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Abstract We use a simple methodology to test whether a
set of atmospheric climate models with prescribed radiative
forcings and ocean surface conditions can reproduce
twentieth century climate variability. Globally, rapid land
surface warming since the 1970s is reproduced by some
models but others warm too slowly. In the tropics, air-sea
coupling allows models to reproduce the Southern Oscil-
lation but its strength varies between models. We find a
strong relationship between the Southern Oscillation in
global temperature and the rate of global warming, which
could in principle be used to identify models with realistic
climate sensitivity. This relationship and a weak response
to ENSO suggests weak sensitivity to changes in sea sur-
face temperature in some of the models used here. In the
tropics, most models reproduce part of the observed Sahel
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drought. In the extratropics, models do not reproduce the
observed increase in the North Atlantic Oscillation in
response to forcings, through internal variability, or as a
combination of both.
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1 Introduction

Testing models against observed climate variability is an
important prerequisite to using them to simulate the future,
especially on regional scales relevant to the impacts of
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climate change. Models used in comparisons for the
Intergovernmental Panel on Climate Change (Solomon
et al. 2007) require fully coupled ocean—atmosphere for-
mulation to predict the future transient response to
anthropogenic forcing. However, coupled models contain
large signals from internal variability of the ocean and
inevitably contain some oceanic model errors. It is there-
fore difficult to test coupled models against actual
twentieth century events, and where they can be tested it is
difficult to ascertain whether any remaining errors are
contained in the atmosphere or ocean components of the
model. These limitations motivate the CLIVAR Climate of
the twentieth century project experiments (Folland et al.
2002, http://grads.iges.org/c20c) which partially or com-
pletely specify the ocean state to better investigate whether
twentieth century events can be reproduced in models. By
specifying both the ocean state according to observations,
and including various natural and anthropogenic forcings,
we include both the immediate atmospheric effects and the
feedbacks from the ocean in a manner consistent with
observed twentieth century changes (c.f. Sexton et al.
2001). Nevertheless, there are potential limitations to this
approach. In particular, it could be that atmosphere—ocean
coupling is necessary to reproduce some aspects of climate
variability. For this reason we also include selected results
from fully coupled ocean-atmosphere experiments and
partially coupled “pacemaker” experiments (e.g. Dong
et al. 2006). In this case only tropical Pacific SSTs were
specified and the rest of the ocean was free to evolve
interactively with the model atmosphere (c.f. Alexander
et al. 2002; Lau and Nath 2003; Cash et al. 2008). These
show that ocean—atmosphere coupling does not alter our
particular conclusions from the atmosphere only models. A
further point to note is that the specified SST anomalies
used here are also likely to have been driven by the
atmosphere in many cases (Frankignoul and Hasselmann
1977) but this does not in itself prevent us from carrying
out this useful test of models.

Although there are many potential choices of twentieth
century climate variability to focus on, we first assess
recent global warming rates over land. We also assess
variations in the Southern Oscillation and winter North
Atlantic Oscillation as the largest single sources of natural
variability in the tropics and northern hemisphere extra-
tropics. Both phenomena contribute to interannual
variability of global mean temperature (Trenberth et al.
2002; Thompson et al. 2000). Analysis is also made of
some prominent rainfall variations in the twentieth century
as these have enormous impact on society and are a major
focus of concern in climate change projections. In this
study we examine changes in the west African monsoon
rainfall in the Sahel region as an example of a prominent
late twentieth century drought and in separate studies
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(Kucharski et al. 2008; Zhou et al. 2008) we focus on past
variations in monsoon rainfall.

2 Models and forcings

The contributing centres of the C20C project that partic-
ipate in this model comparison are given in Table 1. Over
150 ensemble members are available, ranging in length
from the last 50 years of the twentieth century to the
period 1870-2002. The full set of forcings includes
observed SSTs and sea-ice extents from the HadISST data
set (Rayner et al. 2003), observed changes in carbon
dioxide and sulphate aerosols, stratospheric aerosols due
to volcanic eruptions, stratospheric and tropospheric
ozone and solar irradiance changes. All models were run
with the SST forcing and sea-ice extent, a subset also
added greenhouse gases while a further subset also added
selected forcings such as anthropogenic aerosol, solar
variability, volcanic aerosol and land surface changes.
Brief descriptions of the models and simulations can be
found on the C20C web-page: (http://www.iges.org/c20c)
and Table 1 contains a full list of the forcings included
and a list of references in which the climatology of the
models has been evaluated.

3 Forced and internal climate variability

A potential difficulty in deciding whether atmospheric
models are capable of reproducing prominent events from
the observed climate record is that the evolution of climate
events may be sensitive to small atmospheric perturbations
(Lorenz 1963). It is therefore probable that some prominent
twentieth century events occurred due to internal atmo-
spheric variability. By first comparing ensemble means of
simulations to the observations we are able to identify
which events can be reproduced given radiative forcings
and observed sea surface conditions. We say that these
events are “forced” even though some of the SST varia-
bility itself may be driven by the atmosphere. If the
observed response is outside the range of ensemble mean
model responses we compare the observations with the
ensemble members to determine if the event can be said to
have occurred by chance due to internal atmospheric
variability. We say that these events are unforced but
reproducible. Of course in reality some events may be a
combination of forced and internal effects. Finally, if the
observations are outside the range of both the ensemble
means and the individual member ensembles we conclude
that the event is poorly modelled. This process is sum-
marised in Fig. 1.


http://grads.iges.org/c20c
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Table 1 CLIVAR C20C simulations of twentieth century climate

Research centre Model Ensemble Remarks Reference
size

Centre for Australian Weather and Climate BAM 10 SST, CO2, ozone, solar, volc Colman et al. (2005)
Research

Seoul National University, Korea CES/SNU 4 SST Lee et al. (2001, 2003)

Centre for Ocean Land Atmosphere studies, NCEP 4 SST (165-290E, 10S-10N) Saha et al. (2006)
USA 10 SST

Geophysical Fluid Dynamics Laboratory, GFDL 10 SST, GHG, aerosols, ozone, solar, land Delworth (2006)
USA cover, black carbon,volc

Hadley Centre for Climate Change, Met MetUM 12 SST, GHG, aerosols, ozone, solar, land Pope et al. (2000)
Office, UK cover, volc

International Centre for Theoretical Physics, ICTPAGCM 10 SST Kucharski et al. (2006)
Italy

Institute of Atmospheric Physics, LASG, GAMIL 3 SST, GHG, aerosols, solar Wang et al. (2004)
China

Meteorological Research Institute, Japan MRI 6 SST, CO2 Shibata et al. (1999)

NASA Goddard Space Flight Centre, USA NSIPP 14 SST Bacmeister et al. (2000)

8 SST and CO2

Queensland Climate Change Centre CSIRO 15 SST 1871-1948 Gordon et al. (2002)
of Excellence, Australia 21 SST 1949-2003

Uni. Maryland at College Park, USA. CABO 9 SST, aerosol, solar, volc Zeng et al. (1999)

Voeikov Main Geophysical Observatory, MGO 10 SST, GHG, solar, volc Shneerov et al. (2001)
Russia

Institute for Atmospheric and climate SOCOL 9 SST, GHG, solar, volc, land cover, Egorova et al. (2005),
science, ETH Zurich coupled ozone, QBO Schraner et al. (2008)

Fig. 1 Analysis of modelled
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4 Land surface temperatures

We examine the modelled timeseries of global mean land
surface air temperatures in experiments in which the sea
surface temperature and ice cover is specified (Fig. 2).
Increases in land surface temperature are reproduced in all
models and most models show around 0.7°C increase in
temperature since the middle of the twentieth century. The

observed increase in land temperatures is therefore within
the range of the model ensemble means and we can con-
clude (Fig. 1) that the observed twentieth century warming
of land surface temperatures is potentially predictable and
forced (in the sense described above).

Most of the observed year-to-year fluctuations in land
surface temperature are also reproduced by the models. For
example, the highest observed land surface air temperature
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Land Surface Temperoture Anomalies
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Fig. 2 Time series of ensemble mean model simulations of: a Global
mean land surface temperatures with large El Nino (E), La Nina (L)
and volcanic eruptions (V) marked, b Sahel rainfall averaged over
(12.5-17.5N and 15W-37.5E) and June-September, ¢ Southern
Oscillation index (5 month running mean PMSL difference between
nearest gridpoints to Darwin and Tahiti) and d Winter North Atlantic
Oscillation index (DJF mean of PMSL difference between nearest
gridpoints to Iceland and the Azores) from 1945 to 2005. Observed

occurred in 1998 and a prominent peak is well reproduced
by the model ensemble in this year, although some models
show a much weaker peak than others. The large increase
in temperature in 1998 was mainly due to the very strong
El Nino event of 1997/1998. Similarly, prominent inter-
annual decreases in land surface temperature during La
Nina events and volcanic episodes are also reproduced. The
lack of a clear decrease in land surface temperature fol-
lowing the eruption of the El Chichon volcano in 1982 is an
exception has been noted in observations, while coupled
ocean-atmosphere simulations produce a clear cooling
response (Jones et al. 2007). Our simulations confirm that
when the SST and hence the large El Nino event of 1982/
1983 is also specified in the model, the lack of a clear
decrease in land surface temperature in the early 1980s is
well simulated.

The most rapid increase in observed land surface air
temperatures over the twentieth century occurred in the
last few decades. Observations show that since 1970, the
land warmed at an accelerated rate of around 0.7°C in
30 years (Fig. 3). Trends from the models over the same
period (Fig. 3) also show faster warming than in earlier
periods, as indeed occurs in coupled ocean-atmosphere
models simulations (Solomon et al. 2007). The range of
ensemble mean modelled trends for 1970-2000 also spans
the observed trend in global land temperature over that
period. However, most of the models used here (8 out of
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land temperatures are from CRUTEM3 (Brohan et al. 2006). Sahel
rainfall data are from Hulme (1994) and GPCP data (Huffman et al.
1997) combined as in Rowell (2003). NAO and SOI indices are
calculated from station data and compared to nearest gridpoint data
from models. Absolute rather than normalised time series are used
throughout to avoid normalising by small ensemble mean variances
(c.f. Bretherton and Battisti 2000) and units are °C, mm, hPa and hPa,
respectively

13) warm more slowly than the observed rate over 1970-
2000.

It is worth noting that there were some differences in the
applied variations in radiative forcings between different
groups (Table 1). This could in principle explain some of
the difference between the observed and ensemble mean
warming rate. Three out of the five models with the
weakest warming rate did not include increased greenhouse
gases directly and land warming in those models arose
indirectly, mainly from the imposed SST and sea-ice.
While this is sufficient to generate the majority of the
observed warming it slightly underestimates the actual
magnitude (Sexton et al. 2001). Nevertheless, in the fol-
lowing section we show that an additional reason for the
underestimation of near surface warming in the models is
their weak response to sea surface warming in general.

5 The Southern Oscillation

All the models simulate a strong ocean—atmosphere cou-
pling in the tropical Pacific and reproduce the basic
characteristics of the observed variation in the Southern
Oscillation index (SOI). Interannual variability in the SOI
due to ENSO events is well reproduced (Fig. 2) and there is
some evidence of a saturation in the surface pressure
response during the strongest El Nino events (Fig. 4). This
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Fig. 3 Linear trend in ensemble means for a Global mean land
surface temperature from 1970 to 2000, b Sahel rainfall from 1950 to
1980 and ¢ North Atlantic Oscillation index from 1965 to 1995.

latter feature is presumably due to a full shift in the con-
vection out to the central tropical Pacific and a
corresponding complete breakdown of the Walker circu-
lation during very strong El Nino events.

Although year to year variations in the SOI are well
reproduced, there are large differences between models in
the strength of the response. Figure 4 shows the modelled
and observed regression coefficients between SOI and
NINO3 SST. It is clear from this figure that several models
underestimate the strength of the atmospheric response to
ENSO. While there are many possible reasons for the
variety of model responses, it is worth noting that some of

SOI (hPa)
<)
T

0
NINO3 (K)

SOI (hPa)

Model ensemble means (black) and observed changes (grey).
Changes are calculated from the linear trend and units are °C, mm
and hPa, respectively

the models with the weakest response contain simplified
representations of atmospheric physical processes. It is
perhaps not surprising that such models show a weaker
response given their limited representation of clouds and
other atmospheric processes important in the Southern
Oscillation. Nevertheless, even these models can show a
qualitatively correct response and saturate during very
strong El Nino events (not shown).

As well as the range of modelled surface pressure
responses, there is also a wide variation between models in
other aspects of the Southern Oscillation such as the land
surface warming/cooling following El Nino/La Nina
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Fig. 4 Scatter plots of monthly, deseasonalised SOI versus NINO3
(upper) and regression coefficients between SOI and NINO3 to
measure the strength of atmospheric response to the tropical Pacific
ocean (lower). Regression coefficients were calculated using monthly
deseasonalised data. We use the point index SOI here (Tahiti-Darwin

pressure difference) as SSTs are specified and differences in the
location of centres of the atmospheric response between models are
therefore small. Units are hPa and °C for SOI and NINO3 index and
hPa/°C for the regression coefficients
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events. As shown in Fig. 2, year to year changes in
observed global land temperature are often related to
ENSO events. Trenberth et al. (2002) showed that global
mean temperatures vary by around 0.1 K per degree
change in Nino3.4 and peak a few months after the peak of
the ENSO event. We therefore calculated the annual mean
temperature anomaly for the year following the winter peak
of ENSO events. The regression coefficient between winter
Nino3 index and observed annual mean land surface tem-
perature anomaly is 0.14K/K. Our models underestimate
this sensitivity of land surface temperature to ENSO and no
model produces a sensitivity as large as in the observations
(see the ordinate of Fig. 5). This overall weakness of the
modelled response to ENSO explains the underprediction
of some of the observed interannual peaks in global land
surface temperature that follow El Nino events in Fig. 2.

Comparing the strength of the ENSO response to the
rate of global warming over land in recent decades reveals
a very strong relationship between the amount of land
surface temperature change following ENSO and the long
term rate of global land surface warming in our models
(Fig. 5). Models which show a weak/strong atmospheric
temperature response to a given ENSO event also show
weak/strong global land surface warming over the last few
decades. This result also suggests that some of our models
reproduce weaker warming over land than observed over
the last few decades (previous section) because they
respond weakly to sea surface temperature changes in
general, including those from ENSO (Fig. 5).

Several studies have indicated that the strength of the
global warming response in models is related to other
model characteristics such as the ability of models to
simulate current climate (Shukla et al. 2006), the amplitude
of the ENSO cycle in the model (Toniazzo et al. 2006) or
the strength of the seasonal cycle (Knutti et al. 2006). The
relationship found here between the amount of annual
mean land warming following a given ENSO event and the
strength of the global warming rate in models could in
principle change when coupled ocean—atmosphere models

Fig. 5 Relationship between
land warming due to ENSO and
transient climate warming.
Regression coefficients of
global land temperatures with
NINO3 index are plotted against
the linear rate of land surface
warming over 1970-2000 for
ensemble means of models
(black) and observations (grey).
The regression coefficients were
calculated from monthly
deseasonalised data and are
dimensionless. The rate of land
warming is in °C per 30 years
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rather than atmosphere only models are used so we
examined the relationship in twentieth century simulations
from various realisations of the HadCM3 Met Office
Hadley Centre coupled ocean—atmosphere model (MetUM).
These models have a range of internal parameter settings to
sample model uncertainty (Murphy et al. 2007). The same
relationship between land warming due to ENSO and the
rate of global land warming was found in these coupled
models as in the atmosphere only models. Because past
warming rates are a good indicator of future warming rates
in models (Stott and Kettleborough 2002) this relationship
could be used to identify those climate models with more
realistic climate change.

6 Sahel drought

The North American “Dustbowl” drought of the 1930s has
already been shown to be reproducible given specified sea
surface temperatures (Schubert et al. 2004). A second
prominent drought period of the twentieth century is the
large decrease in Sahel rainfall from the middle of the
century (Folland et al. 1986). The rainfall has only partly
recovered in recent years from the period of intense
drought which developed from 1950 to the 1980s (Fig. 2).
Figure 2 also shows that some of the observed long term
decrease is reproduced by the model ensemble means. The
observed year-to-year changes are not well reproduced by
the ensemble means and are therefore only weakly driven
by SST feedback or climate forcings. This contrasts with a
study by Rowell et al. (1995) who simulated very wet and
dry years with considerable skill but their model used fixed
distributions of clouds unlike the models used here. The
results shown here are also consistent with the large
internal variability of the modelled year-to-year changes in
Sahel rainfall (not shown). Although most models simulate
some development of the Sahel drought between 1950 and
1980, the multimodel ensemble mean change is less than
half of the observed long term change (Fig. 3). Internal
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Fig. 6 Changes in ensemble
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NAO change 1965-95

members for a Sahel rainfall
from 1950 to 1980 and b North
Atlantic Oscillation Index from
1965 to 1995. Model ensemble
members are shown in black
and observed changes are in
grey. Open circles show the
Sahel changes in simulations
with interactive vegetation.
Changes are calculated from the
linear trend and units are mm
for Sahel rainfall and hPa for the
NAO
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atmospheric variability is also much too small to explain
the observed Sahel drought in most of the models (Fig. 6).
Only the GFDL model has enough spread to explain the
observed drought as a part forced and part internal varia-
tion of the climate system. Consistent with our schematic
in Fig. 1, we therefore conclude that the Sahel drought is
only partly forced and that it is poorly modelled in most of
the models used here.

The correlation between observed Sahel rainfall and
the multimodel ensemble mean rainfall over the second
half of the twentieth century is 0.6; in good agreement
with the single model study of Giannini et al. (2003).
This suggests that around one third of the variance in
Sahel rainfall can be reproduced from climate forcings
and feedbacks from ocean temperatures. Figure 7 illus-
trates the pattern of correlation between Sahel rainfall and
the sea surface temperature specified in the models.
Strong correlations are found with tropical ocean tem-
peratures, particularly in the Indian Ocean and the tropical
Atlantic (c.f. Folland et al. 1986; Giannini et al. 2003).
There is also a significant negative correlation with the
tropical Pacific Ocean temperature that is likely to arise
from ENSO (c.f. Rowell et al. 1995) and a smaller cor-
relation with the whole Atlantic Ocean which changes
sign from positive in the North Atlantic to negative in the
south Atlantic. This last pattern is reminiscent of low
frequency variability in the Atlantic thermohaline circu-
lation and Atlantic SST which also affects Sahel rainfall
(Zhang and Delworth 2006; Knight et al. 2006). Despite
this, our multimodel study shows that the effect of sea
surface temperatures alone is not sufficient to reproduce
the observed drought in these model experiments and less
than half of the observed drought is reproduced by the
multimodel ensemble mean.
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Missing processes or incorrect parametrisation of sub-
grid scale processes could be responsible for the failure to
reproduce the magnitude of the Sahel drought. It is inter-
esting to note that the models which reproduce the largest
change in Sahel rainfall (Fig. 3) tend to include land surface
changes via parametrised vegetation-climate interaction
(CABO) or specified changes (GFDL). Indeed, one of these
models simulates a smaller decrease in rainfall when vege-
tation-climate interaction is switched off (see open circles
in Fig. 6 and Zeng et al. 1999). However, there are still
differences between the trends in Sahel rainfall in the dif-
ferent models and some of the other models show relatively
weak trends despite incorporating specified vegetation
changes. Therefore, although the model simulations suggest
that vegetation interaction may play a role in the Sahel
drought, this is sensitive to model details. Further experi-
ments with and without vegetation feedback would be
useful to confirm this result for other models. A second
experiment has been run with the Hadley Centre model in
which a range of interactive vegetation schemes, a coupled
ocean-atmosphere model and a comprehensive set of forc-
ings were used to try to reproduce the full magnitude of the
Sahel drought. In this experiment, the interactive ocean
allows sea surface temperature to vary. The spread of Sahel
rainfall trends in these simulations is only slightly larger
than that in the atmosphere only runs, suggesting that
vegetation feedbacks on Sahel rainfall in the twentieth
century are small compared to internal atmospheric vari-
ability in that model. Given the strong sensitivity in the
CABO model, this again suggests that vegetation feedback
on the Sahel drought is likely to be model dependent.

A second key difference between the models that pro-
duce a larger Sahel drought is the model representation of
anthropogenic aerosol (Biasutti and Giannini 2006). The
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GFDL and CABO models both include such aerosol which
could play a direct role via atmospheric forcing. More
closely coordinated experiments would be useful to deter-
mine the relative importance of aerosol and vegetation
feedback although we note again that only one of our
models was able to reproduce the full Sahel drought as a
combination of forced and internal variability.

7 The North Atlantic Oscillation

There is only very weak correspondence between the
ensemble mean evolution of the NAO and the observed
NAO for any of the individual models despite the pre-
scription of observed SST and radiative forcings. Internal
variability is large and dominates for small ensembles so
that correlations over the latter half of the twentieth century
are typically 0.1.

By taking the multimodel mean of the NAO over all our
ensemble members we can remove much of this internal
variability. Recent studies of similar models from the
Atmospheric Model Intercomparison Project suggest no

detectable NAO response to imposed SST anomalies (e.g.
Cohen et al. 2005) but with the longer data here, we find a
correlation with the observed NAO of 0.3 which is sig-
nificant at the 95% level. This multimodel result is similar
but smaller than the correlation between modelled and
observed NAO found by Rodwell et al. (1999) or Mehta
et al. (2000). It suggests that the NAO is weakly forced by
the imposed SST and radiative forcings in the models. The
relationship between the multimodel mean NAO in the
model and the imposed sea surface temperature is shown in
Fig. 7. The general North-to-South pattern of negative—
positive—negative Atlantic sea surface temperature anoma-
lies associated with the positive NAO in observations
(Namias 1964; Ratcliffe and Murray 1970; Palmer and Sun
1985; Rodwell et al 1999) is hardly visible here and this
suggests that North Atlantic conditions feed back only
weakly onto the NAO in these models.

Assuming our models are realistic, the feedback
between ocean surface conditions and the NAO is
responsible for less than 10 percent of the observed vari-
ance in the NAO. Despite this, the response of the
atmosphere to midlatitude sea surface temperature appears

Fig. 7 Correlation coefficients
between the sea surface
temperatures and multimodel
ensemble mean Sahel rainfall
(upper) and NAO index (lower).
Values above 0.25 are
statistically significant at the
95% level
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to be stronger in nature (Rodwell and Folland 2002;
Rodwell et al. 2004) and the weak model response may be
due to lack of horizontal resolution (c.f. Nakamura et al.
2005). Model experiments with resolution of a few tens of
km may be needed to resolve this issue (Maloney and
Chelton 2006; Minobe et al. 2008). The poor reproduction
of observed year to year NAO variations by the ensemble
mean is also likely to be degraded by the potential influ-
ence of volcanic events and ENSO on the NAO. Volcanic
aerosol was not included in all the simulations shown here.
Besides which, the tendency for positive NAO conditions
to appear after explosive tropical eruptions is not well
represented in at least some of the models (Stenchikov
et al. 2006). Similarly, the remote effects of ENSO on the
NAO are also not well represented in at least in some of the
models here (Toniazzo and Scaife 2006). Figure 7 shows
that correlations between ENSO and the multimodel mean
NAO is positive in these experiments whereas the observed
relationship is negative (e.g. Bronnimann 2007).

On longer timescales, a major twentieth century event
was the sharp rise in the winter NAO over the 1965-1995
period followed by a subsequent decrease. The multimodel
mean NAO shows some increase over the 1960s—1990s
period but with trends from individual models distributed
about zero (Fig. 3). Some authors have argued that low
frequency warming of the tropical oceans, and in particular
the Indian Ocean is responsible for the observed NAO
increase over the latter half of the twentieth century
(Hoerling et al. 2001, 2004; Hurrell et al. 2004; Bader and
Latif 2005). We find some evidence for this as tropical sea
surface temperatures, including those in the Indian Ocean
are positively correlated with our multimodel mean NAO.
Interestingly we also find strong correlations with the
tropical Atlantic. However, while a positive NAO was
simulated in response to tropical ocean warming in our
simulations, the magnitude of the modelled change was
still much weaker than the observed change (Fig. 3) and
over the last 10 years the NAO has decreased while the
observed Indian Ocean warming continued. This is con-
sistent with the model study by Schneider et al. (2003) who
also found that the observed magnitude of circulation
trends over the Atlantic were not reproduced in response to
ocean forcing. In fact this also agrees with the model
response found by Hoerling et al. (2001) which was more
than a factor of 2 weaker than the observed change over the
period 1950-1999 and weaker still over the period con-
sidered here. Similarly, Bader and Latif (2005) applied an
idealised Indian Ocean SST anomaly which was much
larger than the observed Indian Ocean change to produce a
model response which was smaller than the observed
change in the NAO. It therefore seems that the C20C
simulations presented here are in agreement with these
earlier studies in simulating a weak positive shift in the

NAO in response to observed sea surface temperature
change and this response is much smaller than the observed
NAO increase.

As the NAO responds only weakly on these multidecadal
timescales, in line with the schematic in Fig. 1 we compared
the observed increase over the latter part of the twentieth
century with the individual ensemble members (Fig. 6).
Neither ensemble spread, nor intermodel differences can
easily explain the observed increase in the NAO over 1965—
1995. We also examined 30 year NAO trends in the
ensemble members over other periods in the late twentieth
century in order to better assess whether internal variability
could generate the observed trend. We found that the
observed 30 year trend could not be reproduced in over
3700 years of model data. We conclude that the observed
increase of the NAO is not reproduced in these models and
that there may be a missing process or a missing forcing that
amplified the NAO increase. One candidate for this missing
process is the interaction with the stratosphere. Observed
stratospheric change and the strength of stratosphere-tro-
posphere coupling are known to be large enough to
reproduce the observed increase in the NAO (Scaife et al.
2005). It is therefore perhaps not surprising that the models
used here do not simulate the observed NAO increase over
this period as their stratospheric resolution is generally low.
It is also interesting to note that one of the models, which
has a more detailed representation of stratospheric pro-
cesses than the other models (including full interactive
chemistry), exhibits the second largest NAO trend in the
ensemble mean (SOCOL model, Fig. 3).

8 Discussion and conclusions

One aim of the CLIVAR Climate of the twentieth Century
project (Folland et al. 2002) is to test whether models are
able to reproduce recent climate variations and to find the
mechanisms responsible. Unlike coupled ocean—atmo-
sphere model simulations such as those used by the
Intergovernmental Panel on Climate Change, these simu-
lations specify ocean surface conditions such as sea surface
temperature in part or all of the ocean and therefore capture
some of the prominent interannual variations in the
observational global climate record such as El Nino events.

We have used ensembles of these simulations to decide
whether several recent climate events are a response to
specified boundary conditions such as sea-surface tempera-
ture and/or greenhouse gases, a result of internal variability
of the atmosphere, or neither, in which case we conclude the
event is not well modelled. In summary we find that:

1. Global land surface temperature is generally well
reproduced by atmospheric models, including
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interannual and multiannual changes due to ENSO for
example. However, the increase in land surface
temperatures since 1970 is underestimated in many
of the models used here.

2. Temporal variations in the Southern Oscillation are
well simulated in atmospheric models but the strength
of the Southern Oscillation response to specified SSTs
varies between models. In some models the strength of
the response differs significantly from that seen in
observations.

3. There is a clear relationship between the strength of
the global temperature response to a given ENSO
event and global surface warming in the models. This
could, in principle, be used to help identify models
which simulate realistic climate change.

4. The Sahel drought is only weakly reproduced in most
models. More drought is reproduced in models when
interactive vegetation and anthropogenic aerosols are
included but this result is model dependent.

5. SST and radiative forcings exert a weak influence on
the North Atlantic Oscillation in the models. None of
the models used here reproduces the observed increase
in the NAO in the late twentieth century through
forced or internal variability or a combination of both.

The results shown here highlight the importance of
confronting models with observed climate variability. It is
important to understand the mechanisms of climate vari-
ability and to check that these are well modelled because
climate variability can severely exacerbate or temporarily
alleviate long term anthropogenic climate change. Model
based attribution of past events to anthropogenic forcings
relies on accurate simulation of both forced and internal
variability. We have shown that all models have some
regions where this is not the case and caution is needed to
interpret attribution of climate events in these regions.
Similarly, regional climate change is uncertain in some
parts of the world and the latest round of predictions shows
inconsistency even in the sign of some changes. Climate
prediction and attribution of past events in regions which
turn out to be poorly modelled according to the schematic
in Fig. 1 may still be useful on century long timescales
when the effects of climate warming are likely to dominate.
However, on decadal timescales such as those considered
here, they are subject to the additional caveat that we are
unable to fully reproduce their observed variations.
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