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Abstract Palaeoclimate simulations provide an opportu-
nity for climate model evaluation as well as having a
potential role in assigning relative likelihood to different
ensemble members in probabilistic climate change pre-
diction, supplementing constraints provided by the instru-
mental record. Here we take some initial steps towards
such an approach by performing ensemble experiments
with the Hadley Centre HadCM3 model under pre-indus-
trial and mid-Holocene (6,000 years before present) forc-
ing conditions. We examine the changes in both mean
tropical climate and El Nifio-Southern Oscillation (ENSO)
variability, as palaeoclimate records suggest that ENSO
amplitude was reduced in the mid-Holocene. Experiments
are performed with perturbations to physical parameters in
the atmosphere—surface component of the model, and with
different implementations of heat and freshwater flux
adjustments. Heat flux adjustments are required to stabilise
model versions in which perturbations cause a net radiative
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imbalance. While we find broad agreement between dif-
ferent model versions in terms of changes in mean climate
in the mid-Holocene, a detailed and quantitative compari-
son with the geographically-sparse palaeo-record is limited
by systematic model biases. In the simulations without
seasonally-varying flux adjustments there are modest
reductions in ENSO amplitude of the order of 10-15%,
lower than the range of reductions inferred from coral
proxy records. We examine the mechanisms for these
changes, and discuss the implications for the design of
future ensemble experiments to formally quantify uncer-
tainty in climate change predictions using palaeoclimate
simulations.

1 Introduction

Predictions of future changes in climate are uncertain
because of unknown future concentrations of greenhouse
gases and other forcing agents, because of unpredictable
natural fluctuations in the climate system and because of
imperfections in the models we use to make predictions.
Recent studies have sought to quantify the latter sources of
uncertainty by performing ensemble experiments with cli-
mate models (under idealised equilibrium forcing) and
constraining predictions of global mean change by
assigning relative weights to ensemble members according
to their ability to simulate present day conditions (e.g.
Murphy et al. 2004; Piani et al. 2005; Tebaldi et al. 2005;
Knutti et al. 2006). Past climates, while not providing a
direct analogue of future changes, present a further
potential constraint on model sensitivity and provide the
focus for this study.
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A specific example of uncertain model predictions is the
response of El Nifio-Southern Oscillation (ENSO) to future
climate change. Different models project a wide range of
responses from weakened to strengthened ENSO (e.g. van
Oldenborgh et al. 2005; Guilyardi et al. 2006; Merryfield
2006). Changes in the mean state of the tropics are also
uncertain, with models simulating responses ranging from
““El Nifio-like’” to ‘‘La Nina-like’’ changes in tropical
Pacific zonal SST gradients (e.g. Collins et al. 2005;
Merryfield 2006). While the ability of coupled atmo-
sphere—ocean models to simulate ENSO has improved
dramatically in recent years (e.g. Latif et al. 2001;
AchutaRao and Sperber 2002, 2006), such models may not
yet accurately represent all the complex interactions
between processes necessary to simulate the response of
ENSO to changes in mean climate (e.g. Fedorov and
Philander 2000; Cane 2005). Given the importance of
predicting future changes in ENSO, and in the absence of a
perfect model, it is necessary to quantify the uncertainty
associated with predictions from current generation
models.

In this study, we explore uncertainty in model ENSO
sensitivity by testing the ability of models to simulate
palaeoclimate conditions, when proxy records imply that
the mean state and interannual variability in the tropics
were substantially different from present. Palaeoclimate
simulations provide an independent test of model sensi-
tivity in response to external forcing and changes in the
mean state, which are outside the range of conditions ob-
served in the instrumental period. The mid-Holocene
(6,000 years before present, 6 ka) is an appropriate target
for such a study, as boundary conditions including atmo-
spheric composition and orbital configuration are well
known. In addition, palacoclimate records of changes in
both mean state and interannual variability in the tropics
are available for comparison with the model simulations.

During the mid-Holocene, the change in the timing of
perihelion from boreal winter to boreal summer resulted in
an increased northern hemisphere (NH) seasonal cycle,
while reducing the strength of southern hemisphere (SH)
seasonality. As modern ENSO is observed to be strongly
phase-locked to the seasonal cycle (e.g. Tziperman et al.
1997; Wang and Picaut 2004), it might be expected that
such a change in the seasonal cycle would alter the
behaviour of ENSO. The global mean climate in the mid-
Holocene was broadly similar to the present as the NH
continental ice sheets of the Last Glacial period had largely
melted by this time and the atmospheric carbon dioxide
concentration was close to pre-industrial values (e.g.
Indermuhle et al. 1999). The response of ENSO to orbital
changes in seasonality, while not being analogous to the
case of anthropogenic global warming, does present a
verifiable test of the sensitivity of ENSO in coupled climate
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models to climate forcing. The challenge is to make a
quantitative comparison between the model and palaeo-
data in order to assign a relative weight to each member of
a large ensemble. Recognising that this is a considerable
and long-term research undertaking, we present a pre-
liminary attempt at generating such an ensemble in this
study.

The mean state of Holocene tropical Pacific SSTs and
salinity has been reconstructed from palaeoclimate records
including oxygen isotope ratios and Mg/Ca ratios in
planktonic foraminifera (e.g. Koutavas et al. 2002; Stott
et al. 2004; Lea et al. 2006) and from mollusk assemblages
(e.g. Sandweiss et al. 1996). In the mid-Holocene, some
reconstructions show relative cooling of SSTs in the east-
ern equatorial Pacific (Koutavas et al. 2002) while other
evidence suggests relative warming or little change from
present (Lea et al. 2006). There is also evidence that the
western equatorial Pacific was more saline in the mid-
Holocene according to reconstructions from oxygen iso-
tope ratios in coral (Gagan et al. 1998; Tudhope et al. 2001)
and marine sediments (Stott et al. 2004), implying de-
creased precipitation or increased evaporation. As the mean
changes in mid-Holocene equatorial Pacific SST and
associated changes in precipitation and atmospheric cir-
culation are not strongly constrained by the available proxy
records, we do not identify a specific target mean state to
compare with the model simulations.

Records of interannual variability associated with ENSO
include laminated lake sediment records of flood events in
South America (e.g. Rodbell et al. 1999; Moy et al. 2002).
Analysis of the Holocene sediment record indicates that the
periodicity of heavy precipitation (El Nifio) events has
evolved from longer than 15 years prior to 7 ka towards a
modern periodicity after 5 ka, implying the onset of
modern ENSO between 7-5 ka. Fossil corals from the mid-
Holocene have been used to reconstruct ENSO-related SST
and salinity variability in the western Pacific (Gagan et al.
1998; Tudhope et al. 2001; Gagan et al. 2004; McGregor
and Gagan 2004). Interannual variability of coral oxygen
isotope and Sr/Ca ratios at ENSO periods is found to be
weaker in mid-Holocene coral than in modern coral from
the same site, implying reduced ENSO amplitude. Fossil
coral records from the Huon Peninsula, Papua New Guinea
(PNG) contain a reduction of 60% in the standard deviation
of mid-Holocene oxygen isotope ratios compared with
modern records (Tudhope et al. 2001). McGregor and
Gagan (2004) report an ENSO amplitude reduction of 15%
in fossil coral records from a northern PNG site using a
measure based on the average coral isotopic anomaly for El
Nifo events over a threshold. Gagan et al. (2004) report a
reduction of 20% in SST variability and 70% reduction in
precipitation variability at ENSO periods in a mid-Holo-
cene coral record from the Great Barrier Reef.
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We aim to compare the model simulations of changes in
mid-Holocene ENSO with changes in ENSO characteris-
tics inferred from fossil coral records. As different mea-
sures are used to calculate changes in ENSO amplitude in
each coral study, it is difficult to identify a single target to
compare with the model simulations. The study of Tudhope
et al. (2001) provides a maximum estimate of 60%
reduction in ENSO amplitude in the mid-Holocene, while
McGregor and Gagan (2004) calculate a smaller 15%
reduction in the amplitude of an average El Nifio event.
The extent to which these measures can be compared with
the standard deviation of central Pacific SST variability is
discussed further in a forthcoming study. We assume here a
range of 15-60% ENSO amplitude reduction is consistent
with the available coral records, while noting that corals
record local ENSO SST and precipitation variability, which
may not always mirror changes in basin-scale ENSO.

Previous atmosphere-only and coupled model studies of
the mid-Holocene include simulations carried out as part of
the Palaeoclimate Modelling Intercomparison Project
(PMIP) (e.g. Harrison et al. 1998; Braconnot et al. 1999,
2000; Joussaume et al. 1999; Zhao et al. 2005). Previous
modelling studies of the sensitivity of ENSO to Holocene
orbital forcing using the reduced-complexity Zebiak—Cane
model (Zebiak and Cane 1987) identified a reduction in
ENSO amplitude in the mid-Holocene (Clement et al.
2000, 2001). Coupled atmosphere—ocean GCM studies
have also investigated mid-Holocene tropical climate and
ENSO (e.g. Hewitt and Mitchell 1998; Bush 1999; Liu
et al. 2000; Kitoh and Murakami 2002; Otto-Bliesner et al.
2003). Those studies that examine ENSO variability report
a modest reduction in the amplitude of ENSO in early and
mid-Holocene simulations (e.g. Liu et al. 2000; Otto-
Bliesner et al. 2003). Some find a relative cooling in the
eastern Pacific (Bush 1999; Liu et al. 2000; Otto-Bliesner
et al. 2003), while other studies find greater cooling in the
central Pacific (Kitoh and Murakami 2002). A preliminary
discussion of simulations with the standard version of
HadCM3 reported a reduction of 12% in the amplitude of
ENSO (as measured by the NINO3 SST index) in the mid-
Holocene compared with the pre-industrial simulation,
while the mean equatorial Pacific SST gradient was un-
changed (Brown et al. 2006).

This study aims to explore uncertainty in model ENSO
sensitivity to climate forcing using simulations of pre-
industrial and mid-Holocene climate from an ensemble of
coupled model versions. We use multiple versions of
HadCM3 for which selected parameters in the atmospheric
model are perturbed within a plausible, expert-defined
range (Murphy et al. 2004; Collins et al. 2006). As this
study represents a first attempt to use such a ‘‘perturbed
physics’’ ensemble to simulate palaeoclimate, we also
investigate the impact of seasonally-varying and constant

annual mean heat flux adjustments used to correct the
radiative imbalances caused by the perturbations. The mid-
Holocene mean climates and ENSO characteristics simu-
lated by the different model versions are compared, and the
reasons for changes in ENSO behaviour are considered.
The same perturbed physics ensemble members have been
used to simulate climate with increasing greenhouse gas
concentrations (Collins et al. 2006), and the ENSO sensi-
tivity in these simulations is examined in a forthcoming
study. Here we consider how the ability of each model
version to simulate mid-Holocene changes in ENSO
characteristics could provide one measure for assessing the
credibility of model predictions of future changes in ENSO
behaviour.

2 Model and experiments

HadCM3 is a coupled atmosphere-ocean model with 3.75°
longitude and 2.5° latitude horizontal resolution and 19
levels in the atmosphere (Pope et al. 2000). The ocean
component has a uniform resolution of 1.25° with 20 ver-
tical levels (Gordon et al. 2000). The standard model
exhibits no significant surface climate drift, and so can
perform multi-century integrations without flux adjust-
ments, albeit with regional SST biases. The standard model
is run without flux adjustments for pre-industrial (‘‘OK’’
run) and mid-Holocene (‘‘6K’’ run) climate for 100 years,
using initial conditions from previous pre-industrial and
mid-Holocene simulations.

The mid-Holocene simulations are forced with the
appropriate changes in orbital parameters (Berger 1978),
primarily a shift in the timing of perihelion to late August,
resulting in changes in the seasonal cycle of insolation. The
experimental design follows the PMIP Phase II protocol
(see http://www.pmip2.cnrs-gif.fr), with the exception of
small differences in the atmospheric concentration of N,O
and the use of pre-industrial methane concentrations for the
mid-Holocene run. The atmospheric CO, composition is
set at pre-industrial values for the mid-Holocene simulation
as CO, concentrations are known to have been relatively
unchanged, while there is evidence that methane concen-
trations were reduced at this time (Chappallaz et al. 1997).
Vegetation coverage is fixed, although previous modelling
studies have suggested that interactive climate-vegetation
feedbacks may be important for simulating mid-Holocene
climate (e.g. Ganopolski et al. 1998). The impact of
changes in methane concentration and vegetation coverage
is expected to be of second-order importance for ENSO
variability. Varying only the orbital forcing allows us to
isolate the influence of altered seasonality on ENSO and to
compare our results with other modelling studies that have
used similar boundary conditions.
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Fig. 1 Seasonal cycle of ocean
heat flux adjustments (Wm’z)
averaged over 4°N—4°S in the
equatorial Pacific for

a HadCM3.0 seasonally-varying
flux-adjusted runs and

b HadCM3.0A constant flux-
adjusted runs. Values in b are
a simple time-average of those
ina

150E 180

-120 -80 -40

HadCM3 has been shown to simulate ENSO as well as
other current generation coupled models, with an amplitude
and frequency that is broadly in agreement with observa-
tions (e.g. Collins et al. 2001; Latif et al. 2001; AchutaRao
and Sperber 2002, 2006; Toniazzo et al. 2007). However,
biases in the model climate which may influence ENSO
behaviour and sensitivity include a cold SST bias in the
central equatorial Pacific Ocean and a warm SST bias over
the Maritime Continent, stronger than observed equatorial
Pacific trade winds and convection which is too strong and
overly confined to the western Pacific warm pool (e.g.
Innes et al. 2003; Turner et al. 2005). Although the elim-
ination of flux-adjustment terms from coupled atmosphere-
ocean models has been seen as a significant advance, it is at
the expense of such biases. For this reason, and because
perturbation of model parameters can lead to top-of-the-
atmosphere radiation imbalances, we use flux adjustments
in the perturbed physics simulations. We also carry out a
set of unperturbed model simulations with flux adjustments
for comparison.

The method for calculating the flux-adjustment terms is
described in detail by Collins et al. (2006). Briefly, a
‘“Haney forcing’’ phase of relaxation to observed SST and
salinity is performed for each model version and the fluxes
of heat and freshwater are stored and averaged. These
fluxes are then applied as a seasonally varying but constant
forcing term during the experiments described here. Thus
there is no explicit relaxation, which would tend to sup-
press the variability that is of interest, but regional biases in
SST and surface salinity are greatly reduced. In addition,
the integrated heat flux adjustment cancels any top-of-the-
atmosphere radiation imbalance. As mid-Holocene SST
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and salinity climatologies are not known, flux adjustment
to pre-industrial values is used for the mid-Holocene sim-
ulations. While this may introduce biases in the mid-
Holocene climate, these are expected to be smaller than the
biases in the uncorrected model climatology or model drift
due to radiative imbalance.

Following Collins et al. (2006), the unperturbed model
with seasonally varying flux adjustments is labelled
‘““HadCM3.0”’ to distinguish it from the non-flux-adjusted
standard version, ‘‘HadCM3’’. In addition, because the
seasonal cycle of the flux adjustments may interfere with
the model response to mid-Holocene seasonal orbital
forcing, we include a set of simulations with a constant,
annually averaged flux-adjustment term that is applied in
the same manner as the seasonally varying adjustment.
This experimental set-up is labelled ‘‘HadCM3.0A’’. The
equatorial Pacific seasonally varying and constant heat flux
adjustments for the HadCM3.0 and HadCM3.0A experi-
ments are shown in Fig. 1.

The perturbed physics ensemble members are a subset
of 17 (the standard model and 16 perturbed physics ver-
sions) from a larger ensemble of 129 atmospheric model
versions with multiple parameters and switches perturbed
simultaneously as part of the quantifying uncertainties in
model prediction (QUMP) project (Murphy et al. 2004;
Webb et al. 2006). The combination of parameter settings
was chosen to span the range of climate sensitivity as well
as to maximise the chance of producing models with ade-
quate base climates. The 17 coupled model versions have
been used to simulate pre-industrial climate and transient
climate change with 1% per year increasing CO, concen-
trations, as discussed by Collins et al. (2006). A detailed
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Table 1 Model experiments

Model Run  Perturbed?  Flux-adjusted?  Length of
run (years)

HadCM3 0K No No 100
HadCM3 6K No No 100
HadCM3.0 0K No Seasonal 100
HadCM3.0 6K No Seasonal 100
HadCM3.0A 0K No Constant 100
HadCM3.0A 6K No Constant 100
HadCM3.1 0K Yes Seasonal 100
HadCM3.1 6K Yes Seasonal 50
HadCM3.3 0K Yes Seasonal 100
HadCM3.3 6K Yes Seasonal 50
HadCM3.8 0K Yes Seasonal 100
HadCM3.8 6K Yes Seasonal 50
HadCM3.13 0K Yes Seasonal 100
HadCM3.13 6K Yes Seasonal 50

OK pre-industrial, 6K mid-Holocene

examination of the ENSO characteristics of the perturbed
physics models in the pre-industrial simulations is given in
the study of Toniazzo et al. (2007).

In this study, a subset of four perturbed physics model
versions are used to simulate mid-Holocene climate. We
compare these simulations with the corresponding pre-
industrial simulations from the QUMP project and there-
fore adopt the same experimental set-up, including the use
of seasonal flux-adjustments, for our mid-Holocene simu-
lations. The four versions were chosen to sample the
maximum range of ENSO amplitude in the pre-industrial
climate, with one model simulating a very strong ENSO,
two versions simulating a very weak ENSO and one
version having an ENSO amplitude comparable to obser-
vations (HadCM3.1, HadCM3.3, HadCM3.8 and Had-
CM3.13, as identified by Collins et al. 2006). Each model
has 29 atmospheric model parameters simultaneously per-
turbed, so that the different climates and ENSO charac-
teristics simulated cannot be ascribed to the influence of
any one particular parameter. The parameter settings for
each perturbed physics ensemble member are described in
Collins et al. (2006). The standard, flux-adjusted and per-
turbed physics model versions and experiments included in
this study are listed in Table 1.

3 Mid-Holocene tropical climate

The main features of the time-averaged mid-Holocene
climate simulated by each model version are compared in
order to determine whether all model versions simulate a

plausible mid-Holocene climate, and whether differences
between the simulated climates may explain different
ENSO sensitivity. The results are presented for the stan-
dard model (HadCM3) as well as the unperturbed model
versions with seasonally varying and constant flux
adjustments (HadCM3.0 and HadCM3.0A). Results for
the perturbed physics model versions are discussed briefly
as the large-scale mid-Holocene climate anomalies are
broadly similar to the results for unperturbed flux-adjusted
runs.

3.1 Surface temperature

The change in seasonal average (December—January—
February, DJF, and June-July—August, JJA) surface tem-
perature from pre-industrial to mid-Holocene climate is
shown for HadCM3, HadCM3.0 and HadCM3.0A model
runs in Fig. 2. The mid-Holocene anomalies in the seasonal
cycle of SST on the equator (averaged over 4°N—-4°S) for
the same model runs are shown in Fig. 3. Consistent with
reduced insolation during DJF in the mid-Holocene (cooler
boreal winter and austral summer), all model versions
simulate predominantly cooler continental surface tem-
peratures in the tropics and mid-latitudes. In response to
the positive mid-Holocene insolation anomaly in JJA, all
models simulate warmer tropical and mid-latitudes conti-
nental surface temperatures with the exception of local
cooling over South Asia and tropical North Africa, asso-
ciated with increased Asian and North African monsoon
precipitation. The large-scale surface temperature anoma-
lies for the perturbed physics model versions (HadCM3.1
etc., not shown) are similar to the seasonally varying flux-
adjusted (HadCM3.0) runs.

In DJF, the spatial pattern of cooling of tropical Pacific
SSTs is somewhat La Nifia-like in the standard and flux-
adjusted runs, with greater cooling in the eastern Pacific and
warming confined to the western Pacific warm pool and
subtropics. The tropical Pacific is also cooler in JJA in the
mid-Holocene, despite the positive insolation anomaly, with
the exception of local warming in the eastern equatorial
Pacific (standard model runs) and central equatorial Pacific
(flux-adjusted and perturbed physics runs). All model ver-
sions simulate larger temperature anomalies in the eastern
Pacific than the western Pacific despite being forced by a
zonally uniform insolation anomaly, indicating the role of
local atmosphere-ocean feedbacks in controlling SSTs.

The zonal cross section of annual mean mid-Holocene
Pacific SST anomalies, averaged over 4°N—4°S, is shown
in Fig. 4. Modelled annual mean tropical SSTs are gen-
erally cooler in the mid-Holocene, in response to reduced
annual mean insolation over the tropics. While cooling of
central and eastern equatorial Pacific SSTs occurs in all
unperturbed mid-Holocene model runs, western Pacific
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Fig. 2 Differences between
mid-Holocene and pre-
industrial average DJF (left) and
JJA (right) surface temperature
(°C) for a, b HadCM3,

¢, d HadCM3.0 and

e, f HadCM3.0A simulations
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Fig. 3 Differences between seasonal cycle of mid-Holocene and pre-industrial SST (°C) averaged over 4°N—4°S in the equatorial Pacific for

a HadCM3, b HadCM3.0 and ¢ HadCM3.0A simulations

SSTs also experience cooling of the same or larger
magnitude. The standard model version simulates a sli-
ghtly reduced annual mean zonal SST gradient due to the
warming in the eastern Pacific from July to November,
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as shown in Fig. 3. The annual mean equatorial zonal
SST gradient is unchanged to within +0.2°C in the
flux-adjusted HadCM3.0 and HadCM3.0A simulations
(Fig. 4a) and in the perturbed physics simulations
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Fig. 4 Differences between

Perturbed runs: 6ka SST anomaly

Standard, flux—adj. runs: 6ka SST anomaly

. Q) 0.4[ 04T
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Fig. 5 Differences between
mid-Holocene and pre-
industrial DJF (left) and JJA
(right) precipitation (mm/day)
for a, b HadCM3,

¢, d HadCM3.0 and

e, f HadCM3.0A simulations e @0

Q 45E  90E

135 180

(¢} 45E  90E

Q 45  90E 135E 180

(Fig. 4b). Therefore, the simulated annual mean tropical
Pacific SSTs cannot be described as La Nifia-like in any
of the mid-Holocene simulations, in disagreement with
previous coupled model studies discussed in Sect. 1.

3.2 Precipitation

The mid-Holocene DJF and JJA seasonal precipitation
anomalies for the HadCM3, HadCM3.0 and HadCM3.0A
simulations are shown in Fig. 5. In DJF, precipitation is
reduced in the western and central tropical Pacific and in-
creased over the Indian Ocean in all simulations. Precipi-
tation associated with the south Pacific convergence zone
(SPCZ) is intensified and shifted southward. The DIJF
tropical Pacific precipitation anomalies resemble precipi-
tation anomalies during a La Nifia event, consistent with
the simulated DJF SST anomalies. The DJF precipitation
anomalies in the perturbed physics runs are similar to the

(a) HadCM3 DJF

1 55W

135W  90W 45w 0 458  90E

135W

Longitude

(b) HadcMm3 JJA

90w 45w 0 45E 90E 135 180 135w 90W 45w

1356 180 135W 90W 45w

135W 90w 45w

90w 45w 0 45E 90E 135 180

1.2 1.8

HadCM3.0 anomalies, with an intensified SPCZ and re-
duced precipitation in the central-western equatorial Pacific
in all cases (not shown).

In JJA, the Asian and North African summer monsoons
are stronger in the mid-Holocene for all model versions due
to increased NH seasonality and land-ocean temperature
gradients. The strengthening of Asian and North African
summer monsoons is a direct response to the change in
insolation, as a similar response was identified in the PMIP
atmosphere-only GCM simulations (Joussaume et al.
1999). The northern Australian summer (DJF) monsoon is
enhanced in all mid-Holocene simulations, in agreement
with Liu et al. (2004), who found that ocean feedbacks
produced a stronger northern Australian monsoon in cou-
pled model simulations. South American summer monsoon
precipitation is reduced in the mid-Holocene for all model
versions in response to reduced insolation during DIJF,
again in agreement with Liu et al. (2004). The North
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Fig. 6 Differences between
mid-Holocene and pre-
industrial DJF (left) and JJA
(right) zonal wind stress

(Nm’2 x 100) for a, b HadCM3, .
¢, d HadCM3.0 and 0  45€ 90E 135 180
e, f HadCM3.0A simulations

-1.8 -12 -06 0 0.6

American summer monsoon is weaker in the HadCM3
mid-Holocene simulation, but stronger in the flux-adjusted
simulations, showing the influence of the mean state on the
monsoon response.

Precipitation is increased in JJA in the western and
central tropical Pacific in the flux-adjusted and perturbed
physics mid-Holocene simulations, whereas increased
precipitation in JJA is confined to the Maritime Continent
and SPCZ region in the standard model run. The inter-
tropical convergence zone (ITCZ) travels further north in
JJA and further south in DJF in the Atlantic sector in all
mid-Holocene simulations, with an annual mean northward
shift in the flux-adjusted runs consistent with evidence
from Cariaco Basin sediment records for a more northerly
Atlantic ITCZ in the early and mid-Holocene (Haug et al.
2001). A boreal summer and annual mean northward ITCZ
shift over the eastern Pacific is only evident in the flux-
adjusted simulations. Western Pacific seasonal and annual
mean mid-Holocene precipitation anomalies are more
spatially complex and do not consist of a clear meridional
displacement of the ITCZ in any case.

3.3 Zonal wind stress

The mid-Holocene DJF and JJA seasonal zonal wind stress
anomalies for the HadCM3, HadCM3.0 and HadCM3.0A
model simulations are shown in Fig. 6 and the change in
the seasonal cycle of zonal wind stress in the equatorial
Pacific is shown in Fig. 7. Negative zonal wind stress
anomalies over the Pacific represent an intensification of
easterly trade winds. In DJF, the easterly trade winds are
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stronger in the western and central equatorial Pacific and
weaker in the eastern Pacific in all the mid-Holocene
simulations. All model versions simulate a mid-Holocene
increase in the seasonal relaxation of the trade winds dur-
ing boreal spring in the tropical western Pacific. During
JJA, stronger trade winds are simulated in the western and
central equatorial Pacific in the HadCM3 6K run. Stronger
western and central Pacific trade winds develop in the flux-
adjusted and perturbed physics (not shown) 6K runs
slightly later, during boreal autumn. The stronger trade
winds do not extend to the eastern equatorial Pacific, where
positive zonal wind stress anomalies (i.e. weaker easterly
winds) are seen in all 6K model runs in July—September,
with larger anomalies in the flux-adjusted simulations.

The atmospheric circulation response to mid-Holocene
forcing simulated by all model versions differs from previ-
ous studies which found strengthened annual mean or boreal
summer trade winds across the tropical Pacific, contributing
to acooling of eastern Pacific SSTs (e.g. Bush 1999; Liu et al.
2000; Otto-Bliesner et al. 2003). The stronger Asian summer
monsoon circulation over the Maritime Continent appears to
be driving enhanced western Pacific trade winds from June
onwards in the HadCM3 6K simulation and from August
onwards in the flux-adjusted simulations, while zonal wind
stress changes in the eastern Pacific appear to be controlled
by local atmosphere-ocean feedbacks.

3.4 Upper ocean temperature

The amplitude of ENSO may be influenced by changes in
the upper ocean thermal structure, including changes in the
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Fig. 7 Differences between seasonal cycle of mid-Holocene and pre-industrial zonal wind stress (Nm™> x 100) averaged over 4°N—4°S in the
equatorial Pacific for a HadCM3, b HadCM3.0 and ¢ HadCM3.0A simulations

depth and intensity of the thermocline (e.g. Meehl et al.
2001). The coupled model study of Liu et al. (2000)
identified a weakening of the equatorial Pacific tropical
thermocline as a cause of reduced ENSO amplitude in mid-
Holocene simulations. The mid-Holocene changes in an-
nual mean upper ocean temperature in the equatorial Pa-
cific for the HadCM3, HadCM3.0 and HadCM3.0A runs
are shown in Fig. 8, with the 20°C isotherm shown for both
OK and 6K runs. In all simulations, the surface water is
cooler across the equatorial Pacific, with a weak local
subsurface warming in the far eastern Pacific in the flux-
adjusted runs. The surface cooling and subsurface warming
in the central-eastern Pacific results in a modest mid-
Holocene weakening of equatorial thermocline intensity in
all cases, with the largest weakening occurring in the
HadCM3 simulations.

The thermocline intensity is calculated from the vertical
distance between the 22°C isotherm and the 16°C isotherm
on the equator at 155°W (Meehl et al. 2001). By this
measure, the eastern Pacific equatorial thermocline is less
intense in the HadCM3 6K run than the OK run (59 m at
0K, 72 m at 6K), while the intensity is almost unchanged
for the HadCM3.0 runs (57 m at 0K, 53 m at 6K), and the
HadCM3.0A runs (60 m at OK, 63 m at 6K). The depth of
the thermocline, as measured by the equatorial 20°C iso-
therm depth at 155°W, is changed in the mid-Holocene by
less than 1 m for all three-model versions. However the
slope of the thermocline is slightly increased in the Had-

CM3 6K run, due to a deeper western Pacific thermocline
and shoaling of the eastern Pacific thermocline. The ther-
mocline intensity and depth are unchanged within the same
range in the perturbed physics runs (not shown).

3.5 Comparison of model versions

In broad terms, the standard, flux-adjusted and perturbed
physics model versions produce similar large-scale re-
sponses to mid-Holocene orbital forcing. That is, they all
show boreal winter continental cooling, summer conti-
nental warming and enhanced Asian and North African
summer monsoon circulations, reduced-strength trade
winds in spring and strengthened trade winds in autumn.
Thus the flux adjustments and parameter perturbations
appear to have no leading-order impact on the large-scale
response to mid-Holocene orbital forcing.

However, there are some differences in the details of the
response, which could potentially have an impact on the
sensitivity of ENSO characteristics to changes in climate
forcing. The mid-Holocene changes in zonal wind stress
differ in the flux-adjusted and perturbed physics simula-
tions, with a delay in the summer—autumn enhancement of
the easterly trade winds in the central and western Pacific.
The seasonal changes in equatorial Pacific SSTs also differ,
with a boreal summer warming confined to the eastern
Pacific in the standard model 6K run but extending to the
central and western Pacific in the flux-adjusted simulations.
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HadCM 3

Fig. 8 Differences between mid-Holocene and pre-industrial annual
mean upper ocean temperature (top 200 m), averaged over 2°N-2°S,
for a HadCM3, b HadCM3.0 and ¢ HadCM3.0A simulations. The
20°C isotherm for the pre-industrial (solid line) and mid-Holocene
(dashed line) runs are also shown

There are also some differences between changes in the
intensity of the central and eastern Pacific equatorial
thermocline, with a greater reduction in thermocline
intensity due to subsurface warming and surface cooling in
the standard model simulations.

Attempts to determine which simulation is more plau-
sible by quantitative evaluation of the model response
against the sparse network of palaco-records are limited by
the local biases in the standard model, and by the use of
flux adjustments in the other simulations. A local-scale
comparison with palaeoclimate proxy records requires that
the model correctly simulates regional climate and tele-
connections, such as interactions between the Asian mon-
soon and ENSO and regional precipitation responses to
ENSO in the western Pacific warm pool. Previous studies
have found that the use of heat flux adjustment reduces the
influence of SST biases in the mean climate of HadCM3,
which can greatly improve the simulation of ENSO-mon-
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soon interactions and ENSO teleconnections (e.g. Turner
et al. 2005). However such flux adjustments may also
strongly perturb the atmosphere—ocean feedbacks in the
tropical Pacific (e.g. Spencer et al. 2007) which are likely
to be important for the response of ENSO to mid-Holocene
orbital changes. Therefore, the flux-adjusted model which
simulates the most realistic present-day mean climate (and
seasonal cycle) may not simulate the most realistic re-
sponse to palaeoclimate forcing, particularly for a mode of
variability such as ENSO which results from nonlinear
interactions between the atmosphere and ocean.

4 Mid-Holocene ENSO

The spatial pattern of interannual SST variability, shown in
Fig. 9, is compared for each model run to determine the
region of maximum interannual variability associated with
ENSO. The largest interannual SST variability in the
standard HadCM3 runs is located in the NINO3 region
(5°S-5°N, 90°W-150°W), whereas the largest variability
in the flux-adjusted and perturbed physics runs is located
slightly further west in the NINO3.4 region (5°S-5°N,
120°W-170°W), a common feature in flux-adjusted ver-
sions of HadCM3 (Spencer et al. 2007).

In this study, we use monthly SST anomalies in the
NINO3 region (NINO3 index) as a measure of ENSO
activity, as the response to mid-Holocene forcing is similar
using NINO3 or NINO3.4 indices. The spatial patterns of
SST variability do not differ significantly between pre-
industrial and mid-Holocene simulations, in contrast with a
zonal displacement of the maximum ENSO SST anomalies
observed in HadCM3 simulations of Last Glacial Maxi-
mum and increased greenhouse gas climates (Toniazzo
20006).

4.1 ENSO amplitude and frequency

The timeseries of NINO3 SST anomalies for mid-Holocene
and pre-industrial runs with all model versions are shown
in Fig. 10, with the standard deviation of the NINO3
timeseries included in the top left corner of the plots. As
outlined by Brown et al. (2006), the standard model version
(HadCM3) simulates a 12% reduction in ENSO amplitude,
as measured from the NINO3 standard deviation, in the
mid-Holocene climate. While this difference in amplitude
is within the range of internal model variability for 100-
year segments of a 1,000-year HadCM3 control run (Col-
lins 2000), it is of the same magnitude as mid-Holocene
ENSO amplitude reduction reported in other coupled
model studies (e.g. Liu et al. 2000; Otto-Bliesner et al.
2003). The seasonally flux-adjusted model simulates an
increase in ENSO amplitude in the mid-Holocene (+4%),
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which is clearly inconsistent with both proxy records and
previous modelling studies. The constant flux-adjusted
model simulates a 14% reduction in ENSO amplitude,
which is comparable to the standard model runs. These
results suggest that the use of ocean heat flux-adjustments
with a modern seasonal cycle alters the response of ENSO
in HadCM3 to mid-Holocene orbital forcing, a result which
will be discussed further below.

The perturbed physics model versions have a range of
ENSO amplitudes, from around 50% weaker to around
50% stronger than standard HadCM3 in the pre-industrial
runs, as shown in Fig. 10. A detailed analysis of the rea-
sons for the different ENSO characteristics of the perturbed
model versions is given by Toniazzo et al. (2007), while
this study focuses on the sensitivity of the model ENSO to
mid-Holocene orbital forcing. The perturbed physics model
versions simulate an increase in ENSO amplitude in the 6K
runs for all four perturbed models (+18, +6, +19 and +10%
respectively), as for the seasonally flux-adjusted Had-
CM3.0 runs. It appears that the use of seasonally varying
flux adjustment in the perturbed physics simulations has
altered the response to mid-Holocene forcing in a similar
manner to the HadCM3.0 simulations. While the short (50-
year) length of the perturbed physics 6K runs increases the
chance of sampling biases, the common response of all the
seasonally flux-adjusted model versions suggests that the
result is a robust feature of this model configuration.

Changes in the frequency of ENSO are investigated
using power spectra of NINO3 SST anomalies calculated
for the standard and HadCM3.0 and HadCM3.0A flux-

adjusted OK and 6K runs, as shown in Fig. 11. The statis-
tical significance of changes in period between the 0K and
6K simulations is estimated using an f-test, indicated on the
figures. The standard model simulates maximum power at
periods of 2-3 and 4-5 years for the pre-industrial climate,
while the maximum power in the mid-Holocene simulation
is at slightly longer periods of 4—6 years. Both simulations
fall within the range of observed modern ENSO periodicity
(e.g. AchutaRao and Sperber 2002), and the difference in
mid-Holocene ENSO frequency is not statistically signifi-
cant at the 95% confidence level. In the case of the flux-
adjusted simulations, there is a statistically significant
reduction in variability at around 6-8 years in the Had-
CM3.0A 6K run. There is also a statistically significant
increase in variability at 68 years in the HadCM3.8 6K run
(not shown), but changes for the other perturbed physics
runs are not significant. Despite these formal statistical
estimates of significance, it is difficult to make robust
conclusions regarding changes in frequency due to the
relatively short length (50-100 years) of the integrations.
The palaeoclimate lake sediment records of Rodbell
et al. (1999) suggest that the frequency of strong El Nifio
events was lower than the modern frequency in the early to
mid-Holocene. As the lake sediment record only includes
events exceeding a threshold sufficient to produce local
flooding, whereas NINO3 SST variability includes infor-
mation about all warm and cold ENSO events, the model
ENSO frequency may not be directly comparable with the
lake sediment record. Given the wide range of simulated
changes in period for the different model versions, and the
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lack of statistical significance in most cases, our results do
not conclusively support an interpretation of longer period
ENSO variability in the mid-Holocene.

4.2 ENSO and the mean state

Previous studies have proposed that ENSO characteristics
may be modulated by changes in the mean state of the
tropics, including the mean depth of the equatorial ther-
mocline and the mean strength of the trade winds on the
equator. Fedorov and Philander (2000) predict that a re-
duced ENSO frequency in the early to mid-Holocene
should be accompanied by a deeper thermocline, more
intense trade winds and a cooler eastern Pacific compared
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with present-day climate. In general, the mid-Holocene
changes in both mean state and ENSO amplitude in the
standard model runs are modest compared with the dif-
ferences between regimes described by Fedorov and Phi-
lander (2000), while the changes in the flux-adjusted and
perturbed physics simulations are smaller still. The annual
mean thermocline depth (measured from the 20°C iso-
therm) is slightly deeper in the western Pacific and shal-
lower in the eastern Pacific in the standard model runs, as
discussed above, with a negligible change (less than 1 m)
in the depth averaged across the equatorial Pacific in all
runs. There is a small increase (up to 5%) in annual mean
zonal wind stress on the equator in the standard and
flux-adjusted mid-Holocene runs, but the changes in zonal
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Fig. 11 Power spectra of NINO3 SST anomalies for a HadCM3,
b HadCM3.0 and ¢ HadCM3.0A for OK (solid line) and 6K (dashed
line) runs. Stars denote statistically different spectra at the 95%
confidence level according to an f-test

wind stress are spatially and temporally variable and do not
result in annual mean cooling in the eastern Pacific. It is
suggested that seasonal changes in zonal wind stress and
thermocline structure play a more important role in deter-
mining the response of the model ENSO to mid-Holocene
forcing than changes in the annual mean state.

4.3 ENSO seasonal phase-locking

The phase-locking of ENSO to the seasonal cycle is a well
known feature of observed ENSO behaviour, with events

tending to peak towards the end of the calendar year. As
mid-Holocene orbital forcing results in a redistribution of
seasonal solar heating in the tropics, we investigate chan-
ges to the timing and strength of modelled ENSO-seasonal
cycle interactions. The phase-locking of ENSO amplitude
to the seasonal cycle is quantified using the monthly
standard deviation of NINO3 SST anomalies. The seasonal
cycle of NINO3 SST anomalies for each unperturbed
model version is shown in Fig. 12, as well as the observed
seasonal cycle calculated from HadISST SST data for
1947-2002 (Rayner et al. 2003). The HadCM3 0K run
ENSO amplitude has a maximum in December in agree-
ment with observations and a minimum in July, later than
the observed April minimum. The HadCM3 6K simulation
has reduced seasonal phase-locking, with reduced ENSO
amplitude in boreal autumn and winter (the reduction is
statistically significant at the 95% confidence level
according to an f-test). This is broadly consistent with
previous studies (e.g. Clement et al. 2000), which find a
damping of El Nifio SST anomalies from the end of boreal
summer in the mid-Holocene.

In the case of the HadCM3.0 runs, the NINO3 SST
anomalies are largest at the end of the calendar year and
smallest around April as observed, although the SST
anomalies do not appear to grow from boreal summer
onwards as in observations and the standard OK run. The
strength of ENSO seasonal phase-locking is unchanged in
the HadCM3.0 6K run, consistent with the unchanged
ENSO amplitude in this run. In the HadCM3.0A pre-
industrial simulation, ENSO phase-locking is much weaker
than observed and there is no clear maximum in boreal
winter. NINO3 SST anomalies are reduced for all months
in the mid-Holocene simulation, with no clear phase-
locking of ENSO to the seasonal cycle. The seasonal
phase-locking of ENSO is also relatively weak in the
perturbed physics simulations, with no significant differ-
ence between pre-industrial and mid-Holocene simulations
(not shown). It appears that imposing a seasonally-varying
ocean heat flux adjustment damps seasonal variability in
the amplitude of ENSO SST anomalies, which may con-
tribute to the reduced sensitivity of ENSO to mid-Holocene
orbital forcing in these simulations.

4.4 ENSO-monsoon interactions

The Asian summer monsoon is enhanced in all mid-
Holocene simulations due to increased NH seasonality
driving stronger summer land—ocean temperature gradi-
ents, as discussed above, producing an increase in summer
monsoon precipitation over the Indian subcontinent of up
to 20-30%. An increase in Asian summer monsoon
strength in the mid-Holocene is also seen in other model-
ling studies and inferred from palaeoclimate proxy records
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Fig. 12 Annual cycle of NINO3 standard deviation for HadISST
observations (solid line), OK runs (dashed line) and 6K runs (dot
dashed line) for a HadCM3, b HadCM3.0 and ¢ HadCM3.0A model
versions. The difference in NINO3 standard deviation between the
HadCM3 0K and 6K runs in boreal winter is statistically significant at
the 95% confidence level according to an f-test. The flux-adjusted
models do not simulate significant changes in monthly NINO3
standard deviation between 0K and 6K runs

of vegetation distribution and lake levels (e.g. Liu et al.
2003; 2004). As the Asian monsoon interacts with ENSO
in the modern climate (e.g. Webster and Yang 1992),
changes in the strength of the monsoon may play a role in
altering mid-Holocene ENSO behaviour. Previous studies
have identified the influence of a stronger Asian monsoon
driving stronger Pacific trade winds in boreal summer,
leading to a damping of El Nifio SST anomalies (Liu et al.
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2000). A similar boreal summer strengthening of the trade
winds in the western equatorial Pacific is seen in the
standard HadCM3 mid-Holocene run, and is followed by a
damping of positive SST anomalies in this simulation.
While the Asian summer monsoon is also enhanced in the
flux-adjusted 6K runs, the strengthening of western Pacific
trade winds occurs several months later and therefore SST
anomalies are not damped to the same extent.

Changes in the interannual variability of monsoon
strength may also influence ENSO. The -correlation
between NINO3 SST anomalies and June—September all
india rainfall (AIR) calculated over 60°E-120°E,
10°N-30°N is used to estimate the strength of the tele-
connections between the Asian monsoon and ENSO. The
correlation is negative in all simulations, indicating
stronger monsoons during La Nifia conditions, in agree-
ment with the observed ENSO-monsoon relationship (e.g.
Webster and Yang 1992). In the standard model simula-
tions, the maximum lagged NINO3-AIR correlation is
—0.38 in the OK run and —0.48 in the 6K run, indicating
that there is a stronger ENSO-monsoon interaction in the
mid-Holocene simulation. The strength of the ENSO-
monsoon interaction is slightly increased in the Had-
CM3.0 6K run compared with the OK run (r = -0.25 at
OK, r = -0.33 at 6K). In the HadCM3.0A simulations the
correlation is strongest in the OK run (r = -0.53 at OK,
r =-0.16 at 6K). This may reflect the relative weakness
of ENSO in the HadCM3.0A 6K simulation, resulting in
little influence of a weak ENSO on a strongly insolation-
driven monsoon. The changes are smaller but of the same
sign when the dynamical monsoon index of Webster and
Yang (1992) is used (not shown).

5 Discussion and conclusions

This study represents the first attempt to use an ensemble of
perturbed physics model versions to simulate palaco-ENSO
and investigate model uncertainty in ENSO sensitivity to
climate change. As reconstructions from proxy records
imply a large reduction in ENSO amplitude in the mid-
Holocene, the ability of coupled models to simulate such a
response to mid-Holocene forcing constitutes a test of
model ENSO sensitivity. Models which simulate a reduced
ENSO amplitude (within some range inferred from proxy
records) can be considered to have a plausible ENSO
sensitivity to climate forcing, providing credibility for
simulations of future climate. Formally, the degree of
agreement between model and palaeo-data for members of
an ensemble of models or perturbed physics model versions
can be used to provide weightings for the construction of
probabilistic future ENSO predictions (e.g. Murphy et al.
2004; Collins et al. 2006).
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In this study, mid-Holocene and pre-industrial climates
were simulated with the standard HadCM3 model, model
versions with seasonally varying and constant flux adjust-
ment, and four model versions with perturbed atmospheric
parameters. In all experiments, mid-Holocene orbital
forcing results in changes in tropical surface temperatures
and precipitation, which are broadly consistent with pal-
aeoclimate records, including strengthened Asian and
North African summer monsoons. The flux-adjusted and
perturbed physics model versions simulate mid-Holocene
climate anomalies which differ in some respects from the
standard model, including simulating warming in the cen-
tral-eastern equatorial Pacific in boreal summer and pre-
cipitation anomalies centred around the dateline rather than
over the Maritime Continent. The flux-adjusted model
versions also simulate differing changes in the seasonal
cycles of SST and zonal wind stress in the tropical Pacific
in response to mid-Holocene seasonal insolation anoma-
lies. The different mid-Holocene seasonal cycles lead to
changes in the interaction of ENSO SST anomalies with
the mean state, contributing to the lack of sensitivity of
ENSO to mid-Holocene forcing in the experiments using
seasonally varying flux adjustments.

The unchanged or slightly reduced mid-Holocene equa-
torial Pacific zonal SST gradients simulated in this study
differ from the cooler eastern—central Pacific and increased
zonal SST gradient found in some previous modelling
studies (e.g. Bush 1999; Liu et al. 2000; Otto-Bliesner et al.
2003) and palaeoclimate reconstructions (e.g. Koutavas
et al. 2002). The standard model simulates a small relative
warming in the eastern equatorial Pacific, while the flux-
adjusted models simulate no change in the mean equatorial
zonal SST gradient. We also note that the standard HadCM3
simulates larger SST anomalies in the eastern Pacific than in
the western Pacific, with insolation-driven warming in
boreal summer and cooling in boreal winter in the eastern
Pacific. This is in contrast with other intermediate and
coupled models (Clement et al. 2000; Liu et al. 2000; Otto-
Bliesner et al. 2003), which simulate a boreal summer
intensification of the trade winds and cooling in the central—
eastern Pacific via Bjerknes feedbacks. As there remains
some uncertainty in reconstructions of the mid-Holocene
zonal SST gradient from marine sediment records (e.g. Lea
et al. 2006), we cannot determine conclusively which model
simulation is more plausible. The model-dependence of
changes in the equatorial Pacific zonal SST gradient is also
seen in increased greenhouse gas simulations (Collins et al.
2005), suggesting that palacoclimate simulations may play
a role in determining which models are more credible,
provided sufficient proxy data is available to validate the
simulations.

The standard HadCM3 model simulates a 12% reduction
in ENSO amplitude in response to mid-Holocene orbital

forcing, while the constant flux-adjusted version simulates
a 14% reduction, of similar magnitude to previous coupled
model studies. The model response in both cases is smaller
than the range of reductions in ENSO amplitude of 15—
60% inferred from coral proxy records, outlined in Sect. 1.
The disagreement between model and coral records may be
due to mid-Holocene changes in the strength of ENSO
precipitation teleconnections over the western Pacific,
amplifying the apparent reduction in ENSO amplitude re-
corded in coral oxygen isotope ratios. Previous studies
have suggested that a change in the ENSO precipitation
response over the western Pacific may be due to a north-
ward shift in the ITCZ, leading to a decoupling between
atmospheric circulation anomalies and the precipitation
response over the region (e.g. Gagan et al. 2004; McGregor
and Gagan 2004). In our simulations, there is no evidence
of a northward shift in the ITCZ over the western Pacific,
and the spatial pattern of western Pacific ENSO-precipi-
tation correlations is not meridionally displaced in any
mid-Holocene simulation. However the ability of the
model to capture changes in the spatial pattern of ENSO
precipitation teleconnections is questionable, as the stan-
dard model simulates an incorrect ENSO precipitation re-
sponse over the western Pacific warm pool. The seasonally
flux-adjusted model has a more credible simulation of
ENSO teleconnections, but does not capture the reduced
mid-Holocene ENSO amplitude. A more detailed discus-
sion of issues in quantitative model—proxy intercomparison
will be addressed in future study.

The seasonally flux-adjusted unperturbed and perturbed
physics model versions do not simulate a mid-Holocene
reduction in ENSO amplitude or systematic change in
ENSO frequency. The wide range of ENSO amplitudes
displayed by the perturbed physics model versions in pre-
industrial simulations is in contrast with the relative
insensitivity of ENSO in these model versions to mid-
Holocene orbital forcing. It appears that the model ENSO
behaviour (at least in a configuration with seasonally-
varying flux-adjustment) is more sensitive to internal
model physical parameterisations than to climate forcing,
confirming that predictions of ENSO sensitivity to climate
change remain highly model-dependent.

Several factors contribute to the reduction in ENSO
amplitude in the HadCM3 and HadCM3.0A mid-Holocene
simulations (and the absence of a change in the HadCM3.0
and perturbed physics simulations). Associated with a
stronger Asian summer monsoon circulation, the easterly
trade winds are strengthened in the western and central
tropical Pacific, from July onwards in HadCM3 runs and
August—September onwards in HadCM3.0A runs, persist-
ing until January—February. The stronger trade winds damp
positive SST anomalies in the equatorial Pacific and con-
tribute to an earlier termination of El Nifio events in these
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mid-Holocene simulations. The trade winds also strengthen
from boreal autumn onwards in the seasonally flux-ad-
justed mid-Holocene runs, but the addition of a large po-
sitive heat flux in the central Pacific appears to disrupt
ocean-atmosphere feedbacks and allow warm SST anom-
alies to persist in these simulations. A more complete
investigation of the interaction between heat flux adjust-
ments and the evolution of El Nifio events in HadCM3 is
beyond the scope of this study, but it is clear that the use of
flux adjustments substantially complicates the interpreta-
tion of palaeco-ENSO behaviour.

We can now begin to assess the credibility of predictions
of future ENSO change from the versions of HadCM3
examined in this study. The standard version of HadCM3
simulates a reduction in mid-Holocene ENSO amplitude
which is in qualitative agreement with the available pal-
aeoclimate proxy evidence, whereas the model versions
with seasonally-varying flux adjustments do not reproduce
expected ENSO sensitivity to mid-Holocene orbital forc-
ing. By this criterion, the standard version of HadCM3 has
a more credible simulation of ENSO sensitivity. However
the mean state biases present in the standard model version
result in biases in the simulation of ENSO-monsoon
interactions and precipitation teleconnections, making
comparison with local proxy records problematic. The
constant flux-adjusted model version also simulates a
reduction in mid-Holocene ENSO amplitude, which is
qualitatively consistent with proxy records. However, this
model version produces a tropical Pacific climate and
ENSO seasonal phase-locking which are not in close
agreement with observations, reducing confidence in pre-
dictions from this model version.

In the absence of a perfect model, this study supports the
use of ensembles of models or perturbed physics model
versions in order to explore model ENSO sensitivity to past
and future climate forcing. Weighting of coupled model
predictions of ENSO based on instrumental data can be
supplemented by weighting based on palaeoclimate
reconstructions from proxy data. Further work will require
a larger ensemble of perturbed physics model versions as
well as multi-model ensembles, and a more comprehensive
set of palaeo-data against which to validate simulations. In
order to use palaeoclimate simulations to weight model
predictions, quantitative targets such as mean tropical
Pacific SSTs and ENSO amplitude and frequency must be
well defined. More robust reconstructions of tropical cli-
mate variability will require proxy records from a range of
locations and sources, for example including records from
the eastern, central and western tropical Pacific. In addi-
tion, such studies will need to refine techniques for the
quantitative comparison of global climate model output
with proxy records which respond to regional climate
variability.
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