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Abstract

Using a coupled atmosphere-ocean model we analyze the responses of the mean cli-
mate and interannual variations in the tropical Pacific to the changes in insolation during
the early and middle Holocene, for which only the variations of Earth’s orbital config-
uration are considered. Comparison of the early and mid-Holocene with pre-industrial5

climate shows that both the mean climate and the characteristics of the interannual
variability are altered by the changes in insolation. In particular, there is a decrease of
the annual mean SST, which is characterized by a “U” shape across the tropical Pacific.
The changes of the SST seasonal cycle are consistent with the changes in insolation,
with the SST amplitudes weakening in the tropics. However, the larger changes in10

seasonality are found in the eastern Pacific, where thermodynamics and dynamical
processes strengthen the SST response. The cloud radiative forcing largely reduces
the shortwave radiation in the western tropical Pacific in winter causing a zonally asym-
metric heat flux response. Simulations also show that ENSO strengthens across the
Holocene, as suggested by coral data or lake sediments. The role of the obliquity15

is examined by a sensitivity experiment and we find that the obliquity change affects
the seasonal displacement of ITCZ related to strength of SST meridional gradients.
However, the obliquity change has little effect on SST seasonal cycle and interannual
variability in eastern tropical Pacific. The precession of the orbital parameter is more
important in effecting the tropical climate.20

1 Introduction

The El Niño-Southern Oscillation (ENSO) phenomenon is the most important manifes-
tation of short-term climate variability resulting from air-sea interactions in the tropical
Pacific (Philander, 1990). This coupled ocean-atmosphere mode impacts weather and
climate patterns not only in Tropics but also in extra-Tropics, and is of vital importance25

for numerous countries (Ropelewski and Halpert, 1986; Lau and Nath, 2000; Wang et
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al., 2000; Annamalai et al., 2007). El Niño events develop every 2 to 7 years at present.
During these events the anomalous westerly wind and deep convection are shifted in
the central equatorial Pacific Ocean and warm water invade the equatorial cold tongue
(Wang, 1992). Warm ENSO events have their cold counterpart – La Niña events. They
have opposite characteristics resembling to an enhancement of the normal conditions,5

with enhanced trade wind and SST gradients across the Pacific. Analysis of the instru-
mental records shows that each event has its own characteristics. They also show that
ENSO frequency increased in the last years of the twenty century, with the maximum
SST anomalies located in the middle of the basin but not at the east coast as in the
traditional view (Latif et al., 1997; Kao and Yu, 2009; Kug et al., 2009; Yeh et al., 2009).10

These changes appear to be connected to shifts in mean climate, raising the possibil-
ity that ENSO might undergo discernible changes in response to anthropogenic driven
warming. However, even though most climate model now reproduces ENSO variability,
there is no agreement on its future evolution when inferred from climate projections
(IPCC, 2007). Different models project a wide range of responses from weakened to15

strengthened ENSO (e.g. van Oldenborgh et al., 2005; Guilyardi et al., 2006; Merry-
field, 2006). Changes in the mean state of the tropics are also uncertain, with models
simulating responses ranging from “El Niño-like” to “La Niña-like” changes in tropical
Pacific zonal SST gradients (e.g. Collins et al., 2005; Merryfield, 2006). There is thus
a great need to further understand ENSO and how it is affected by changes in the20

background climate state. The record of past climate conditions provides a unique
opportunity to achieve these goals.

Both proxy reconstructions in the Pacific Basin (e.g. Rodbell et al., 1999; Moy et al.,
2002) and coupled model simulations (Hewitt and Mitchell, 1998; Otto-Bliesner, 1999;
Bush, 1999; Clement et al., 1999, 2000; Liu et al., 1999, 2000) indicate that signifi-25

cant changes in ENSO characteristics took place in the Holocene. The main forcing
of the ENSO evolution during the Holocene is the changes in insolation seasonal cy-
cle due to precession and obliquity. During the Holocene, the change in the timing
of perihelion from boreal winter to boreal summer resulted in an increased Northern
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Hemisphere (NH) seasonal cycle, while reducing the strength of Southern Hemisphere
(SH) seasonality (Berger, 1978). As modern ENSO is observed to be strongly phase-
locked to the seasonal cycle (Wang and Picaut, 2004), it might be expected that such
a change in the seasonal cycle would alter the behavior of ENSO in the Holocene. In-
terannual variability of coral oxygen isotope and Sr/Ca ratios at ENSO periods is found5

to be weaker in mid-Holocene coral than in modern coral from the same site, implying
reduced ENSO amplitude (Tudhope et al., 2001). Rodbell et al. (1999) using a high
resolution 15 000 year record of lake deposits in Ecuador suggests that strong ENSO
events became established only from 5000 years ago. McGregor and Gagan (2004) re-
ports ENSO amplitude reduction of 15 % in fossil coral records from a northern Papua10

New Guinea site using a measure based on the average coral isotopic anomaly for
El Niño events over a threshold. In addition, several high-resolution records suggest
reduced activity of the ENSO (e.g. McGlone et al., 1992). Wen et al. (2007) gave an
overview about the progress of the paleo-ENSO studies. Coupled atmosphere-ocean
models were used to explore the mechanism of ENSO changes in Holocene (Table 1).15

They pointed out that insolation change is the main reason to reduce the amplitude of
the interannual variability through the influence of extra-tropical monsoon (Liu et al.,
2000, 2003) and Bjerknes feedback (Clement et al., 2000, 2001). During the early to
mid-Holocene monsoon was enhanced in several regions (Wright et al., 1993; Liu et al.,
2003) due to the orbital configuration; the seasonal cycle of the incoming solar radiation20

at the top of the atmosphere was enhanced in the northern Hemisphere. Other mech-
anisms also appear to be at work. Chiang et al. (2009) indicated that the mid-Holocene
ENSO reduction was caused by Pacific-wide climate changes to mid-Holocene orbital
conditions. They suggested that the mid-Holocene ENSO changes are not driven by
mean-state changes in the tropical Pacific but rather from mid-Holocene insolation ap-25

plied outside of the tropical Pacific. Rodbell (1999) suggested that the reduced SST
gradient between the western Pacific warm pool and the eastern Pacific cold tongue
mainly damp the ENSO development in Holocene epochs. Results from an ensemble
of mid-Holocene simulations run with different climate models as part of the second
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phase of Paleoclimate Modeling Intercomparison Project (PMIP2) also show a reduced
ENSO amplitudes at 6 ka than at present (Zheng et al., 2008). Those hypotheses men-
tioned above are not fully supported in PMIP simulations.

Above all, most previous studies using coupled models focused on the ENSO char-
acteristics in the mid-Holocene. Only a few studies considered the changes in mean5

state and interannual variability in the early Holocene and compared the early Holocene
with the mid-Holocene, even though results from transient simulations become avail-
able (Timmermann et al., 2007). The mean state of Holocene tropical Pacific SSTs has
been reconstructed from Palaeoclimate records including oxygen isotope ratios and
Mg/Ca ratios (e.g. Koutavas et al., 2002; Stott et al., 2004; Lea et al., 2006; Sandweiss10

et al., 1996). Climate reconstructions based on different proxy indicators disagree
widely on the changes of annual mean SST in tropical Pacific. In the mid-Holocene,
some reconstructions indicate that SST warm both in the western Pacific (Stott et al.,
2004; McGlone et al., 1992) and in the eastern Pacific (Sandweiss et al., 1996). How-
ever, Koutavas et al. (2002) indicates SST was cold in the east Pacific compared to15

present day. Stott et al. (2004) used oxygen and Mg/Ca data from foraminifers retrieved
from three sediment cores in the western tropical Pacific show that there is a decrease
in SST of 0.5 ◦C over the past 10 000 yr. There is also evidence that the western equa-
torial Pacific was more saline in the mid-Holocene according to reconstructions from
oxygen isotope ratios in coral (Gagan et al., 1998; Tudhope et al., 2001) and marine20

sediments (Stott et al., 2004), implying decreased precipitation or increased evapora-
tion.

Braconnot et al. (2011) has used the climate system model IPSL CM4 to look at the
relative influence of the orbitally-driven changes and a fresh water flux in the North At-
lantic on the climate seasonal cycle and interannual variability changes. They show that25

the insolation forcing affects both the tropical Pacific SST seasonal cycle and ENSO
characteristics and that the resulting changes have a larger magnitude than that the
changes induced by a fresh water flux release in the north Atlantic. They also dis-
cussed the fact that Holocene SST changes are dominated by changes in seasonality
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in most of the tropical Pacific. However, the processes by which the insolation forcing
affects climate in the tropical Pacific need further exploration. In this study, we use the
same set of simulations to analyze in more depth the changes in mean seasonal cycle
and interannual variability changes induced by insolation changes. In particular we link
the changes in SST and in ocean stratification to the insolation forcing, considering5

the surface fluxes. We also highlight some of the differences between EH and MH,
considering the phase relationship between the development of the ENSO events and
the seasonal evolution of the background mean state. The relative roles of the obliquity
and precession are further explored considering a sensitivity experiment to the early
Holocene obliquity. The paper is organized as follows: climate simulations and analy-10

ses are first described in Sect. 2. Sections 3 and 4 analyze the characteristics of the
pre-industrial climate and the simulated changes for the early and mid-Holocene. The
role of the obliquity is discussed in Sect. 5. Discussion and conclusions are presented
in Sect. 6.

2 Climate simulations and analyses15

2.1 Model description

We consider the simulations of the pre-industrial, the mid-Holocene (6 ka BP) and the
early Holocene (9.5 ka BP) discussed in Marzin and Braconnot (2009) and Bracon-
not et al. (2011). These simulations were run using the coupled ocean-atmosphere
general circulation model IPSL CM4 (Marti et al., 2010). The version is the same20

with the one used for CMIP3 experiments (Meehl et al., 2007) that served as a ba-
sis for the Fourth IPCC Assessment Report (IPCC AR4) (Solomon et al., 2007). It
contains four components. The atmospheric component is the grid point atmospheric
general circulation model LMDZ (Hourdin et al., 2006) developed at Laboratoire de
Météorologie Dynamique (LMD, France). It has a resolution of 96 grid points in lon-25

gitude, 72 grid points in latitude and 19 vertical levels. The oceanic component is the
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oceanic general circulation model ORCA (Madec et al., 1998) developed at the Labora-
toire d’Océanographie et du Climat (LOCEAN, France) with the resolution of 182 points
in longitude, 149 points in latitude and 31 vertical levels. The ORCA model uses the
OPA system for ocean dynamics. The land surface scheme is ORCHIDEE (Krinner et
al., 2005) and only the thermodynamic and hydrological components are active in the5

simulation here. A river runoff scheme is used to close the fresh water budget between
land and ocean. The sea-ice model LIM (Fichefet and Maqueda, 1997) is included in
the ocean model to compute sea ice dynamic and thermodynamic. The ocean and
atmosphere are coupled using the OASIS coupler (Terray et al., 1995) developed at
CERFACS (France) once a day and there is no flux correction.10

2.2 Experiments

The PI simulation (pre-industrial period: 0 ka BP) was carried out using modern or-
bital parameters, vegetation coverage, continental ice sheets and topography. The
greenhouse gases were set to pre-industrial (around 1750) concentrations (i.e. CO2:
280 ppm, CH4: 760 ppb, N2O: 270 ppb) (http://pmip2.lsce.ipsl.fr/). The simulation is15

more than 1000 years long and is stable (the global surface temperature trend is less
than 0.02 K/century, Marti et al., 2010). The initial state of the ocean is rest, with tem-
perature and salinity prescribed to Levitus’s (1983) climatology. A 1st January of the
ERA15 reanalysis from ECMWF is for the initial state of atmosphere. The soil model is
initialized with a water content of 300 mm, and no snow cover (Marzin and Braconnot,20

2009; Marti et al., 2010). The model was first adjusted for several centuries before
running the PI simulation.

The MH simulation (mid-Holocene: 6 ka BP) and EH simulation (early Holocene:
9.5 ka BP) were forced with the same continental ice sheets and topography as in the
PI simulation but account for the changes in the Earth’s orbital parameters (Marzin25

and Braconnot, 2009). The orbital parameters were prescribed from Berger (1978).
The MH simulation corresponds to the PMIP2 simulation and also accounts for small
changes in greenhouse gases following PMIP2 recommendations (CO2: 280 ppm,

511

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-print.pdf
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://pmip2.lsce.ipsl.fr/


CPD
8, 505–555, 2012

Early and
Mid-Holocene climate
in the tropical Pacific

Y. Luan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

CH4: 650 ppb and N2O: 270 ppb) (Braconnot et al., 2007, http://pmip2.lsce.ipsl.fr/).
The global energetic of the model is only slightly affected by the changes in orbital pa-
rameters; the annual mean change of the insolation is negligible (0.011 Wm−2) when
averaged globally. It induces, however, a more than 30 Wm−2 change in seasonal in-
solation. Simulations for the 6 and 9.5 ka BP climates are 650 and 500 years long,5

respectively. The initial state is the same as the one of the PI simulation. The model
adjusts in 60 to 100 years to the new boundary conditions.

All simulations were run long enough to be representative of an equilibrium climate.
For the analysis, we use monthly time series from the last part of the simulations where
the climate characteristic is stable. This corresponds to 770 years for the PI simula-10

tion and varies from 219 to 370 years respectively for the EH and MH simulations as
discussed in Braconnot et al. (2011).

3 Characteristics of the pre-industrial climate

3.1 Large scale features and seasonality

The coupled model IPSL CM4 captures successfully the large scale features of the15

tropical circulation (Braconnot et al., 2007a,b; Marti et al., 2010). The annual mean
large-scale distribution of SST is produced well, such as the warm pool in the western
Pacific and the equatorial cold tongue in the eastern Pacific compared to the HadiSST
reanalysis data (Rayner et al., 2003) (Fig. 1). But the equatorial cold tongue is too
equatorially confined, and extends too far west into the western Pacific. This leads to20

a westward shift and an erosion of the warm pool. These biases are part of the sys-
tematic biases found in this class of non-flux-corrected GCMs (Latif et al., 2001) and
are present in most of the PMIP2 simulations (Zheng et al., 2008). It is not directly
associated with the insufficient resolution, for these biases also exist in the higher res-
olution model (Marti et al., 2010). In the tropical Pacific, the east-west SST gradient25

is correctly represented, with an exception near the Chile coast. There is a warm bias
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along the coast of Peru and Chile. It results from the combination of insufficient wind
along South America, the misrepresentation of cloud cover and the presence of a too
developed double ITCZ structure in the eastern Pacific. The structure of the South
Pacific Convergence Zone (SPCZ) is too zonal and penetrates too far toward the east
Pacific (Marti et al., 2010), associated with excessive precipitation over much of the5

tropics. The pattern of precipitation is consistent with the temperature field (Braconnot
et al., 2007a,b). Along the equator, the east-west gradient of wind stress is too strong,
with a maximum near 160◦ W not well represented, and too strong eastward winds over
the warm pool (Marti et al., 2010).

The CMIP3 models have errors in the tropical Pacific seasonal cycle; both in SST10

and wind, such as many models exhibit an overly strong seasonal cycle in the east
Pacific or a spurious semi-annual cycle (Guilyardi et al., 2009). The seasonal cycle in
the east Pacific in IPSL CM4 is quite well represented compared to the other CMIP3
models, both in phase and amplitude (Marti et al., 2010). The annual cycle of sea
surface temperature (SST) simulated for pre-industrial period in the eastern equatorial15

Pacific is consistent with the observation, but its phase is delayed about one month
(Braconnot et al., 2011). The SST variability extends correctly from the east; however,
its westward extension is slightly underestimated. The amplitude of the annual cycle
(difference between maximum and minimum SST values) is also slightly weaker than
observed.20

3.2 ENSO characteristics

The IPSL CM4 model simulates a larger variability and higher frequency than observed
(about 2.7 years vs. 4–5 years in observations, Zheng et al., 2008). The ENSO am-
plitude is about right but the processes of damping ENSO in the model are too weak
(Guilyardi et al., 2009). The model’s tropical and ENSO simulations have consistently25

been ranked among the world’s top GCMs in different comparisons with other CMIP3
simulations (van Oldenborgh et al., 2005; Guilyardi, 2006; Reichler and Kim, 2008).

513

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-print.pdf
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 505–555, 2012

Early and
Mid-Holocene climate
in the tropical Pacific

Y. Luan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In order to analyze the changes of tropical Pacific interannual variability, we se-
lected the typical El Niño and La Niña events from each simulation and observed data
(HadiSST data from 1870 to 2003 yr). Firstly, the December-January-February (DJF)
average of Niño3 index was calculated because it is a classical indicator of ENSO vari-
ability. Secondly, we carried out composite analysis for El Niño and La Niña events5

by using 1.2 times of standard deviation (1.2σ) as a criterion. In other words, if the
DJF SST anomaly is larger (smaller) than ±1.2σ in a given year, this year is selected
for composite analysis. Large interannual variability of tropical Pacific SSTs in the EH
and MH simulations is found in the middle and eastern tropical Pacific (Braconnot et al.,
2011). Composites of all El Niño (La Niña) years for each period are used in the study.10

We only discuss in the following robust features. Details of the statistical analyses can
be found in Braconnot et al. (2011).

Figure 2 shows the evolution of SST, precipitation and wind stress anomalies during
El Niño years in the PI simulation, considering every two months from June preceding
the peak of the event to the following April. This figure also compares the evolution of15

SST in the PI simulation with that in HadiSST data. El Niño onset occurs from May in
the eastern part of the basin as observed. It is associated to a convergence of wind
over the warm SST anomalies, as well as increased precipitation along the equator
and decreased precipitation on both sides of the equator. Then the convergent wind
stress becomes stronger and damps the oceanic upwelling in the middle and eastern20

tropical Pacific. The positive SST anomalies intensify reaching its peaking anomaly at
the end of the El Niño year. The enhancement of precipitation anomaly occurs in the
central and eastern Pacific (Fig. 2). The positive SST anomalies decrease after the El
Niño year. The model reproduces this overall feature, but its spatial structure extends
too far to the west and is too confined around the equator. No clear relationship is25

found between this bias and the characteristics of the model mean state bias in the
equatorial Pacific. Leloup et al. (2008) have shown that this bias is mainly related to
a misrepresentation of both El Niño and La Niña termination phases for most of the
CMIP3 simulations. Guilyardi (2006), however, suggested that this classical bias of
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coupled models is related to too strong mean zonal wind stress. In the observation,
ENSO maximum amplitude occurs in the central-eastern Pacific. But the standard
deviation of air temperature increases from the western Pacific to the eastern Pacific
Ocean (AchutaRao and Sperber, 2006). The SST anomalies (SSTA) averaged over the
Niño3 or Niño3.4 regions are then usually used to describe ENSO. IPSL CM4 model5

simulates the maximum ENSO amplitude in the same area as the observations, even
though the maximum is too strong in the Niño3.4 region (Fig. 2).

4 Simulated changes for the early and mid-Holocene

4.1 Changes in insolation

During the early and mid-Holocene, changes of insolation due to slow variations of the10

Earth’s orbital parameters are the major drivers of climate variability. Precession and
obliquity are the two parameters that shape the insolation forcing over the Holocene.
Because of the precession, the summer solstice was close to the perihelion during the
Early Holocene period (Marzin and Braconnot, 2009). Figure 3 shows the incoming
solar radiation (Wm−2) at the top of the atmosphere. As a consequence of precession,15

which shifts the timing of perihelion from boreal winter to boreal summer, the early
and mid-Holocene were characterized by an enhanced seasonal cycle in the Northern
Hemisphere (NH), while reduced seasonality in the Southern Hemisphere (SH) (Fig. 3b
and d). Along the equator (averaged from 5◦ S to 5◦ N and removed annual mean),
insolation is uniform and exhibits a semi-annual cycle with two maxima respectively in20

spring and autumn in the PI simulation (Fig. 3c). In the early Holocene, insolation is
amplified by almost 30 Wm−2 during boreal summer and the maximum and minimum
changes are in phase with the summer and winter solstices. The superposition of
this annual mean cycle with the semi-annual cycle damps the boreal winter insolation
forcing and strengthens the boreal summer insolation and the autumn maximum. A25

similar pattern is found for the mid-Holocene, with a maximum amplification of about
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25 Wm−2. It is slightly reduced compared to 9.5 ka BP, and it lags by about one month
the 9.5 ka BP signal (Fig. 3c). Because of the lengths of the seasons are altered by the
precession variations, the calendar we used for monthly average have a slight effect
on the study (Joussaume and Braconnot, 1997). But it does not change the major
conclusion.5

4.2 Impact of orbital forcing on the surface fluxes

We present the changes of the annual mean surface radiative fluxes in Table 2. Surface
radiative fluxes include the net solar radiation (SW, positive downward), the net long-
wave radiation (LW, positive downward), the latent heat flux (LE, positive downward),
the sensible heat flux (Hs, positive downward), and the net radiative flux (surface bud-10

get=SW+LW+LE+HS, positive downward). In the PI simulation, as in the modern
climate, the annual mean net radiative flux is much larger in eastern Pacific where the
thermocline is shallower than in the western Pacific (Table 2) stressing that the dynam-
ical cooling resulting from zonal and meridional ocean heat transports plays a large
role in these regions to balance the surface fluxes (Clement et al., 1996). As shown15

in Table 2, the net solar radiation in the two regions is mainly balanced by long wave
and latent heat fluxes. However, the latent heat is more efficient over the warm water
of the warm pool region. The difference in cloud cover and SST across the Pacific also
explains that the net surface SW is smaller in the warm pool and the LW is smaller in
the cool tongue (Table 2).20

The seasonal cycle of the surface radiative fluxes (annual mean removed) is shown
in Fig. 4. It focuses on the western Pacific (solid line) and eastern Pacific (dash line),
respectively. In the PI simulation, the net radiative fluxes on both sides of the basin
follow the semi-annual insolation forcing (Fig. 3c) and exhibits two peaks in spring and
autumn (Fig. 4a). Even through the insolation forcing is uniform along the tropical25

Pacific, the seasonal timing of maximum and minimum heat fluxes at the surface are
different in the western Pacific and eastern Pacific (Fig. 4a). Clement et al. (1999)
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illustrated that the background seasonal cycle in the wind divergence field is responsi-
ble for converting the zonally uniform solar forcing into a zonally asymmetric response.
They showed that a uniform heating, which approximates the processional forcing, will
initially generate a uniform SST anomaly that affect the atmosphere differently in differ-
ent seasons because of the background seasonal cycle in the wind divergence field.5

However they ignored the effect of cloud radiative forcing (CRF).
We calculated the annual mean shortwave CRF and seasonal evolution of the short-

wave and longwave CRFs, using the downward shortwave and longwave fluxes at the
surface in the cloudy sky minus those in the clear sky and compare it with the ISCCP
data (Zhang et al., 2004) from 1984 to 1999 in Fig. 5. The annual mean shortwave10

CRF mainly weakens the shortwave radiation. The pattern of the cloud shortwave ra-
diation is well simulated in the tropical Pacific. However, in the north of the equator,
the signature of the CRF on the ITCZ region is too pronounced in the western tropical
Pacific and underestimated in the eastern Pacific. The lack of marine stratocumulus
clouds in the northeast part of the tropical Pacific is a major issue. In the south of15

the equator, the effect of the CRF is almost correct between 0◦ and 5◦ S but strongly
underestimated along the Peru and Chile coast. The effect of clouds is maximal in the
western tropical Pacific from November to March, reducing the net solar radiation at
the surface. In boreal summer, the effect is smaller. In the eastern Pacific, the max-
imum effect of clouds on the shortwave radiation occurs in autumn. During the first20

half of the year, the differences in shortwave CRF between the west and the east is
consistent with the different timing in the net shortwave radiation at the surface, that
is characterized by a radiative cooling in the west when the east reverses to minimum
cloud effect (Fig. 5). The seasonal variation of the longwave radiative forcing is small
in the western tropical Pacific and enhances the net longwave radiation in the eastern25

tropical Pacific in autumn.
Compared to the PI simulation, increased insolation during the early and mid-

Holocene causes a decrease in the net total heat flux in boreal winter and an increase
in summer (Fig. 4b and d). The magnitude of the change in the net heat flux seasonal
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cycle is larger than that of the net solar radiation, which stresses that SST, water vapor
and cloud feedbacks play an important role. The maximum amplitude of the net sur-
face heat flux is larger in the western tropical Pacific than in the eastern tropical Pacific.
It results from the phase relationship between the PI cloud forcing and the insolation
changes, with maximum and minimum cloud effect corresponding to decreased and in-5

creased insolation forcing at 9.5 ka or 6 ka (Figs. 4 and 5). Even though the differences
with the pre-industrial values are similar for the mid and early Holocene, the magni-
tude is smaller for the mid-Holocene and, following the insolation forcing, minimum and
maximum changes occurs in spring and late summer. The differences between the two
periods reach about 10 Wm−2.10

4.3 Mean climate’s response to orbital forcing

Figure 6 shows the simulated changes in annual mean SST, heat content and wind
stress averaged from 5◦ S to 5◦ N. The annual mean SST decreases in early and mid-
Holocene along the equator and is characterized by a “U” shape across the basin,
with lower annual mean SST drop on both side of the basin and a larger decrease15

from 160◦ E to 120◦ W (Fig. 6a). Interestingly the annual mean change in ocean heat
content averaged over the first 300 m has a very different structure, with increased heat
content in the west from 130◦ E to 180◦ E and decreased heat content in the eastern
tropical Pacific (Fig. 6b). Compared to early Holocene, the annual mean SST and heat
content changes are smaller in mid-Holocene, which is consistent with the insolation20

forcing. The annual mean zonal SST cooling during the mid-Holocene is similar to the
results of Brown et al. (2008) using the HadCM3.0 model, in which it was attributed to
the reduced annual mean insolation over the tropics. Figure 6c and d show that the
easterly trade winds become stronger in the western and central tropical Pacific, which
is consistent with the “U” shape in SST changes and increased heat content in the25

western Pacific. Changes in mean wind is stronger at 9.5 ka with an increase in zonal
wind twice as big as at 6 ka west of 160◦ W and changes in meridional wind twice as
big as at 6 ka east of 160◦ W. As discussed in the introduction, the mean changes in
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mid-Holocene equatorial Pacific SST and associated changes in precipitation are not
strongly constrained by the available proxy records. Our results further suggest that
the Niña-like mean SST response discussed in some papers is not identified from the
SST, but from the changes in the mixed layer characteristics, which may explain some
of the mismatches between the previous studies (Sandweiss et al., 1996; Gagan et al.,5

1998; Tudhope et al., 2001; Stott et al., 2004).
The differences of SST seasonal cycle (annual mean removed) between Holocene

simulations and PI simulation along the equator are shown in Fig. 7. In the Early
Holocene, SST is cooler in winter and warmer in summer in the tropical Pacific which
is consistent with the changes in insolation. In the eastern tropical Pacific, the max-10

imum SST changes occur in August with about one month delay compared to the
maximum insolation changes (Fig. 3c). The model simulates larger SST anomalies in
the eastern Pacific than in the western Pacific despite being forced by a zonally uniform
insolation change, reflecting the role of dynamical atmosphere-ocean coupling in con-
trolling SSTs in this region. SST differences propagate from the eastern tropical Pacific15

to the western tropical Pacific. The maximum of SST anomalies has one month lag in
the western Pacific (Fig. 7a), consistent with the differences in heat fluxes discussed
above. Note also that the insolation forcing reinforces the seasonal cycle of SST in
the west Pacific and damps it in the east. The MH simulation exhibits similar changes
(Fig. 7b). However, SST in mid-Holocene is colder in summer and warmer in winter20

than SST in early Holocene (Fig. 7c).
Differences between SST and heat content changes are also found in the seasonal

evolution of the SST and 300 m heat content gradients across the Pacific (Fig. 8).
This gradient is computed using the average over two boxes located on the western
part (120◦ E–160◦ E, 5◦ S–5◦ N) and the eastern part (150◦ W–90◦ W, 5◦ S–5◦ N) of the25

Pacific Ocean, respectively. It is positive all year long which corresponds to the mean
difference between the west where the thermocline is deep and the east Pacific where
the thermocline is shallow. In the PI simulation the SST gradient is maximum during the
development phase of the upwelling in boreal summer and autumn, whereas the heat
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content gradient is larger in boreal spring (Fig. 8). Compared to the PI simulation, the
increased SST gradient in the EH simulation is slightly reduced from May to October
due to the warming in the eastern Pacific and the decreased SST gradient has a strong
decline in winter due to the cooling (Fig. 8a). Changes of the whole heat content above
300 m in the ocean are consistent with the SST changes. However, the weakened heat5

content gradient occurs about one month earlier and demises about two months earlier
(Fig. 8b), indicating that subsurface temperature is warming or cooling earlier than the
surface temperature. The annual mean evolution of this gradient is similar in EH and
MH simulations, despite the shift in the insolation forcing. It has comparable magnitude
with present day conditions for SST and is larger for heat content.10

The larger changes in seasonality are found in the eastern Pacific where dynami-
cal processes strengthen the SST response. In boreal winter (DJF), greater cooling
in the eastern Pacific and warming confined to the western Pacific warm pool cause
easterly wind stress anomalies in the western and central equatorial Pacific and anti-
cyclone wind stress anomalies outside the tropics. Meanwhile, precipitation is reduced15

in the tropical Pacific. Precipitation associated with the south Pacific convergence zone
(SPCZ) is intensified and shifted southward (Fig. 9). The easterly wind stress anoma-
lies reinforce the thermocline tilt in the tropical ocean (Fig. 10). The positive subsurface
temperature anomaly associated with the deepened thermocline in the western Pa-
cific propagates along the thermocline to the central tropical Pacific in spring (MAM).20

However, cold SST anomalies are found at the surface throughout the basin. During
boreal summer, the positive subsurface temperature anomaly reaches the east tropical
Pacific and causes the thermocline depth (20 ◦C isotherm) deepening. At the same
time, increased insolation causes surface warming, and in turn leads to positive SST
anomalies on the surface. In the east tropical Pacific, convergent wind stress anoma-25

lies (Fig. 9) in response to the positive SST anomalies dump the upwelling. All those
processes induce the warmer SST in the eastern Pacific than in the western Pacific.
Meanwhile, the negative temperature anomalies in the subsurface occur in the western
tropical Pacific. The wind induced dynamical changes and propagation of the signal
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at the depth of the thermocline explains that the maximum changes in temperature
are found at depth and not at the surface (Fig. 10). Precipitation is increased in JJA
in the eastern tropical Pacific. In boreal autumn, the cooling subsurface temperature
propagates from the western tropical Pacific enhances the upwelling in eastern tropi-
cal Pacific (Fig. 11) and results in a modest weakening of equatorial thermocline depth5

from September.

4.4 Interannual variability characteristics

The insolation forcing together with the changes in the mean state also have an im-
pact on the characteristics of the interannual variability. The increased boreal summer
insolation enhances the Indian and Southeast Asian monsoon, as well as the inter-10

hemispheric SST gradient in the Pacific, during the early and mid-Holocene (Marzin
and Braconnot, 2009). As the Asian monsoon interacts with ENSO in the modern cli-
mate background (Webster and Yang, 1992), changes in the strength of the monsoon
may play a role in modulating ENSO amplitude in Holocene. Previous studies have
identified the influence of a stronger Asian monsoon driving stronger Pacific easterly15

trade winds through the atmospheric Walker Circulation in boreal summer, leading to
a damping of El Niño SST anomalies (Liu et al., 2000). In addition, the increased in-
terhemispheric SST gradient also strengthens the easterly trade wind in the middle of
the tropical Pacific and subtropical Pacific directly. Our simulations simulate a simi-
lar strengthening of the trade winds during boreal summer in the western and middle20

equatorial Pacific. As discussed in Braconnot et al. (2011) the magnitude of El Niño
and La Niña events is damped. The larger differences were found for the EH simulation
in the Niño3 box. The differences appear to be statistically significant in the east during
the development phase of the events.

Braconnot et al. (2011) only present the evolution of the El Niño and La Niña compos-25

ite considering the Niño3 box. Here we show in Fig. 12 the El Niño composite for SST,
precipitation and wind stress anomalies in EH and MH simulations over the tropical
Pacific to better highlight the patterns, and regional differences with the PI simulation.
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Figure 13 shows the difference in SST and highlights the regions where they are signif-
icant from student T-tests using the dispersion between the different events to compute
the confidence interval. The characteristics of the El Niño events in Early and Mid-
Holocene resemble those of the PI simulation described in Sect. 3.2. Some differ-
ences, such as the one month delay, can be depicted by eyes in the central part of5

the basin and at the coast (Fig. 12). In the EH simulation, the positive SST anomalies
starts in June in the eastern Pacific, and is accompanied by a westerly wind stress
anomalies in the western tropical Pacific and a positive precipitation anomalies in the
eastern tropical Pacific (Fig. 12). Figure 13 highlights that the magnitude of the event is
significantly damped in the middle of the basin in August and that this damping propa-10

gates to the east and to the west in subsequent months. In the western part SSTs are
warmer than in the PI simulations. Significant differences are also found outside the
equatorial band, such as in the southwestern tropical Pacific. The horse shape of these
differences reflects an overall damping of the El Niño development across the basin.
Along the equator, the mean state prevents the propagation of the downwelling Kelvin15

wave during the development phase of the event. Indeed, during that period, both the
east-west temperature and heat content gradients are already relaxed compared to the
pre-industrial conditions (Fig. 8). Two effects therefore counteract the developments of
the anomalies, the propagation of a downwelling wave along the thermocline in the
mean state and the upwelling of warmer water than in the PI simulation in the east limit20

the surface warming. Then at the peak of the event the propagation of the upwelling
wave and the strengthening of the east-west temperature and heat content gradients
in response to the mean wind further damp the intensity of the events, and contribute
to delay by about one month its termination (Fig. 12). Figure 13 clearly shows that
the largest differences with present day occur along the east coast and in the middle25

of the basin. The events also produce warm anomalies further west compared to PI
simulation.

The MH simulation also produces decreased El Niño amplitude compared to PI sim-
ulation. But compared to the EH simulation, the MH SST anomalies have a smaller
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magnitude during the El Niño onset (May-June) along the equator. The peak El Niño
amplitude is thus larger in the eastern Pacific (Fig. 13), suggesting that El Niño was
present throughout the Holocene but underwent a steady increase from the early
Holocene to mid-Holocene, and then to the present day. One of the possible reasons
is that insolation seasonality is larger in EH (Fig. 3c) and the EH gets more surface5

heat flux in summer (Fig. 4c), inducing the changes in the magnitude of the SST and
heat content gradients are larger at EH. The major differences with EH simulation oc-
curs along the coast and propagate westward. This suggests that the Chile and Peru
coastal regions are the regions where the larger changes may have been recorded
between the early and mid-Holocene. Substantial differences are also found in the10

southwest Pacific. As noted in Sect. 4.3, the changes in SST and heat content gradi-
ents are in phase for EH and MH despite the one month delay insolation between the
two periods. This is certainly the reason why the timing of the El-Niño event is similar
for the two periods.

Figure 14 presents similar diagnoses for La Niña years. The EH and MH simulations15

produce a decrease in La Niña amplitude compared to PI simulation and the differ-
ences are significant. However, La Niña amplitude has a slightly increase in the early
Holocene compared to the mid-Holocene but without statistical significant. This reduc-
tion is also linked to the mean state. The intensification of the mean state during a La
Niña year is associated to the westward advection of warmer than PI simulation water20

along the equator, resulting from the damping of the equatorial upwelling, thereby lim-
iting the cooling effect compared to PI simulation. As for the El Niño events, significant
differences are found along the coast of Chile and in the southwest Pacific.

5 The role of the obliquity

The insolation forcing considered in the MH and EH simulation results both from25

changes in precession and in obliquity. Precession controls the seasonal variations
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of insolation whereas obliquity controls the contrast between low and high latitudes.
A reduction in obliquity increases the meridional gradient of the annual mean insola-
tion. It also strengthens the magnitude of the seasonal cycle in both hemispheres.
During the Early Holocene period, the obliquity (ε=24.231) was larger than that in
present day (ε=23.446) (Marzin and Braconnot, 2009). Clement et al. (2004) shows5

the importance of precessional signals in past variations of the tropical climate using
an atmospheric general circulation model coupled to a slab ocean model. However,
they did not consider the interannual variability in the tropical Pacific because of the
absence the full interactive ocean dynamics. In order to discuss the roles of the pre-
cession and obliquity in affecting the tropical climate respectively, we further study the10

impact of obliquity on the characteristics of the seasonal cycle and ENSO. We con-
sider a 440 years long sensitivity experiment (EHOB) in which the orbital parameters
are prescribed to those of pre-industrial simulation except obliquity that is set to its
early Holocene value (ε=24.231) as in the EH simulation. The EHOB simulation was
forced with the same greenhouse gases concentration, vegetation coverage, continen-15

tal ice sheets and topography as in the PI simulation. We consider the last 229 years
to compute the climatological seasonal cycle.

The increase in the obliquity from 23.446 to 24.231 slightly reduces the annual
mean insolation at the equator by 1.0 Wm−2. However, it causes a larger increase
by 5.0 Wm−2 in middle and high latitudes (Fig. 15). The orbital forcing also intensi-20

fies the seasonal contrast at each latitude, because of an increase of the summer
hemisphere insolation and a reduction of the winter hemisphere insolation (Fig. 15a).
However, in the equatorial Pacific, the seasonal cycle of the insolation is only intensi-
fied by 1.0 Wm−2 in the EHOB simulation. Note that the obliquity slightly enhances the
seasonal cycle but does not modulate its seasonal timing. The modulation of the timing25

and shape of the seasonal cycle in EH and MH is induced by the precession changes
(Fig. 15b).

Mantsis et al. (2011) discussed the effect of a reduction in obliquity showing that it
generally increases the surface temperature at low latitudes and decreases it at high
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latitudes. The direct obliquity forcing is mainly balanced by the poleward heat trans-
port. They also showed that the changes of temperature in the subtropics and parts of
the tropics are affected by the strong influence of feedbacks; in which, clouds and the
lapse rate have the larger contribution. Our simulations confirm these results. The cou-
pled system responds to the change in obliquity by a slight strengthening of the ocean5

and atmospheric circulation and increases the poleward transport. Liu et al. (2003)
further indicates that the annual mean tropical cooling during Holocene mainly results
from the annual mean insolation forcing. The comparison of the simulated annual
mean changes in SST (Fig. 16) show that this holds in our study and contributes to
the about 0.2 ◦C tropical cooling simulate in both simulations. Note however that re-10

gional changes are larger at 9.5 ka due to changes in upwelling intensity induced by
precession.

Annual mean tropical cooling and the changes in the meridional SST gradient have
a slight impact on the location of the ITCZ. Figure 16 suggests that the annual mean
tropical cooling induces a reduction in annual mean precipitation around 5 ◦S and an15

increase between the equator and 5◦ N across Panama those are reinforced with pre-
cession. South America and the Indonesian sector are more sensitive, even though
the signal is small. At the seasonal time scale (not shown), several SST pattern in SST
and precipitation look quite similar in the 9.5 ka and EHOB simulation, suggesting that
the seasonal march of the ITCZ in South America and In Asia is strongly linked to the20

meridional temperature gradients. However, our results confirm that the magnitudes of
the changes are driven by precession in all regions.

The changes in the mean state are not sufficient to alter ENSO characteristics in
EHOB simulation compared to EH simulation (Fig. 17). Indeed in Niño3 area, SST
seasonality in the eastern Pacific is very similar to the PI simulation. The amplitude25

of the El Niño does not change compared to the PI simulation too. The precession
is more important than obliquity in affecting the tropical Pacific SST seasonality and
interannual variability. This reinforces the hypothesis changes in the seasonality of
the mean background climate state is the major driver of ENSO changes during the
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mid-Holocene, and that in the Pacific the strengthening of the wind stress across the
equator in summer and in the east Pacific in late summer has a major control on the
development of ENSO.

6 Discussion and conclusions

Using a coupled ocean-atmosphere general circulation model IPSL CM4, this study5

presents how the orbital forcing affects the tropical Pacific SST seasonality and inter-
annual variability behavior. The simulations for the 0, 6, 9.5 ka BP climates are com-
pared. They only account for the differences in orbital configuration. These simulations
show that the amplitude of the SST seasonal variation decreases at 6 and 9.5 ka BP,
compared to the 0 ka simulation. The ENSO amplitude also reduced in EH and MH10

simulations, which is consistent with proxy records (Rodbell et al., 1999; Moy et al.,
2002), with the larger reduction in EH simulation. However, the slow variation of the
insolation forcing during the Holocene has a larger impact on SST seasonality than
on interannual variability even in the eastern tropical Pacific (Braconnot et al., 2011).
The analysis about the role of the obliquity shows that the obliquity change has little15

effect on SST seasonal cycle and interannual variability in eastern tropical Pacific in
our analysis. The precession of the orbital parameter is more important in effecting the
tropical climate. However, the obliquity change affects the seasonal displacement of
ITCZ related to strength of SST meridional gradients.

The detail analysis indicates that the annual mean SST decreases along the whole20

equator (Brown et al., 2008). The striking feature is that the annual mean SST is char-
acterized by a “U” shape across the basin, which is induced by the stronger easterly
trade winds in the western and middle equatorial Pacific. The annual mean changes
in ocean heat content above the upper 300m show a very different structure, with in-
creased heat content in the west from 130◦ E to 180◦ E and decreased heat content in25

the east tropical Pacific due to enhanced easterly winds. The amplitude of the SST sea-
sonality decreases, with negative SST changes in winter and positive SST changes in
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summer in the tropical Pacific, as a result of the changes in insolation seasonal cycle.
The model simulates larger SST anomalies in the eastern Pacific than in the west-
ern Pacific despite being forced by a zonally uniform insolation change, indicating the
strong influence of feedbacks. The thermodynamic and dynamic feedbacks intensify
the SST anomalies caused by the insolation changes. The surface heat fluxes changes5

are mainly affected by the insolation forcing and the cloud radiative forcing (CRF). In the
PI simulation, the CRF largely reduces the shortwave radiation in the western tropical
Pacific in winter, converting the zonally uniform solar forcing into a zonally asymmetric
response.

Several factors contributing to the reduction in ENSO amplitude are highlighted (Ta-10

ble 1). The orbital forcing enhances heat contrast between two hemispheres as well
as the land and the sea, which results in strengthening the southeasterly trade winds
and the south Asian monsoon flow (Marzin and Braconnot, 2009). The stronger Asian
monsoon finally enhances the easterly trade winds through the atmospheric Walker
Circulation in boreal summer. Both factors suppress the development of warm events.15

In the tropical eastern Pacific, because of the southward shift of the Intertropical Con-
vergence Zone (ITCZ) in the region of the Panama isthmus (Braconnot et al., 2007b),
the northward component of the wind stress across the equator is weakened. Xie et
al. (2008) showed that the northward component of the wind stress across the equator
is a key driver of the upwelling near the coast. Thus, the amplitudes of the seasonal20

upwelling and SST decrease as a result of weakened meridional wind across the equa-
tor in the eastern Pacific. The amplitude of ENSO may be also influenced by changes
in the depth and intensity of the thermocline (Meehl et al., 2001). However, Wan-
ner (2008) suggested that as a consequence of a changing SST gradient between the
Indo-Pacific warm pool and the eastern Pacific Ocean the Walker Circulation intensified25

in mid-Holocene and strong El Niño events occurred more frequently. In our analysis,
the reduction of ENSO amplitude is affected by the mean seasonality of the mean
state. In the beginning of the El Niño development, an uplift of the equatorial Pacific
thermocline in the eastern equatorial Pacific is seen in the EH and MH simulations.
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This counteracts the development of the El-Niño anomalous downwelling Kelvin wave.
The thermocline tilt is controlled by the cross equatorial stengtheing of the trade winds
and the intensification Asian summer monsoon in the extra-tropics. Meanwhile both
the SST and heat content east-west gradients are relaxed compared to PI simulation
and further damp the development of the events. That is also the reason why the timing5

of the El Niño event is similar for the two periods, even though there are differences in
timing in insolation between EH and MH.

These results also show that SST anomalies have a complex structure that reflects
both dynamical and thermodynamical forcings. Temperature changes are large at the
thermocline depth and better reflect the changes in the wind stress forcing. Following10

the discussion of DiNezio et al. (2011) for the last glacial maximum, it strongly suggests
that subsurface proxy records would provide a better constraint than SST proxies on the
mean ocean state. Also multi-proxy integrations considering both changes in the mean
state and in variability would be of great use to assess the realism of climate model
and to better understand the link between seasonality and interannual variability, thus15

helping to improve climate predictability.
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Table 1. Paleo-ENSO simulations.

authors model periods conclusions

Clement et al. Zebiak- Mid-Holocene The changes of tropical Pacific climate
(1999, 2000, Cane model over the mid- to late Holocene is largely
2001) (Zebiak and induced by orbitally driven changes in the

Cane, 1987) seasonal cycle of solar radiation in the
tropics

Bush (1999) GFDL 6 ka A coupled AOGCM produce enhanced
AGCM Pacific upwelling, a more pronounced
(Gordon could tongue, and an even stronger
and Stern monsoon. The climate of the equatorial
1982) Pacific was more similar to the La Niña

phase of the modern Southern Oscillation

Liu et al. FOAM Early and mid- ENSO intensity reduced by both an
(2000) (Jacob R., Holocene intensified Asian summer monsoon and a

1997) (11 ka and 6 ka) South Hemisphere warm water subduction
caused by insolation changes

Otto-Bliesner CSM (Otto- LGM (21 ka) Model predicted weaker El Niños/La Niñas
et al. (2003) Bliesner and Holocene compared to present for the Holocene and

and Brady, (11 ka) stronger El Niños/La Niñas for the LGM.
2001)

Brown et al. HadCM3 6 ka The model simulates a smaller reduction in
(2008a,b) (Collins et ENSO amplitude of around 10 %, and it

al., 2001) also simulates a slight shift to longer period
variability and a weakening of ENSO
phase-locking to the seasonal cycle in the

mid-Holocene.

Zheng et al. PMIP2 LGM (21 ka) Results from an ensemble of mid-Holocene
(2008) models and mid- simulations run with different climate

Holocene models as part of PMIP2 show a reduced
(6 ka) simulated El Niño amplitudes at 6 ka than

at present
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Table 1. Continued.

authors model periods conclusions

Chiang et al. CCM3 Mid-Holocene The mid-Holocene ENSO reduction was in
(2009) (Kiehl et response to Pacific-wide climate changes

al., 1998) to mid-Holocene orbital conditions

Braconnot et IPSL CM4 0 ka, 6 ka The insolation forcing affects both the
al. (2011) (Marti et and 9.5 ka tropical Pacific SST seasonal cycle and

al., 2010) ENSO characteristics and the resulting
changes have a larger magnitude than that
the changes induced by a fresh water flux
release in the north Atlantic. Holocene SST
changes are dominated by changes in
seasonality in most of the tropical Pacific.
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Table 2. Annual mean radiative flux in the western Pacific (WP: 140◦ E–180◦ E, 5◦ S–5◦ E) and
the Niño3 box (150◦ W–90◦ W, 5◦ S–5◦ E) (Wm−2, positive downward).

TOTAL SW LW HS LE

0 ka WP 32.71 232.90 −73.25 −14.85 −112.37
Niño3 92.33 249.72 −59.43 −10.15 −87.80

6 ka WP 36.02 237.82 −74.68 −15.02 −112.40
Niño3 91.53 250.70 −59.98 −10.40 −88.79

9.5 ka WP 37.90 240.72 −75.40 −15.09 −112.63
Niño3 91.15 250.15 −60.15 −10.46 −88.39
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Fig. 1. Annual mean SST (◦C) distributions in the tropical Pacific and Indian Ocean: (a) ob-
served climatology HadiSST data from 1870 to 2003 and (b) IPSL CM4 PI simulation.
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Fig. 2. The evolution of SST (line, ◦C), precipitation (color, mm d−1) and wind stress anomalies (arrow, m s−1) during
a composite El Niño year in the PI simulation (see details of the composite analysis in the text), compared to the similar
evolution of SST (line, ◦C) in HadiSST data (Rayner et al., 2003).
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Fig. 3. Incoming solar radiation (Wm−2) at the top of the atmosphere plotted as a function of
months and latitude for (a) 0 ka BP, (b) 9.5–0 ka BP, (d) 6–0 ka BP; (c) insolation averaged from
5◦ S to 5◦ N (annual mean removed) and plotted as a function of months for 0 ka (black line),
6–0 ka BP (green line) and 9.5–0 ka BP (red line).
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Fig. 4. Changes in the seasonal evolution of surface heat flux (Wm−2) (annual mean removed)
for the western Pacific (140◦ E–180◦ E, 5◦ S–5◦ N) (solid line) and the eastern Pacific (90◦ W–
150◦ W, 5◦ S–5◦ N) (dash line). Surface heat fluxes include the net solar radiation (SW, positive
downward), the net longwave radiation (LW, positive downward), the latent heat flux (LE, posi-
tive downward), the sensible heat flux (Hs, positive downward), and the net heat flux (surface
budget=SW+LW+LE+Hs, positive downward).
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Fig. 5. Annual mean shortwave cloud radiative forcing (CRF) (Wm−2) for the observed ISCCP
data (Zhang et al., 2004) from 1984 to 1999 and IPSL CM4 PI simulation (upper panels);
seasonal cycle of the shortwave and longwave CRF (Wm−2, annual mean removed) at the
surface in PI simulation for the western Pacific (140◦ E–180◦ E, 5◦ S–5◦ N) (solid line) and the
eastern Pacific (90◦ W–150◦ W, 5◦ S–5◦ N) (dash line) (lower panels).
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Fig. 6. Changes in annual mean (a) SST (◦C), (b) heat content (W ), (c) surface zonal wind
(m s−1) and (d) surface meridional wind (m s−1) along the equator (averaged between 5◦ S and
5◦ N).

544

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-print.pdf
http://www.clim-past-discuss.net/8/505/2012/cpd-8-505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 505–555, 2012

Early and
Mid-Holocene climate
in the tropical Pacific

Y. Luan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 7. Differences of the SST (◦C) seasonal cycle (annual mean removed) between Holocene
simulations and PI simulation averaged from 5◦ S to 5◦ N in the tropical Pacific for (a) 9.5–0 ka,
(b) 6–0 ka, (c) 6–9.5 ka.
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Fig. 8. The mean annual evolution of (a) the SST (◦C) and (b) 300 m heat content (W ) gradients,
computed as the different values of the averaged western Pacific (140◦ E–180◦ E, 5◦ S–5◦ N) and
the averaged eastern Pacific (150◦ W–90◦ W, 5◦ S–5◦ N) for the different simulations.
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Fig. 9. Changes in simulated SST (line, ◦C), precipitation (color, mm d−1) and wind stress
anomalies (arrow, m s−1) seasonal cycle for the mid-Holocene (6–0 ka, left panels) and the
early Holocene (9.5–0 ka, right panels).
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Fig. 10. Changes of the subsurface ocean temperature (color, ◦C) along the equator for the mid-
Holocene (6–0 ka, left panels) and the early Holocene (9.5–0 ka, right panels). The equatorial
sections are averaged over the 5◦ S and 5◦ N latitude band. Contour line is subsurface ocean
temperature in the PI simulation.
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Fig. 11. Seasonal cycle of the thermocline depth as defined by the 20 ◦C isotherm depth (m)
average between 5◦ S and 5◦ N and plotted as a function of longitude and months for (a) 9.5–
0 ka, (b) 6–0 ka, (c) 6–9.5 ka.
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Fig. 12. Same as Fig. 2, but for the composite El Niño year in the 6 ka and 9.5 ka simulations.
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Fig. 13. Differences in SST (line, ◦C) during composite El Niño year between 9.5 ka and 0 ka
(left panels) and 9.5 ka and 6 ka (right panels) highlighting the regions where they are significant
from student T-tests.
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Fig. 14. Same as Fig. 13, but during composite La Niña year.
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Fig. 15. Same as Fig. 3, but for the EHOB simulation.
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Fig. 16. Differences of annual mean SST (line, ◦C), precipitation (color, mm d−1) and wind
stress anomalies (arrow, m s−1) over the Pacific and Indian Oceans for (a) EHOB – 0 ka BP,
(b) 9.5–0 ka BP.
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Fig. 17. Evolution of SST (◦C) seasonal cycle and composites of El Niño events in Niño3 box
for the different simulations.
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