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Abstract We investigate the role of the ocean feedback
on the climate in response to insolation forcing during
the mid-Holocene (6,000 year BP) using results from
seven coupled ocean–atmosphere general circulation
models. We examine how the dipole in late summer sea-
surface temperature (SST) anomalies in the tropical
Atlantic increases the length of the African monsoon,
how this dipole structure is created and maintained, and
how the late summer SST warming in the northwest
Indian Ocean affects the monsoon retreat in this sector.
Similar mechanisms are found in all of the models,
including a strong wind evaporation feedback and
changes in the mixed layer depth that enhance the
insolation forcing, as well as increased Ekman transport
in the Atlantic that sharpens the Atlantic dipole pattern.
We also consider changes in interannual variability over

West Africa and the Indian Ocean. The teleconnection
between variations in SST and Sahelian precipitation
favor a larger impact of the Atlantic dipole mode in this
region. In the Indian Ocean, the strengthening of the
Indian dipole structure in autumn has a damping effect
on the Indian dipole mode at the interannual time scale.

1 Introduction

The Paleoclimate Modeling Intercomparison Project
(Joussaume and Taylor 1995; PMIP 2000), which aims
to understand the mechanisms of climate change and
test the capability of climate models to represent a cli-
mate state different from that of the present day, has
focused on the climate of the mid-Holocene (ca
6,000 year BP) in order to examine model sensitivity to
changes in incoming solar radiation (insolation). As a
consequence of changes in Earth’s orbital parameters,
mainly precession, the mid-Holocene was characterized
by an increase in the seasonal cycle of insolation in the
northern hemisphere (NH) and a decrease in the sea-
sonal cycle in the southern hemisphere (SH). NH inso-
lation was increased by about 5% in the summer and
decreased by a similar amount in winter. One of the
major responses to these changes in forcing is the en-
hanced hydrological cycle in the tropics, characterized
by strengthened summer monsoons (Kutzbach and
Otto-Bliesner 1982; Kutzbach and Street-Perrot 1985;
COHMAP-Members 1988; Joussaume et al. 1999).

The mid-Holocene simulations performed within the
first phase of PMIP (PMIP I) were made with atmo-
spheric general circulation models (AGCMs). Both the
vegetation over land and the mean seasonal cycle of sea-
surface temperature (SST) were prescribed to be the
same as at the present day (see http://www-lsce.cea.fr/
pmip). Thus, these simulations only test the sensitivity of
the atmosphere and land surface, to changes in insola-
tion. The models produced an expansion of the
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Afro-Asian monsoons that is in qualitative agreement
with palaeoenvironmental observations, but PMIP I
established that the atmospheric response to orbital
forcing was not sufficient to explain observed vegetation
and hydrological changes (Yu and Harrison 1996;
Harrison et al. 1998; Joussaume et al. 1999; Coe and
Harrison 2002). These discrepancies between models
and data have been attributed to the changes in ocean
circulation or land surface cover that were neglected in
PMIP I (PMIP 2000). The models produced very dif-
ferent changes from one another over the Asian mon-
soon regions (Braconnot et al. 2002), although all of
them have increased summer rainfall over the Himala-
yan foothills.

Coupled simulation allows us to test how different
models reproduce past conditions over the ocean, and
how ocean feedback alters the mean seasonal cycle and
interannual variability. Several modeling studies have
shown that the ocean feedback introduces a delay in the
response to the change in summer insolation (Kutzbach
and Liu 1997; Hewitt and Mitchell 1998; Braconnot
et al. 2000, 2004). The ocean response lengthens the
African monsoon season by enhancing the land–sea
contrast in spring and favoring a northward position of
the intertropical convergence zone (ITCZ) over the
tropical Atlantic in autumn (Braconnot et al. 1999,
Wohlfahrt et al. 2004).

In this paper, we analyze the response to insolation
forcing over the tropical ocean in more depth, using
seven coupled ocean–atmosphere simulations. We dis-
cuss how changes in surface ocean characteristics affect
the African and Asian summer monsoons, highlighting
systematic differences from the PMIP I simulations, and
identify features that are shown by all the models and
thus should be a focus for model evaluation during the
second phase of PMIP (PMIPII Harrison et al. 2002;
Braconnot et al. 2003).

Coupled simulations also provide the opportunity to
analyze changes in interannual variability. Previous
modeling studies of the early- or mid-Holocene have
reported differences in ENSO characteristics and tele-
connections compared to the present day (Otto-Bliesner
1999; Liu et al. 2000; Braconnot 2004). Here, we docu-
ment simulated changes in variability over the Sahel and
the Indian Ocean. No climate model reproduces all as-
pects of the observed modern behavior in the tropical
ocean regions (Latif et al. 2001; Davey et al. 2002). We
investigate whether, despite these discrepancies, models
exhibits similar changes in variability when mid-Holo-
cene insolation forcing is applied.

We focus on the mechanisms of climate change and
the role of the ocean in these changes. We do not at-
tempt to make a systematic evaluation of the realism of
these simulations because there is neither an up-to-date
compilation of mid-Holocene palaeoceanographic data
covering the tropical oceans nor a pan-tropical compi-
lation of data on variability changes. Although there has
been a substantial increase in the number of marine re-
cords describing the changes in oceanic conditions dur-

ing the Holocene in recent years (e.g. Wang et al. 1999;
deMenocal et al. 2000), they are derived from a suite of
different proxies and from cores with substantially dif-
ferent temporal resolution—a careful evaluation of these
data would be required before they can be used in any
systematic way for model evaluation (see e.g. Kohfeld
et al. 2005).

The paper is organized as follows: Sect. 2 presents the
models used and the characteristics of the simulated
climate for present day and mid-Holocene; the coupled
simulations over the tropical Atlantic Ocean are dis-
cussed in more detail in Sect. 3 and the Indian ocean in
Sect. 4; Sect. 5 presents the conclusions of this study.

2 Overview of model simulations and simulated changes
for mid-Holocene

2.1 Models and experiment

Each of the seven climate models used in our analyses is
made by coupling an atmospheric general circulation
model (AGCM) with an ocean general circulation model
(OGCM). The two components exchange information
about the boundary conditions at the air–sea interface
(momentum, heat and fresh water fluxes as well as sea
ice). The coupled simulations were performed with
models of different resolution and complexity (Table 1).
Although most of the models have a full three-dimen-
sional OGCM, the ECHAM3/LSG model has a large-
scale geostrophic ocean which does not include all the
complexity needed to represent all aspects of the equa-
torial circulation. ECBILT includes a fully three
dimensional OGCM, but has an atmosphere based on
the quasi-geostrophic equations. There is a diagnosti-
cally computed correction for the ageostrophic terms,
which ensures that the large-scale tropical circulation
cells are reasonably well simulated. However, regional
wind-patterns and the associated ocean currents are not
resolved in the tropics. These simplifications make these
two models relatively fast but may result in different
behavior from the other OAGCMs in the tropical
regions.

The simulations of the mid-Holocene follow the
PMIP I protocol for insolation changes, including
the date of the vernal equinox and the definition of the
seasons (Joussaume et al. 1999). Land-surface condi-
tions are, as in PMIP I, the same both in the modern
(control) and mid-Holocene experiments. The EC-
HAM3/LSG model also follows the PMIP I protocol in
prescribing a different CO2 level at 6,000 year BP
(280 ppm) from that in the control simulation
(380 ppm). All the other models use the same CO2 level
at 6,000 year BP as in the modern control although the
actual CO2 concentration used in both simulations dif-
fers from model to model (Table 1). The global energetic
of the model is only slightly affected by the changes in
orbital parameters; the annual mean change in insola-
tion is negligible (0.011 Wm�2). Most coupled simula-
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tions published so far show almost no or very little an-
nual mean change in deep-water formation in the north
Atlantic. Changes in CO2, however, have a larger impact
on the global energetic and thus longer runs are required
to have confidence in the results. The difference in CO2

corresponds to an additional mean forcing of -
0.88 Wm�2.

We do not have access to the same amount of data
for all the simulations. We have the PMIP I standard
atmospheric variables (http://www-lsce.cea.fr) for all of
the models, except ECHAM/LSG and FOAM. For
these two models, features of monsoon activities at mid-
Holocene have been reported by Liu et al. (2003) and
Mikolajewicz et al (2003). Data are available for the
structure of the ocean (mainly temperature, salinity,
mixed layer depth, surface currents) from the CSM1.2,
IPSL-CM1, MRI-CGCM1 and ECBILT models, but we
only have data for individual years of monthly mean
values for ocean and atmospheric variables for 50, 70
and 40 years respectively from CSM1.2, IPSL-CM1 and
MRI-CGCM1. Thus, we have results from at least three
models for every diagnosis, and can use additional
information from the other models when appropriate.

2.2 Simulations of present day climate

The large-scale features of modern climatology have
been reported for each model (Jacob 1997; Hewitt and
Mitchell 1998; Otto-Bliesner 1999; Braconnot et al.
2000; Weber 2001; Voss and Mikolajewicz 2001; Kitoh
and Murakami 2002). Five (CSM1.2, IPSL-CM1,
HADCM2, MRI-CGCM1 and ECHAM3/LSG) of the
seven models have participated in coupled ocean–
atmosphere models intercomparison projects: ENSIP
(Latif et al. 2001), which focuses on the simulation of El-
Niño/Southern Oscillation (ENSO), and STOIC (Davey
et al. 2002), which focuses on tropical ocean regions. In
general, the coupled models used here capture most
features of the observed tropical climatology and
reproduce the large-scale characteristics of the modern
monsoon. However, almost all the models fail to simu-

late the magnitude of the seasonal cycle of SST in
tropical regions and the patterns of interannual vari-
ability associated with ENSO in the tropical Pacific
correctly.

Since the focus of this study is the role of the tropical
ocean in the response to the insolation forcing, we
summarize how the models reproduce the modern mean
seasonal cycle of SST over four regions of the tropical
oceans: the northern tropical Atlantic (20–60�W, 10–
20�N, NAT), the southern tropical Atlantic (30-0�W, 10-
0�S, SAT), the Pacific Warm Pool (110–160�E, 0–20�N,
WPL) and the northwestern Indian Ocean (55–75�E, 5–
15�N, IND). The simulations are compared to the
HadISST dataset (2003), which contains averages for the
period 1961–1990, and to the Reynolds (1988) data set,
which contains averages for 1985–1990.

The models reproduce the seasonal evolution (annual
mean removed) of modern SST in the Atlantic over both
NAT and SAT (Fig. 1a, b). Most of the models under-
estimate the magnitude of the seasonal cycle (3�C for
NAT and 3.5�C for SAT). The most extreme example of
this is ECBILT, which shows <2�C for NAT and hardly
any seasonal differentiation for SAT. However, FOAM
overestimates the magnitude of the seasonal cycles in
NAT; SST variations are twice as large as shown by the
observations. The timing of the seasonal cycle is also
satisfactory, although MRI-CGCM1 and CSM1.2 show
a slight (ca 1 month) and ECBILT a large (ca 3 months)
shift in the timing of the peaks compared to modern
climatology. Stronger model-data bias exist in the other
regions, in the Pacific and Indian oceans (Fig. 1 c, d).
Over the WPL (Fig. 1c), all the models produce warmer
SST during summer and autumn. The observations
(thick black curves) show a semi-annual cycle in this
region with one peak of about 0.5�C (departure from the
annual mean) in June and another in October, whereas
the models favor generalized warming during the second
half of the year. Significant differences between evolu-
tion simulated and observed exist for the northwestern
Indian Ocean (IND). This is the region for which inter-
model and model-data differences are largest, both with
respect to the magnitude and the timing of the seasonal

Table 1 Characteristics of the coupled simulations

MODEL RESOLUTION FLUX CORRECTION CO2 Reference

ATM Long · lat
(levels)

OCEAN Long · lat
(levels)

CTRL 6,000
year BP

CSM1.2 T31 (18) 102·116 (25) None 280 280 Otto-Bliesner 1999
UKMO (HADCM2) 96·73 (19) 96·73 (20) SST, SSS 323 323 Hewitt and Mitchell 1998
IPSL-CM1 64·50 (11) 92·76 (31) None 345 345 Braconnot et al. 2000
MRI-CGCM1 72·46 (15) 144·111 (23) SST, SSS,wind 345 345 Kitoh and Murakami 2002
ECHAM3/LSG T21 (19) 64·32 (11) SST, SSS 330 280 Voss and Mikolajewicz 2001
ECBILT T21 (3) 64·32 (12) None 345 345 Weber 2001
FOAM R15 (18) 2.8·1.4 (16) None 345 345 Jacob 1997

Long, lat, levels refer respectively to longitude, latitude and vertical levels. For spectral models, the type of truncation is indicated, whereas
for grid point models, the number of grid points is indicated. SST indicates that flux corrections are for sea surface temperature, SSS for
salinity, and wind for wind
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Fig. 1 Comparison of simulated seasonal anomalies (monthly
climatology with annual mean removed) of SST for 4 selected
regions: a north tropical Atlantic ocean (20–60�W, 10–20�N),
b south tropical Atlantic (30–0�W, 10–0�S), c Pacific warm pool
(110–160�E, 0–20�N, and d Indian Ocean (55–75�E, 5–15�N), for

present (control simulations, left) and 6 ka—control (right).
Results from all the coupled models are superimposed on each
graph. The 1961–1990 HadSST and 1885–1990 Reynolds SST
climatologies are included for comparison
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cycle. Nevertheless, the observed spring warming prior
to the onset of the Indian monsoon is shown in most
simulations, although the magnitude of the warming
(2�C) is underestimated by at least a factor of two. Some
models simulate the relative warming during October–
November but tend to overestimate it by up to 1�C
(CSM1.2, IPSL-CM1, FOAM). No model produces the
right balance between the two SST maxima.

2.3 Simulation of mid-Holocene climate

The timing of the mean seasonal cycle is altered in re-
sponse to the mid-Holocene insolation forcing (Fig. 1).
All models simulate cooling during the first half-year
and warming during the second half-year in all four
tropical regions (Fig. 1 e–h). ECBILT captures the
change in the seasonal cycle of SST fairly well, although
its present-day seasonal cycle is very different from that
of the other models. This indicates that the change is a
direct response to the insolation forcing, whereas inter-
nal dynamics have a large impact on the present-day
seasonal cycle. The timing of the largest change reflects
the oceanic response to the temporal shift in insolation
forcing due to the change in perihelion (Braconnot and
Marti 2003). Northern hemisphere insolation peaks in
August in the mid-Holocene, but the simulated maxi-
mum SST warming is about 2 months later. The
warming over SAT is more delayed, because the inso-
lation peak is later at these latitudes. Even through the
models show the same behavior, the magnitude of the
simulated SST change varies by a factor 2 from one
model to another, and the timing is not well defined
during winter (Fig. 1). The fact that inter-model differ-
ences are larger in winter than summer is because the
insolation forcing is smaller and applied over a longer
period of time (the time between the autumn and spring
equinox increases by 3 days).

To analyse the large-scale features of the changes in
surface temperature, precipitation and wind, we present
seasonal results from the ensemble mean of seven model
simulations. In the northern hemisphere, the mid-
Holocene insolation peaks in August and the ocean
enhances the summer warming mainly in late summer
(Fig. 1). Thus, it is appropriate to define the seasonal
mean July, August and September (JAS) as boreal
summer and January, February and March (JFM) as
boreal winter. All the simulations are interpolated onto
a common 3.625� by 3.6� grid. The root mean square
(rms) differences between the simulations are computed
for each grid point of the common grid.

Boreal winter (JFM) is characterized by a cooling
(varies from 1.5 to 4�C depending on the model) over the
land in the mid-Holocene simulations compared to the
modern control, extending between the equator and
20�N in Africa and to 40�N in East Asia (Fig. 2a). The
models show marked cooling in the NAT, whereas the
maximum cooling occuring in the Gulf of Guinea or
further east is model dependent. Five of the models also

show large cooling in the eastern Pacific, in or just south
of the region where equatorial upwelling develops or just
to the south of it, in the region where some coupled
models have a tendency to produce a double ITCZ
structure. The cooling in these two regions is associated
with a reduction of deep convection and associated
precipitation during the mid-Holocene (Fig. 3a). The
patterns of temperature change in IND and WPL are
different from model to model, although all the models
produce a slight cooling over Indonesia and Australia.

The models produce higher temperatures over much
of the northern hemisphere land in response to increased
summer insolation during boreal summer (Fig. 2b).
However, in the region extending from African to India,
where monsoon precipitation is increased, there is a
slight cooling (Fig. 3b) due to both local recycling
(evaporation) and increased cloudiness. This cooling is
weaker in the two low-resolution models (ECBILT,
FOAM). The simulations produce a large interhemi-
spheric contrast over the ocean, with colder surface
temperatures in the southern hemisphere and warmer
temperatures in the northern hemisphere. The cold
southern hemisphere arises from a combination of
insolation forcing and ocean inertia (Liu et al. 2003).

These large-scale temperature changes produce
changes in tropical circulation and precipitation pat-
terns. The winter cooling intensifies high pressure and
anticyclonic circulation over Asia, Africa and northern
South America, enhancing land–sea contrast and
thereby reinforcing offshore winds and the export of
water from the continent to the ocean. In boreal summer
(JAS), the thermal low over Asia and northern Africa is
intensified compared to present and favors advection of
the moist monsoon flow into the continent and thus
increased precipitation (Fig. 3c). In addition, the en-
hanced inter-hemispheric gradient of temperature en-
hances the southward shift of the ITCZ over the tropical
oceans during winter and enhances the northward shift
during summer compared to present.

The large-scale differences in the atmospheric circu-
lation between the mid-Holocene and control coupled
simulations are essentially the same as shown by the
PMIP I AGCM simulations (Joussaume et al. 1999).
However, there are systematic differences between the
coupled simulations and the PMIP I simulations that
reflect ocean feedback.

3 Atlantic Ocean and African monsoon

3.1 Change in large scale advection of humidity

The highest consistency between the different coupled
simulations is found for summer over the Atlantic sec-
tor, where most of the models produce a dipole anomaly
pattern across 5�N with colder than present SST to the
south and warmer SST to the north (Braconnot et al.
2004). Compared to the PMIP I simulations (not shown)
the deepening of the continental thermal low extends
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westward over the ocean where temperature are warmer
than at present (Fig. 4). In turn, the subtropical Atlantic
high shifts to the west and strengthens over the north-
western Atlantic. The easterly 850 hPa wind intensifies
from the southern branch of this subtropical high and
transports moisture from the warmer northern tropical
Atlantic to North America. Precipitation increases over
southeastern America (Fig. 3c), which is consistent with
reconstructions from pollen and lake data (Harrison
et al. 2003). Precipitation decreases over the maritime
area occupied by the subtropical high. These large-scale
features are also associated with a strengthening of the
westerlies between 35 and 40�N along the coast of North
America. On the European side, precipitation is reduced
over the Iberian peninsula, consistent with a reduction
of the northward wind flow from the ocean in these re-
gions. Over northern Africa, southward flow increases in
a number of models, resulting in increased advection of
warm, moist air from the Mediterranean Sea to the
African continent.

The response of Atlantic SST to the insolation forc-
ing reinforces the seasonal march of the ITCZ over the
ocean. The maintenance of the ITCZ over the ocean

from late summer into autumn sustains active
convergence over western Africa and enhances the
African monsoon. Change in monsoon rainfall over
western Africa is mostly due to moisture advection, and
can be estimated from precipitation minus evaporation
(P–E). Local recycling is less important during the mid-
Holocene than for present day climate (Table 2). Under
present-day conditions, P–E accounts for between 12%
(ECHAM3/LSG) and 58% (FOAM) of the total pre-
cipitation over the region which experiences the maxi-
mum precipitation in JAS (20�W–30�E, 10�–25�N).
Moisture advection (P–E) accounts for a much larger
part (from 36% in ECBILT to 71% in ECHAM3/LSG,
average is about 55%) of the increase in mid-Holocene
precipitation (Table 2), whereas the change in moisture
advection (P–E) accounts for about 45% of the change
in precipitation in the PMIP I simulations, (not shown).
This indicates that the ocean feedback mainly triggers
the land–sea contrast and enhances the advection of
moisture from the ocean into the continent. The differ-
ences between the model results are the signature of
differences in the model set up and parameterization,
including interactions between the convection scheme,

Fig. 2 Simulated changes in a winter (JFM) and b summer (JAS)
surface temperature for mid-Holocene (in �C). Ensemble mean of
the seven couple models (left) and root mean square difference

between simulations (right). Isolines are plotted as �5, �3, �1.5,
�0.75, �0.25, 0.25, 0.75, 1.5, 3, 5. Light shading highlights values
higher than 0.5�, and dark shading values smaller than �0.5�C
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cloud scheme, boundary layer parameterization, level of
complexity of the land surface model, representation of
the soil moisture etc.

Palaeoenvironmental evidence shows that the Sahara
was wetter during the mid-Holocene than it is today
(Street and Grove 1976; Street-Perrott and Perrott 1993;
Hoelzmann et al. 1998; Jolly et al. 1998). Lakes, pollen
and loess records also indicate wetter conditions over
northern India and China (Yu et al. 1998; Kohfeld and
Harrison 2000). To compare the coupled simulations
with the results of PMIP I simulations, we have averaged
the simulated changes in precipitation over the region of
Africa (20�W–30�E; 10�N–25�N) used by Joussaume
et al. (1999). We only consider the subset of PMIP I
simulations that were run with an atmospheric model
similar to the one used in the coupled ocean–atmosphere
model. This comparison is therefore limited, but it al-
lows some systematic tendencies between AGCM and
OAGCM simulations to be identified. The coupled
models produce a greater increase in summer precipita-
tion than the PMIP I simulations (Fig. 5). The increase

in JAS rainfall ranges from 0.59 mm/day (HADCM2) to
1.36 mm/day (MRI-CGCM1) in the coupled simula-
tions compared to between 0.39 mm/day (HADCM2)
and 1.24 mm/day (IPSL-CM1) in the PMIP I simula-
tions. This enhancement is in better agreement with
observations, even though the ocean feedback alone is
not sufficient to support grasslands as far north as they
are known to have occurred in the Sahara (Braconnot
et al. 2004).

3.2 Surface fluxes and ocean heat transport
as mechanisms to explain interhemispheric
changes in SST

Spring cooling and the reinforcement of a dipole SST
anomaly across 5�N are two factors that affect both the
timing and the northward extent of the African summer
monsoon. The question is now to understand how
the dipole structure is created and maintained in the
simulations. Figure 6a shows the evolution of the

Fig. 3 Simulated changes in a winter (JFM) and b summer (JAS)
precipitation for mid-Holocene (in mm/day). Ensemble mean of the
seven couple models (left) and root mean square difference between
simulations (right). Isolines are plotted as �5, �3, �1.5, �0.75,

�0.25, 0.25, 0.75, 1.5, 3, 5 mm/day. Light shading highlights values
higher than 1mm/day, and dark shading values smaller than
�1 mm/day
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mid-Holocene SST change as a function of time zonal
averaged across the Atlantic Ocean for the IPSL-CM1
model. The sharp gradient between the equator and
10�N is present from July to October–November.

The first factor contributing to the surface warming
during summer is the increased insolation, which re-
sults in increased surface forcing by the net surface
heat flux (Fig. 6). The summer increase in net surface
heat flux is primarily due to the increase in net solar
radiation at the surface, as can be inferred from re-
sults of different coupled simulation over the NAT
box (Fig. 7). As a result of the distribution of solar
radiation with seasons and latitudes, the impact of
solar radiation occurs first to the north of the equator
and the magnitude increases with latitude. The differ-
ence in timing between latitudes contributes to create
a differential heating between 20�N and regions lo-
cated further south, with about one month interval
between area north and south of the equator (Fig. 6).
The ocean responds with about 1 month lag to this
forcing (Fig. 6a). However, insolation alone is not
sufficient to create the sharp gradient across 5�N.

The net heat flux is largely controlled by the evapo-
rative feedback between 10 and 20�N (Fig. 7). In this

region, evaporation is reduced when temperature in-
creases. Compared to present day, wind speed is reduced
in the northwestward trade winds (Fig. 4), which de-
creases evaporation and thereby enhances the surface
warming. This evaporation feedback is twice as large as
the net surface insolation forcing during summer. The
wind-evaporation feedback is thought to make a major
contribution to the decadal climate variations in the
tropical Atlantic (Chang et al. 1997). Although there are
some analogies between the mid-Holocene simulations
and the mechanisms discussed for interannual variability
under modern conditions substantial differences are
found south of the equator where, unlike in Chang et al.
(1997), the wind-evaporation feedback warms the ocean
surface.

The only period during which evaporation cools the
surface and account for a large amount of the surface
heat budget between the equator and 10�N is June (not
shown). Therefore, the large delay in the SST response
that occurs between the equator and 10�N and con-
tributes to strengthen the dipole structure in late summer
cannot be simply explained by an ocean response to
surface fluxes. In this region changes in the ocean
dynamics and ocean heat transport also play a role
(Braconnot et al. 2000). The difference in the meridional
heat transport between mid-Holocene and present is
directed from the northern to the southern hemisphere
from May to October (Fig. 6). This change is located in
the surface ocean layers (Fig. 8) and corresponds to the
region where surface winds are most affected (Fig. 4).
The reversal of the wind between 4 and 10�N (Fig. 4)
creates a southward Ekman drift that exports the addi-
tional surface heating to the south and delays the local
warming.

The evolution of SST as a function of time can be
approximated by the evaluation of the mean tempera-
ture (T) of the mixed layer (H):

q cH
dT
dt
¼ Qþ divðuT Þ þ diffusion ð1Þ

where q is density of water, c the heat capacity of water,
Q = SWs � LWs � LE � Hs the net surface heat flux at
the surface and u the ocean current. The surface heat
flux includes the contributions of the net surface short
wave (SW, positive downward) and long wave radia-
tions (LW, positive upward), the latent heat flux (LE,
positive upward) and the sensible heat flux (Hs, positive
upward). Analysis of the contribution of the advection
terms to the change in the temperature field for the
ocean surface layers using results from the IPSL-CM1
model reveals that these advection terms contribute to
cool the region located between 5 and 10�N at a rate that
represents 30% of the surface forcing.The differences in
the strength of the SST gradient across 5�N amongst the
different coupled models thus result from a combination
of differences in the surface warming and differences in
the strength of the inland monsoon flow. For CSM1.2
and IPSL_CM1, the wind-evaporation feedback and
change in the Ekman heat transport are more effective

Table 2 Percentage of JAS precipitation due to water advection,
estimated by (P–E)/P averaged over African monsoon region
(20�W–30�E, 5–20�N for ECHAM3/LSG and 20�W–30�E, 10–
25�N for the other models), as simulated by the different coupled
models for the present day (0k) and the change between mid-
Holocene and present day (6 –0k)

MODEL (P–E)0k/P0k D(P–E)6k-0k/P6k-0k

CSM1.2 31% 44%
IPSL-CM1 47% 70%
MRI-CGCM1 37% 50%
ECHAM3/LSG 12% 71%
ECBILT 24% 36%
FOAM 58% 61%

Note that evaporation was not available for HADCM2 and so
results from this model are not included
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Fig. 4 Change in simulated July–August–September (JAS) pre-
cipitation averaged over the African monsoon region (20�W–30�E;
10–25�N) and Northern India (70–100�E; 20–40�N) for the
coupledsimulations and the equivalent PMIP AGCM simulations
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Fig. 5 Simulated surface characteristics during JAS over the
tropical Atlantic sector. SLP is a diagnosed variable in ECBILT,
and is therefore not included in these analyses. Left differences
between mid-Holocene and present sea-level pressure (isolines
every 1 hPa), superimposed on the surface temperature differences
exceeding 0.25�C (�0.25�C) with light (dark) grey. Isolines are
then plotted every 0.5�C. Solid lines stand for positive values and
dotted lines for negative values. Right differences between mid-
Holocene and present 850 hPa wind (arrows) superimposed on the

differences in 850 hPa wind speed. Light (dark) grey represents
regions where the enhancement (reduction) of wind speed exceeds
0.5 m/s (�0.5 m/s). Isolines are plotted every 0.5 m/s. All arrows
are referenced to the same scale. For ECBILT model, similar
patterns can be found by 850 hPa wind (not shown here). Ensemble
mean from six models (top) and two models IPSL-CM1 (middle)
and FOAM (bottom)
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Fig. 6 Hovmöller diagram of
the changes as a function of
month for the zonal mean
tropical Atlantic. Solid lines
stand for positive values,
dashed line for negative values,
and heavy line for zero: a SST
in �C (dark shading represent
values exceeding 0.6�C and less
than �0.6�C, light shading
represent values greater than
0.4�C and less than �0.4�C), b
surface heat flux (dark shading
stand for values greater than
30 W m�2 and less than
�30 W m�2, and light shading
for values greater than 0.4�C
and less than �0.4�C); and c the
integrated meridional heat
transport over the top 100
ocean meters for the IPSL-CM1
model (dark shading for values
greater than 0.3 PW and less
than �0.3 PW, light shading for
values greater than 0.2 PW and
less than �0.2 PW)
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than in the other simulations, and the dipole SST pat-
tern across 5�N is well marked. The pattern is more
diffuse in the other simulations.

3.3 Interannual variability and Sahel precipitation

Precipitation over West Africa and the Sahel shows
considerable interannual variability. Under modern

conditions, West African monsoon precipitation in-
creases when the ITCZ is further north than average
and/or when the intensity of the convection inside the
ITCZ is greater (Janicot 1992). Interannual and decadal
variability of summer Sahel rainfall is influenced by
variations of global and regional sea surface temperature
patterns (Folland et al. 1986; Lamb and Peppler 1992;
Fontaine and Janicot 1996; Janicot et al. 1996; Vizy and
Cook 2001; Rowell 2003), and in particular SST varia-

a

b

c

d

e

Fig. 7 Changes in surface heat
fluxes (Wm�2) for the northern
tropical Atlantic ocean (20–
60�W, 10–20�N) (left) and the
northwestern Indian ocean (55–
75�E, 5–15�N) (right) as
simulated by a the CSM1.2 and
b the IPSL-CM1, and c the
MRI and d ECBILT models.
Surface heat fluxes include the
net solar radiation at the
surface (SWs, positive
downward), the net longwave
radiation at the surface (LWs,
positive upward), the latent
heat flux (LE, positive upward),
the sensible heat flux (Hs,
positive upward), and the net
heat flux at the surface (budget
= SWs–LWs–LE–Hs, positive
downward)
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tions in the tropical Atlantic (Chang et al. 2000; Nich-
olson and Grist 2001). We can therefore ask whether the
reinforcement of the dipole SST structure over the
Atlantic at the seasonal time scale during the mid-
Holocene has an impact on the variability of West
African precipitation.

To examine this, we use the results from CSM1.2,
IPSL-CM1, and MRI-CGCM1 for which we have access
to a subset of monthly values of key variables. The
maximum increase in summer (JAS) precipitation over
western Africa is located just to the north of the maxi-
mum of the control simulation (Fig. 9), which reflects a
slight shift or a northward extension of the ITCZ. In-
terannual variability of precipitation is slightly reduced
between 6 and 14�N in the three coupled models, and
increased in the northern part of the ITCZ. This is also a
consequence of the northward shift of the climatic zones
over western Africa (Fig. 9). However, the change in
variability has a smaller impact on precipitation over
this region than the change in the mean. According to
the results of the IPSL-CM1 model, the increased
monsoon activity corresponds to a reduction of low
rainfall and an increase of heavy rainfall events
(Fig. 10), both for the change in mean precipitation and
the change in interannual variability.

To investigate the relationship between variability
and surface temperature, we computed the correlation
between a rainfall index and surface temperature during
the summer (JAS) season. The ‘‘Sahel’’ rainfall index is
defined as precipitation averaged over 10�W–10�E, 8–
16�N. For MRI-CGCM1, this index is not well defined
in the mid-Holocene because this model simulates a
westward shift in the region of maximum precipitation
between mid-Holocene and present. For CSM1.2 at
present day (Fig. 11), there is an out of phase relation-
ship with positive correlations to the south of 13�N re-
lated to the warm land surface along the coast of Gulf of
Guinea and negative correlations to the north of 13�N
where increased clouds and evaporation both reduce the
surface temperature. This pattern reflects the strong lo-
cal recycling in this model. Over the ocean, a significant
dipole pattern is found across 10�N. For IPSL-CM1 at
present day, a reverse out of phase pattern is found over
land with positive correlations to the north of 16�N and
negative ones to the south. This pattern suggests that
moisture advection plays a dominant role in the vari-
ability of monsoon rainfall. Over the Atlantic, a dipole
pattern across 10�N can also be identified, but it is not
significant.

The correlation patterns found in the mid-Holocene
simulations resemble those in the control experiment for
each of the models, but some consistent changes can be
found. The out of phase patterns shift northward by 2–
3� in CSM1.2 and IPSL-CM1, as expected from the
northward shift of the seasonal mean (Fig. 10). The
correlation with land surface temperatures over the
western Sahara is stronger (Fig. 11). Over the East
Atlantic, the dipole pattern around 5–10�N is reinforced
in both models. This suggests that the dipole structure

across the tropical Atlantic has more impact on sub-
Saharan rainfall during the mid-Holocene than at pres-
ent. The magnitude of the interannual variability of the
Atlantic dipole does not vary between the mid-Holocene
and control simulation. However, the impact of Atlantic
SSTs anomalies on West African rainfall is mostly re-
stricted to the west coast. Also, the only consistent
patterns between models are also restricted to the trop-
ical Atlantic sector (Fig. 11).

4 Indian Ocean and Asian monsoon

4.1 Large scale changes in summer monsoon circulation
connection between the Indian and Pacific oceans

We now investigate how changes in the ocean circulation
influence the response of the Indian and South East
Asian monsoons. The coupled models produce consis-
tent changes in the large-scale summer monsoon circu-
lation over the Indian Ocean and increased precipitation
over the continent (Fig. 3b). There is a connection be-
tween the strengthening of the monsoon flow from the
warm pool to the East Asian monsoon and the north-
western Pacific subtropical high. The subtropical high is
more active and connected to the Indian Ocean by a
band of anomalously high pressure along south East
Asia. The extension of this band varies from model to
model (Fig. 12). These differences can be related to the
difficulties in simulating the northwestern Pacific sub-
tropical high which plays a significant role in the East
Asian summer monsoon (Tao and Chen 1987). This
structure and the strengthening of the pressure gradient
between the Pacific ocean and East Asia contribute to
enhance the northward flow along the East coast of
India and south East Asia.

The models show that the change in the Indian and
East Asian monsoon flow is related to a reduction of
Hadley-type circulation with, for most models, less
surface flow crossing the equator in the Indian ocean
north of Madagascar (Fig. 12). The large-scale changes
resemble a shift of the Walker-type circulation from the
Pacific Ocean toward the Indian Ocean. The anomalous
surface flow intensifies over Indonesia, crosses the In-
dian Ocean along the equator and joins the monsoon
flow near the Somali jet. Monsoon winds are thus re-
duced from the equator to the tip of India. In the
northern part of the Indian Ocean, the monsoon flow
intensifies in the Arabian Sea and, for CSM1.2 and
IPSL-CM1, in the northern part of the Bay of Bengal.
Even though models produce similar gross changes,
there is no agreement in the location of the maximum
change in wind speed (Fig. 12). These results contradict
the view that increasing summer insolation in the
northern hemisphere increases the Hadley circulation in
the Indian Ocean and the cross equatorial moisture flux
along the Somali jet (Clemens and Prell 2003). The heat
engine of the system during the mid-Holocene is neither
the differential heating nor differential evaporation be-
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Fig. 8 Change in the
meridional heat transport as a
function of depth as simulated
in a the tropical Atlantic Ocean
and b the tropical Pacific Ocean
during summer (JJAS), from
the IPSL-CM1 model. Solid
lines stand for positive values,
dashed lines for negative values,
and the heavy line for zero.
Dark shading for values greater
than 40 GW m�1 and less than
40 GW m�1, light shading for
values greater than 20 GW
m�1 and less than �20 GW
m�1
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tween the south Indian Ocean and north Indian Ocean,
but involves warming of Australia and the associated
pressure reduction, which in turn strengthens the low
level flow between Australia and the warmer northern
hemisphere land. This explains why the change affects
the Walker circulation more than the Hadley circulation
in this area.

There is no consistency in the simulated monsoon
changes over the Indian subcontinent and South East
Asia, which may be related to the generally poor
representation of the different characteristics of the
monsoon in these regions for present day (Zhang et al.
1997; Gadgil and Sajani 1998). Coupled simulations
do not systematically increase the change in precipi-
tation in northern India (70–100�E; 20–40�N) com-
pared to the PMIP I simulations. The increase in
precipitation varies from 0.64 mm/day (ECHAM3/
LSG) to 2.34 mm/day (IPSL-CM1) in the coupled
simulations compared to between 0.52 mm/day
(HADCM2) and 2.44 mm/day (IPSL-CM1) in the
PMIP I simulations. The impact of ocean feedback on
this part of the system is difficult to assess because
models produce very different pattern of SST changes
between the Indian Ocean and the Pacific warm pool
(Fig. 2), which locally modify the land–sea contrast
and the inland advection of the monsoon flow.

4.2 Late ocean warming causes late monsoon retreat
over the northern Indian ocean

Comparison of the coupled simulations and the PMIP
I simulations shows that ocean feedback delays ocean
warming in autumn over the Indian ocean, south of
20�N (Figs. 12, 13). This pattern of SST change is
associated with increased precipitation and an anom-
alous large-scale convergence of surface winds into the
warmer region (Fig. 12). Reduced precipitation occurs
to the south, reflecting a northward shift of the ITCZ
in the northwestern Indian Ocean. This feature results
from ocean-atmosphere interactions. Other variables
such as sea surface salinity (SSS) and mixed layer
depth also have corresponding responses over this
region (Fig. 13). Precipitation increases in late summer
when SST warms and salinity decreases in response to
the fresh water input at the surface. The depth of the
mixed layer increases in winter in response to the
surface cooling and shoals by about 8 m in autumn,
reaching its most shallow state in September–October
when SST is higher and SSS becomes fresher. The
evolution of surface temperature, precipitation, SSS
and mixed layer depth (Fig. 13) are different but all
lag the change in surface heat flux by about 2 months
(Fig. 7). Moreover, both surface warming and pre-
cipitation stratify the surface ocean and enhance the
shoaling of the mixed layer depth. As for the Atlantic
Ocean, the most important factor contributing to the
surface warming is the increased summer solar radia-
tion. A strong wind-evaporation feedback in this re-

Fig. 9 Mid-Holocene change in precipitation zonally averaged
over northern Africa (10�W–30�E) showing both the JAS mean
(solid line) and the interannual variability (standard deviation;
dotted line) for CSM1.2, IPSL-CM1 and MRI-CGCM1. On each
graph, the two vertical bars indicate the location of the maximum
precipitation for present day and mid-Holocene respectively
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gion of reduced summer wind speed reinforces the
warming (Fig. 7). For most models this feedback is
larger than in the Atlantic ocean. However, it is not
clear if the change in mixed layer depth has an impact
in triggering the autumnal warming.

The possible role of the change in the mixed layer can
be analyzed using a very simple model of the mixed
layer. Our goal is to establish if the late surface warming
and local feedbacks are sufficient to enhance the late
surface warming by reducing locally the thermal inertia
of the surface ocean. To simplify the problem, we as-
sume that SST is representative of the mean temperature
of the mixed layer. We neglect the role of heat transport
and upwelling by assuming there is no advection of heat
across the boundary of the region and no heat exchange
between the mixed layer and deeper parts of the ocean.
These assumptions seem reasonable given that there is
nearly no change in the surface heat transport in this
region (Fig. 8). We then analyse successive equilibrium
states.

With the above assumptions, the thermodynamic Eq.
2 controlling the rate of warming of the mixed layer
reduces to:

dT
dt
¼ Q

qcH
: ð2Þ

For a given time interval (month or season), the differ-
ence of warming rate between mid-Holocene (6k) and
present (0k) is given by

dT
dt

� �
6k
� dT

dt

� �
0k
¼ 1

qc
Q6k

H6k
� Q0k

H0k

� �
: ð3Þ

When changes in the mixed layer depth are neglected,
this equation reduces to

dT
dt

� �
6k
� dT

dt

� �
0k
¼ 1

qcH0k
Q6k � Q0kÞð Þ: ð4Þ

We compare the results of these two formulas for the
box located over the northwestern Indian Ocean (55–
75E, 5–15 N) where the ocean exhibits a late surface
warming, in the CSM1.2 and IPSL-CM1 simulations for
which we have access to mixed layer depth, temperature
and salinity outputs. The net heat flux peaks in August
(Fig. 13) and is mainly attributed to the changes of
short-wave flux and latent heat cooling. Precipitation
increases only from late summer to autumn. This is the
time of the year when the change in mixed layer depth is
most effective in reducing the surface heat inertia of the
water column and contributes to the surface warming.
The rate of change of surface temperature is larger when
the change in the mixed layer is considered (Fig. 13). For
CSM1.2, the late summer warming reaches 0.4�C/month
using Eq. 3, which is nearly the simulated value, but only
0.2�C/month with Eq. 4. Similar results can be found
with the IPSL-CM1 model. Our analysis thus supports a
positive feedback involving the change in mixed layer
depth, local warming and precipitation and large-scale
atmospheric advection over these warmer waters during
the retreat of the monsoon.

The change in mixed layer depth is less effective
during winter, when the mixed layer depth deepens,
because it corresponds to a period when the mixed layer
is deep in the control simulations. If we expand Q6k and
H6k as:

Q6k ¼ Q0k þ dQ, ð5Þ

H6k ¼ H0k þ dH . ð6Þ

Fig. 10 Mid-Holocene change in precipitation zonally averaged
over northern Africa (10�W–30�E) expressed in terms of the
number of days in each of four rainfall classes, using results from
the IPSL-CM1 model. a Change in JAS mean and b change in JAS

standard deviation. The different classes correspond to rainfall
events of <1 mm/day (solid line), between 1 and 5 mm/day (dashed
line), between 5 and 10 mm/day (dotted line) and >10 mm/day
(dashed-dotted line)
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Then:

dT
dt

� �
6k
� dT

dt

� �
0k
¼ 1

cH0k

dQ� Q0k
dH
H0k

� �

1þ dH
H0k

� � : ð7Þ

The denominator is larger than 1 for an increase in H
and smaller than 1 for a decrease in H, which explains
the difference in the role of the mixed layer depth be-
tween winter and summer.

4.3 Do changes in the mean seasonal cycle inhibits
Indian Ocean dipole variability?

The pattern found across the Indian ocean in autumn
bears some resemblance to the Indian Ocean Dipole
(IOD) (Webster et al. 1999). At the present day, the IOD
is characterized by anomalously low SSTs in the
southeastern equatorial Indian Ocean (90–110�E, 10–
0�S) and anomalously high SSTs in the western Indian

Ocean, with associated wind and precipitation anoma-
lies. The IOD plays a key role in climate change in the
tropical Indian Ocean at interannual to longer time
scales (Saji et al. 1999; Gadgil et al. 2003). The dipole
mode is independent of ENSO and the air-sea interac-
tions involved are unique and inherent to the Indian
Ocean (Saji et al. 1999). Since this dipole structure is
reinforced during mid-Holocene at the seasonal time
scale, we investigate if this has an impact on the char-
acteristics of interannual variability.

Despite the differences in both the simulated mean
SST and SST changes over the Indian ocean in the
control experiments (see Fig. 3), all three models
(CSM1.2, IPSL-CM1 and MRI-CGCM1) show a de-
crease in the variance of the mid-Holocene dipole
mode index (DMI) in autumn compared to present
day (Fig. 14). Here DMI is defined as the SST
anomaly between the western tropical Indian Ocean
(50–70�E, 10S–10�N) and the eastern tropical Indian
Ocean (90–110�E, 10S-0). In CSM1.2, the variance

Fig. 11 Correlation patterns between West Sahel index and surface
temperature. The West Sahel index is constructed as rainfall
averaged over a box extended from 10�W to 10�E, and from 8 to
16�N. Heavy (light) grey shading indicates a positive (negative) 5%

level of significance. The 5% significant value is 0.28 for CSM1.2
and 0.23 for IPSL-CM1, which corresponds to the difference in the
length of the simulation between the two models. Isolines are
plotted every 0.15
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decreases during boreal autumn and winter and there
is no obvious change during spring and summer. In
IPSL-CM1, the variance decreases during late spring
and early autumn. In MRI-CGCM1, the variance is

weaker throughout the year, although the weakening
is most marked during summer and autumn. None of
the models show a significant change in the seasonality
of maximum DMI activity; only the magnitude is af-

Fig. 12 Surface characteristics over the Indian sector as simulated
by the six coupled models. Left: JAS differences between mid-
Holocene and present 850 hPa wind (arrows) superimposed on the
differences in 850 hPa wind speed. Isolines are plotted every 0.5 m/
s. All arrows are referenced to the same scale. Right October–
November (ON) differences between mid-Holocene and present
850 hPa wind (arrows) superimposed on the differences in SST.

Light (heavy) grey shading indicates positive (negative) SST
anomalies. The thick black line indicates where the increase in
precipitation exceeds 0.5 mm/day, and the thick black dotted line
where the reduction in precipitation exceeds 0.5 mm/day, the
contour is 2 mm/day. Ensemble mean from six models (top) and
two models CSM1.2 (middle) and IPSL-CM1 (bottom)
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fected. This suggests that the IOD was more stable
during the mid-Holocene. The reinforcement of the
IOD at the mean seasonal time scale thus damps the
variability across the Indian Ocean.

We investigate the impact of this reduced variability
on the large-scale patterns of the tropical convection.
Since IOD events generally peak around October, we
computed the correlation between the October–

a b

Fig. 13 Changes in mean monthly mean evolution of ocean surface
variables for a box located in the northwestern Indian ocean (55–
75�E, 5–15�N): a sea surface temperature (solid line, �C), sea
surface salinity (dashed-dotted line, PSU), c mixed layer depth (m),

and d comparison of the change in the surface rate of warming,
when the change in mixed layer depth is neglected (dashed line) or
considered (solid line). Left CSM1.2 model, right IPSL-CM1 model
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November DMI and the outgoing longwave radiation
(OLR) in order to estimate the impact of this reduced
IOD variability on the large scale Walker and Hadley
circulation across the Indian Ocean (Fig. 15b–e). Under
modern conditions, IOD events are accompanied by a
shift of deep convection (depicted by low OLR) towards
the western part of the basin where SST is anomalously
warm (Fig. 15a). For comparison, the correlation is also
made for present day based on observed data with OLR
data from the Climate Diagnostic Center, USA (http: //
www.cdc.noaa.gov/) and DMI constructed with SST
(http://www.emc.ncep.noaa.gov/research/cmb/sst_anal-
ysis/) covering the 1982–2003 period. The correlation
pattern estimated from observed data is consistent with
the reports of floods in east Africa and drought in
Indonesia during IOD events. There is no statistically
significant relationship with Indian rainfall.

All three models reproduce the broad pattern of this
dipole correlation (Fig. 15b, d, e). However, the simu-
lated correlation patterns are much weaker than the
observed one for most models and the horseshoe struc-
ture is only partly represented. The dipole pattern can
still be identified in the mid-Holocene simulation, but it
is much weaker. The decrease in the relationship be-
tween IOD and OLR indicates that the interannual
variability of deep convection related to the IOD was
weaker during the mid-Holocene than at present. This
suggests there were important changes in climate tele-
connections during the mid-Holocene, and in the rela-
tive impact of ENSO and the IOD on the variability of
the eastern part of the Indian Ocean.

5 Discussion and conclusions

We have analyzed the ocean response to mid-Holocene
insolation using results from seven different coupled
ocean-atmosphere models. Vegetation was prescribed
to be the same as today in the coupled simulations,
despite the fact that several studies have shown that
the vegetation feedback enhances the insolation forc-
ing in the tropics (Kutzbach et al. 1996; Claussen and
Gayler 1997; Texier et al. 1997; Ganopolski et al.
1998; Broström et al. 1998; Braconnot et al. 1999; de
Noblet-Ducoudre et al. 2000). The potential interac-
tion between vegetation and ocean feedback, and the
potential for further warming of the northern hemi-
sphere mid-latitude oceans, needs to be evaluated
carefully. However, the number of coupled simulations
with interactive vegetation is still limited, whereas
several coupled ocean-atmosphere simulations were
available. This study should then be considered as a
first step to better understand the response of the
ocean to the insolation forcing and its feedback on the
mid-Holocene climate.

Several robust changes in mean seasonal cycle and in
climate variability have emerged from these analyses.
The incorporation of ocean feedback introduces a slight
delay in the response of the seasonal cycle to orbital

forcing due to ocean inertia. Winter cooling and summer
warming over the ocean therefore occur with one to two
months delay compared to over the land. This has been
noted in analyses of individual simulations (Kutzbach
and Liu 1997; Hewitt and Mitchell 1998; Braconnot
et al. 2000) and appears to be a consistent feature of the
oceanic response to orbital forcing.

The delay in summer warming over the ocean rein-
forces monsoon activity both in western Africa and in
the northwestern Indian Ocean. For Africa, the in-
creased precipitation is associated with an increased
Atlantic dipole structure with warmer temperature to

Fig. 14 Simulated monthly mean evolution of the Indian Dipole
Index (DPI) for the present day climate (solid line) and the 6 ka
climate (dashed line) for CSM1.2, IPSL-CM1 and MRI-CGCM1
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Fig. 15 Correlation patterns between DPI and OLR. a For OLR
from NCEP/NCAR reanalysis and DPI from observed SST; b, d
and f for CSM1.2, IPSL-CM1 and MRI-CGCM1 at present day,
respectively; c, e and g for 6 ka. Dark (light) grey shading indicates
a positive (negative) 5% level of significant. The 5% significant

value is 0.42 for reanalysis and observed data; 0.28 for CSM1.2,
0.23 for IPSL-CM1 and 0.30 for MRI-CGCM1. Isolines are
plotted every 0.20. Solid line is for positive value and dash line for
negative value
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the north of 5�N and colder temperature to the south.
This dipole is created by a combination of increased
insolation and a strong wind-evaporation feedback
around 15�N that leads to additional surface warming
(Fig. 16). The monsoon trough deepens over these warm
waters, which contributes to increase the inland advec-
tion of moisture with a northern position of the ITCZ.
The system is also sustained by a southward Ekman
drift, which delays the SST warming around 5�N and
sharpens the dipole. The system relaxes when the
warming of the southern hemisphere is sufficient to re-
verse the temperature gradient between the two hemi-
spheres. In addition, late summer warming of the
Mediterranean Sea and enhanced southward flow also
contributes to increased precipitation over northern
Africa (Rowell 2003; Tuenter et al. 2003). As a conse-
quence, those models (CSM1.2, IPSL-CM1 and FOAM)
that produce the largest shift in the southern position of
the ITCZ over the ocean during winter and in the
northern position of the ITCZ during summer, also
produce the most pronounced dipole SST anomaly

pattern over the Atlantic in JAS. This emphasizes the
role of the interhemispheric temperature gradient in the
shift of ITCZ across the tropical Atlantic.

Insolation and wind-evaporation feedback are also
the primary reason for the late surface warming in the
northwestern Indian Ocean. However, there is a more
direct feedback between the wind convergence over the
warm waters, increased precipitation and stratification
of the surface ocean (Fig. 17). Variations of the mixed
layer depth at this period of the year increase the rate of
warming of the surface ocean. There is also some evi-
dence that the stratification of the surface ocean is partly
controlled by decreased salinity when precipitation is
increased. However, models exhibit large differences in
the simulated salinity fields. These differences may arise
from the way the water budget is closed in the coupled
simulations, which varies from the use of complex river-
runoff schemes to ad-hoc solutions designed to conserve
water globally. The influence of the method used to close
the water budget on SSS should be investigated sys-
tematically in the PMIP II simulations.

In both the Atlantic and the Indian Ocean, mid-
Holocene insolation leads to a reinforcement at the
seasonal time scale of a dipole pattern and this has an
impact on the characteristics of interannual variability in
both western and eastern Africa. The coupled models
produce a more consistent correlation between the sub-
Saharian precipitation and the northern part of the di-
pole-like structure at interannual time scale during the
mid-Holocene than for the present day. However, no
significant change is detected in the way the Atlantic
dipole varies at the interannual time scale. This suggests
there was a change in the teleconnection between wes-
tern Africa and the Atlantic Ocean. In the Indian sector,
on the other hand, the increase in the IOD at the sea-
sonal time scale damps interannual variability and this
results in a reduction of the teleconnection pattern with
OLR.

Further analyses are required to understand and
evaluate the changes in interannual variability and the
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relative impact of SST in the different equatorial ba-
sins. Although changes in e.g. ENSO variability have
been inferred from coral records (Tudhope et al. 2001),
more annually-resolved records are required to evaluate
whether the simulated patterns of change in variability
are realistic. Given that there are different regional
responses, a network of coral records across the tro-
pics, combined with records from annually-laminated
marine and coastal sediments, would be useful. Rimbu
et al. (2004) have shown that increases in tropical SST
are accompanied by a decrease of SST in the eastern
North Atlantic at multi-decadal time scales. Note that
we have not investigated ENSO variability in this study
because it was poorly represented in the coupled model
under modern conditions and an initial examination
didn’t allow us to found robust features like the ones
found for the Atlantic or the Indian sectors. It is hoped
that new model versions and the longer simulations
being carried out in PMIP II will make such analyses
possible.

Our analyses also make it clear that evaluating model
simulations of ocean conditions during the mid-Holo-
cene will make stringent demands on palaeoenviron-
mental data synthesis. Relatively small changes in the
timing of the mean seasonal cycle of SSTs and in the
magnitude of SST changes in key regions have a large
impact on the location of the monsoon front and hence
regional precipitation patterns. Existing syntheses of
SST data for the mid-Holocene are inadequate to dis-
tinguish between simulated SST fields, particularly given
that the changes relative to today are small. Slow sedi-
mentation rate over much of the ocean means that it is
difficult to separate a distinct 6,000 years BP sample.
The most comprehensive data set currently available for
the mid-Holocene is that of Ruddiman and Mix (1993).
This data set only covers the North Atlantic, and the
samples likely reflect a long-term average of mid-Holo-
cene conditions. The reconstruction of marine condi-
tions along the coast of Africa and in the Indian ocean
made by Texier et al. (2000) is biased towards early
Holocene conditions. Liu et al. (2003) have compiled
marine data representative of the difference between the
period 10–5 kyr BP relative to the period 5–0 kyr BP.
However, several reconstructions from high sediment
rate records are now available (e.g. Wang et al. 1999; de
Menocal et al. 2000). It may be possible to evaluate
coupled simulations more rigorously in the future. We
thus leave as a central part of the work carried out in the
second phase of PMIP the systematic analysis of the role
of the ocean and vegetation feedbacks on the mid-
Holocene mean climate and climate variability, and their
careful evaluation against palaeo indicators.
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