that this does not imply that the AR4 multi-model
ensemble is correct in terms of the presentation of stratospheric
dynamics and related circulation responses. It is also conceiv-
able that all models are deficient in this respect. Therefore,
the subsequent AR5 modelling initiative should rely on climate
model simulations with enhanced vertical resolution and TOA,
in combination with reasonable scenarios of ozone forcing in the
21st century.

6. Conclusions

Based on the AR4 multi-model ensemble, our study has revealed
prominent changes in the major extratropical circulation modes
until the end of the 21st century which are basically consistent
with the observed intensification since the 1970s. Although the
model spread is still quite high, climate change signals could be
identified for the SAM and NAM which stand out from model
uncertainty and internal model variability at time scales from
10 yr onward. Climate protection policy as represented by the
B1 emission scenario has a clear mitigating effect on the cli-
mate change signals. The circulation trends significantly differ
between model projections with and without stratospheric ozone
depletion. In contrast, the models’ TOA has no systematic im-
pact within the AR4 multi-model ensemble.

Based on the signal analysis, an important conclusion can
be drawn: under the A1B and, in particular, the A2 emission
scenario various global climate model simulations disclose a
robust climate change signal in the NAM and SAM time series
until 2098 which will affect regional climate in large parts of
the extratropics. Another conclusion of practical relevance is
that the greenhouse forcing leads to some predictability, at least
of the SAM, at time scales of 10 yr already, whereas higher-
frequency variations arise from internal variability in the coupled
climate system. The scenario intercomparison foreshadows a

promising potential of climate mitigation policy with positive
implications for regional climate change. In this context, it would
be interesting to assess what level of extratropical circulation
changes can be achieved under the greenhouse gas emissions
which are allowed in the framework of the +2 ◦C benchmark
(IPCC, 2007b).

Although it is an advancement that state-of-the-art climate
models produce robust climate change signals which can be
used as predictors of regional climate impacts, a basic caveat
still is that the sensitivity of atmospheric circulation to ra-
diative forcing may be underestimated—or overestimated—
by present-day climate models because important feedbacks
and climate system components are not incorporated or re-
solved in all models (cf. Gillett and Thompson, 2003; Rind
et al., 2005a,b). The different treatments of the stratospheric
ozone forcing agent is one example for a basic inhomogeneity
within the AR4 multi-model ensemble—a matter for model im-
provements in preparation of the 5th Assessment Report of the
IPCC.
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