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ABSTRACT
It has been shown that El Niño events contribute to discharge the warm pool ex-
cess of energy out of the tropical Pacific. In a different climate, the energetic
budget in the tropical Pacific is altered, which might have an effect on the El Niño
amplitude and/or occurrence and thereby on the role of El Niño on energy redis-
tribution. The mid-Holocene period (6 ka BP) offers a good example of changes in
the distribution of incoming solar energy. In particular, the equator-pole gradient
was weaker compared to the modern period. We analyze long stable simula-
tions of the mid-Holocene and the pre-industrial era and discuss the mean- and El
Niño-related energy transports in the two climates. We show that the role of global
energy pump played by the tropical Pacific is reduced in the mid-Holocene in our
simulation, both in long-term mean and during El Niño years. We demonstrate
that this is not only a direct response to insolation forcing but this is further am-
plified by changes in internal processes. We analyze the relative role of El Niño
events in the Pacific discharge in the two climates and show that it is reduced in
the mid-Holocene, i.e. the fraction of the Pacific discharge that is due to El Niño is
reduced. This is mainly due to reduction in the occurrence of El Niño events. This
work gives a new approach to address El Niño changes, from the perspective of
the role of El Niño in global energy redistribution.

1 Introduction

The tropical band is a source of energy for the whole planet, as it receives the most solar radiations
annually. If general oceanic and atmospheric circulations redistribute the energy on Earth, from the
sources to the sinks (Fasullo and Trenberth, 2008), interannual variability also plays a role in redistributing
the energy. In the tropical Pacific, the dominant source of interannual variability in the energetic budget is
the El Niño/Southern Oscillation (ENSO) (Mayer and Haimberger, 2012). El Niño events are associated
with a heat discharge of the western Pacific warm pool (Trenberth et al, 2002). This region is a powerful
source of energy for the planet, since it accumulates oceanic heat (Bjerknes, 1969; Wyrtki, 1975). As
a consequence, El Niño events are associated with a warming of global mean surface air temperature
(Trenberth and Fasullo, 2013).

During El Niño events, oceanic heat propagates from the western Pacific warm pool to the eastern
Pacific (Wyrtki, 1975; Hasegawa and Hanawa, 2003). Sea surface temperature (SST) cools in the warm
pool and warms in the central-eastern (CE) Pacific. This warming is associated with evaporative cooling,
turning the oceanic heat into atmospheric latent heat, which is then released when condensation occurs
(Trenberth et al, 2002). This warms the atmospheric column over the CE Pacific and weakens the Walker
circulation (Trenberth et al, 2002; Mayer et al, 2013). This results in an anomalous divergence of the
atmospheric horizontal transport of energy (moist static energy) above the CE Pacific (Trenberth et al,
2002). Mayer et al (2013) showed that the energy coming from this oceanic discharge is redistributed
globally mainly via El Niño-related changes in the atmospheric circulation (Klein et al, 1999). More
specifically, the Pacific Hadley cell is strengthened and the Walker cell is weakened (Oort and Yienger,
1996). Mayer et al (2014) further showed that the energy is mainly brought to the tropical Atlantic
and Indian oceans. The poleward export is negligible because the El Niño-related changes in the Hadley
circulations in the three basins compensate each other. Thus, the El Niño-related energy export out of
the tropical Pacific is performed mainly by the atmosphere. Oceanic transports of energy are negligible,
except through the Indonesian Throughflow (Mayer et al, 2014; McGregor et al, 2014). Note that the
Sverdrup transport associated with the recharge oscillator theory (Jin, 1997) takes action in the off-
equatorial band, at around 5°N and 5°S and does not contribute to export the energy out of the tropical
Pacific (Mayer et al, 2014).
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Here we investigate the role of El Niño in the Earth’s energy redistribution, comparing simulations
of the mid-Holocene (MH, 6 ka BP) and the pre-industrial era (PI, 0 ka BP) performed with the Earth
System Model IPSL-CM5A-LR (Marti et al, 2010; Dufresne et al, 2013).

The MH period is characterized by a reduction in the tropics-poles gradient of incoming insolation,
due to increased Earth’s obliquity, along with an amplification of the annual cycle of insolation in the
northern hemisphere, due to equinoxes precession (see Fig. 1). This induces changes in the meridional
heat transport (Braconnot et al, 2000). In particular, the boreal summer monsoon, which is stronger in
the MH (Kutzbach and Otto-Bliesner, 1982; Joussaume et al, 1999), plays a dominant role in transporting
the energy (Braconnot et al, 2008).
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Fig. 1. Mid-Holocene insolation forcing. Left: MH-PI difference in the annual mean insolation (TOA incoming
shortwave radiations) as a function of latitude (W/m2). Right: MH-PI difference in the mean annual cycle of insolation as
a function of latitude (W/m2).

ENSO variability was shown to be reduced in the MH, from numerous model studies (Clement et al,
2000; Liu et al, 2000; Zheng et al, 2008; An and Choi, 2013) and paleodata (Tudhope et al, 2001; Moy
et al, 2002; McGregor and Gagan, 2004; Duprey et al, 2012; Sadekov et al, 2013; Cobb et al, 2013; Carré
et al, 2013), although exact quantification differ from model results (Brown et al, 2008; Emile-Geay et al,
2015). It has been hypothesized that this ENSO reduction is due to the stronger monsoon, through
changes in the easterly winds strength and seasonal cycle over the Pacific (Liu et al, 2000; Liu, 2002; Pan
et al, 2005; Braconnot et al, 2012b; Luan et al, 2012).

Addressing El Niño changes associated with the MH period (compared to the modern climate) with
an energetic approach has not been done so far. This approach may help to understand the MH El Niño
changes and the energetic role of El Niño in a different climate. In this study we focus on the El Niño
phase of ENSO.

This paper is organized as follows: section 2 gives the characteristics of the MH period, concerning
long-term mean and El Niño-years, first describing the model and experiments; section 3 details the
energetic budget in the PI period, in long-term mean and El Niño-years, giving the energetic equations
and calculation framework; section 4 describes energetic changes associated with the MH period, in long-
term mean and El Niño-years; section 5 discusses the El Niño relative role in the Pacific discharge and
compares it between the two periods; finally, summary and discussion are found in section 6.

2 Simulated changes between mid-Holocene and pre-industrial

2.1 Model and experiments

Simulations of the mid-Holocene period (MH, 6 ka BP) and the pre-industrial era (PI, 0 ka BP) were
performed with the Earth System Model IPSL-CM5A-LR (Marti et al, 2010; Dufresne et al, 2013). This
model couples the atmosphere model LMDZ (Hourdin et al, 2006) to the ocean model NEMO/OPA
(Madec et al, 1997), using the coupler OASIS (Valcke, 2006). The atmosphere model has an horizontal
resolution of 96 × 96 grid points, and a vertical resolution of 39 levels. The ocean model has a resolution of
182 grid points in longitude × 149 in latitude × 31 vertical levels. The land surface model ORCHIDEE
(Krinner et al, 2005) is coupled to the atmosphere model, and the sea-ice model LIM2 (Fichefet and
Maqueda, 1997) is coupled to both atmosphere and ocean models. The model includes an interactive
carbon cycle, and a river runoff scheme closes the water budget between land and ocean. The model
does not use dynamic vegetation. Vegetation is prescribed to modern condition. However the model
has interactive carbon cycle and leaf area index, inducing a vegetation feedback in the MH simulation
(Kageyama et al, 2013; Braconnot and Kageyama, 2015).
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The PI experiment is computed using 1860 conditions of greenhouse gases, aerosols, land use, ice-sheets
and topography, following the last Coupled Model Intercomparison Project (CMIP5) protocol (Taylor
et al, 2012). The simulation is stable and 1000-year long. It is used as the reference for the modern
climate. The main features of the tropical Pacific are reproduced in the IPSL-CM5A-LR model, with
some biases common to many coupled climate models (Dufresne et al, 2013). The equatorial upwelling
extends too far west, associated with too strong equatorial easterlies. This contributes to erode the warm
pool. The South Pacific Convergence Zone (SPCZ) is too zonally-oriented. The double Inter-Tropical
Convergence Zone (ITCZ) is too pronounced in the south eastern Pacific, which induces a semi-annual
SST cycle in the upwelling region. ENSO variability is properly reproduced, even though both dynamic
and thermodynamic feedbacks are smaller than observed (Bellenger et al, 2014).

The MH experiment (Kageyama et al, 2013) follows the Paleoclimate Modeling Inter-comparison
Project phase 3 (PMIP3) framework (Braconnot et al, 2012a). We consider the last 500 years of this
simulation, which are stable and at equilibrium. The top-of-atmosphere (TOA) incoming solar radiation
is computed using the Earth’s orbital parameters (eccentricity, obliquity, precession) of 6 ka BP (Berger,
1978). Compared to the present day, equinoxes and solstices are rotated by about 90° along the Earth’s
orbit, and obliquity is increased by 0.7°. Therefore, the annual cycle is amplified in the northern hemi-
sphere and weakened in the southern hemisphere. Higher obliquity reduces insolation in the tropics and
increases it in the high latitudes. It prevails in the annual mean insolation forcing, and leads to a re-
duction of 1 W/m2 at the equator and an increase of about 4.5 W/m2 at the poles (Fig. 1). The main
features simulated by this experiment are very similar to those simulated by the previous version of the
IPSL model (IPSL-CM4-LR), discussed in Luan et al (2012); Braconnot et al (2012b); Luan et al (2015).

2.2 Mean state changes

Figure 2 shows the long-term mean changes in surface temperature and rainfall associated with the MH,
compared to the PI. Tropics are colder and dryer, about -0.3°C and -0.1 mm/day in the equatorial band,
which is in the range of the PMIP3 multi-model ensemble (An and Choi, 2013). These are robust mean-
state features of the MH (Zheng et al, 2008; An and Choi, 2013). This tropical cooling is mainly due to
the obliquity increase, which also acts to weaken the mean meridional temperature gradient between low
and high latitudes (Mantsis et al, 2011). Equinoxes precession also plays a substantial role in cooling the
tropics, as pointed out by Luan et al (2012), by extending the boreal winter season (187 days from the
winter solstice to the summer solstice at 6 ka, against 182 days at 0 ka).
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Fig. 2. MH-PI mean state differences. Right panel: MH-PI difference in the long-term mean surface temperature
(SST over the ocean; top, °C), rainfall (bottom, mm/day) and surface winds (top & bottom, m/s) in the tropical band. Left
panel: zonal average of the surface temperature change (top, °C) and of the rainfall change (bottom, mm/day). Incertitude
ranges on left panel give the 90% confidence intervals, estimated from bootstrap resampling (see Methods).

Stronger mean rainfall over India and Africa (Fig. 2) is the signature of monsoon intensification in
summer, which is also a robust feature of the MH (Joussaume et al, 1999; Zhao et al, 2005; Zhao and
Harrison, 2011). Boreal summer is warmer in the northern hemisphere due to increased summer insolation
(which is not visible in Fig. 2 because summer warming is balanced by winter cooling on annual mean;
see Kageyama et al 2013 for global maps with IPSL-CM5A-LR model). Since continents warm more than
oceans, the large-scale redistribution of energy between land and sea strengthens pressure gradients and
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intensifies the Asian and African monsoons (Kutzbach and Otto-Bliesner, 1982; Braconnot et al, 2008).
As a consequence, long-term mean rainfall shows wetter conditions between 10°N and 35°N (of up to
+0.15 mm/day) when zonally averaged (Fig. 2).

By mass conservation, the Asian monsoon intensification strengthens the long-term mean easterly
winds from the central Pacific to the Indian ocean (Fig. 2) (Liu et al, 2000; Zheng et al, 2008; Braconnot
et al, 2012b). Easterly winds are even stronger over cooling areas, suggesting that their strengthening
is amplified by wind-evaporation-SST (WES) feedback. Clement et al (2000) also suggested that the
easterly wind strengthening is due to zonal asymmetry in the atmospheric response to boreal summer
heating, which is stronger in the western Pacific where deep convection makes it more sensitive to SST
changes. Luan et al (2012) came to similar conclusions, invoking different cloud radiative forcing between
west and east.

Figure 3 is a vertical section of the ocean-atmosphere circulation along the equator in the Indo-Pacific
region. Easterly winds strengthening deepens the thermocline in the western equatorial Pacific, as pointed
out by Luan et al (2012). It follows that the equatorial Pacific thermocline is more tilted in the MH
than in the PI. These long-term mean changes in the thermocline depth are not perceptible from the
changes in SSTs, namely much colder SSTs in the west than in the east. SSTs are more strongly affected
by evaporation and heat fluxes. Easterly winds strengthening is also associated with a slight westward
shift of the ascending branch of the Walker circulation.

Fig. 3. MH mean state changes relative to PI, in the equatorial band (2°N-2°S), atmosphere-ocean vertical
section. Top: atmospheric vertical section (2°N-2°S); MH-PI vertical velocity w (colors, -Pa/s, red meaning upward motion
and blue meaning downward motion) and PI vertical velocity (contours, -Pa/s); vertical velocity at 500 mb w500 in the
MH (green curve) and in the PI (black curve) (right axis, -Pa/s); MH-PI difference in the zonal wind at 10 m (green
arrows, m/s). Bottom: oceanic vertical section (2°N-2°S); MH-PI difference in the potential temperature Tpot (colors, °C);
thermocline depth in the MH (green curve) and in the PI (black curve). The thermocline depth is defined as the depth of
maximum potential temperature gradient (m).
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2.3 El Niño changes

We investigate the MH El Niño characteristics in the IPSL-CM5A-LR model. Standard deviation of
SSTs, filtered on the ENSO-band (2-8 years), is overall reduced in the MH, especially over the equatorial
Pacific (Fig. 4). When using the common index Niño3 or Niño3.4 (standard deviation of monthly SST
in the corresponding region1), it is reduced in the MH, and this reduction is about 20% greater in IPSL-
CM5A-LR than estimated from the PMIP3 ensemble mean (An and Choi, 2013) (Tab. 1). This reduction
is in agreement with paleodata although slightly underestimated (Emile-Geay et al, 2015).
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Fig. 4. MH-PI difference in the SST interannual variability. Colors show the MH-PI difference in the standard
deviation (StD) of SSTs filtered on the ENSO-frequency band (2-8 years) (°C). Contours show the PI StD of SSTs filtered
on the ENSO-frequency band. The ENSO-frequency filtering is computed using a Hanning pass-band filter.

Table 1. Niño3 and Niño3.4 index (standard deviation of monthly SST in the corresponding region) for the MH and the
PI, from IPSL-CM5A and from the PMIP3 ensemble (PMIP3 average)

PI MH

IPSL-CM5A PMIP3a IPSL-CM5A PMIP3a

Niño3 0.978 0.794 0.767 0.753
Niño3.4 0.817 0.840 0.601 0.795

a Values from An and Choi (2013)

Following Saint-Lu et al (2015), El Niño years are identified using a threshold on the SST anomaly
over the Niño3 box averaged from November to March (NDJFM). The threshold is calibrated on the PI
experiment, and is defined as the standard deviation of the NDJFM-Niño3 SST anomaly multiplied by
1.2. A year is identified as an El Niño year when its NDJFM-Niño3 SST anomaly is above this threshold.
This corresponds to moderate-to-large El Niño events, with a strong SST footprint in the eastern Pacific.
According to Karamperidou et al (2015), ENSO reduction in the MH is due to changes in eastern Pacific
(EP)-type El Niño events, meaning that our threshold is relevant to address MH ENSO changes. The
number of selected events is smaller in the MH than in the PI, with an average of 8.5 events per 100 years
in the MH and 12.5 in the PI (i.e. one event every 11.5 years in the MH on average, versus one event
every 8 years in the PI).

3 Energetic budget in the pre-industrial experiment

3.1 Mean state energetics

Horizontal energy transports considered in the following correspond either to the atmospheric energy
transports, vertically integrated through the atmospheric column, or to the total energy transports inte-
grated through the ocean-atmosphere column.

In an atmospheric column, the excess or deficit of energy is given by the atmospheric diabatic heating
Q:

Q = RadTOA + FS (1)
where RadTOA is the TOA net radiative flux (positive downward), and FS is the total net surface flux
(positive upward), including the net radiative flux, the latent heat flux and the sensible heat flux. At
equilibrium, Q is equal to the horizontal divergence of atmospheric moist static energy. The PI long-term
mean of RadTOA (Fig. 5) shows that the whole tropical band receives more energy than high latitudes.

1Niño3=150°W–90°W, 5°N–5°S; Niño3.4=170°W–120°W, 5°N–5°S
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Fig. 5. PI long-term mean RadTOA (positive downward, W/m2).

We consider the atmospheric moist static energy (MSE), combining the dry static energy (heat plus
potential energy) and the latent energy:

MSE = CPT + gz + Lq (2)

where CP is the specific heat of air at constant pressure, T is the air temperature, g is the gravitational
acceleration, z is the altitude, L is the latent heat of condensation and q is the specific humidity.

The MSE horizontal transport (
−→
F MSE) is computed as the divergent component of the MSE horizontal

flux. The long-term mean
−→
F MSE is shown in Fig. 6 for the PI. The global reservoir of MSE is over the

warm pool, one of the regions receiving the most energy from the TOA (Fig. 5). Energy is exported
from this reservoir to the rest of the globe via Hadley and Walker circulations. The order of magnitude
obtained with the IPSL-CM5A-LR simulation is the same than that estimated from reanalyses (see Mayer
and Haimberger (2012)).
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masked because of the too noisy continental signal. Left panel: zonal integration of the meridional component of FMSE

(PW). Bottom panel: meridional integration (between 80°S and 80°N) of the zonal component of FMSE (PW). Values over
land are taken into account in zonal and meridional integrations.

In an ocean-atmosphere column at equilibrium, the annual mean RadTOA is balanced by the divergence
of the MSE horizontal export out of the atmospheric column (

−→
∇ .
−→
F MSE) and the divergence of the ocean
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energy horizontal export out of the oceanic column (
−→
∇.
−→
F O):

RadTOA =
−→
∇ .
−→
F MSE +

−→
∇ .
−→
F O (3)

For the sake of simplicity, arrows indicating vectors are dropped in the following. Globally averaged,
the mean value of RadTOA is null because the energy budget of the Earth is balanced. Regions where
RadTOA is positive (negative) correspond to sources (sinks) of energy for the ocean-atmosphere system.
The long-term mean RadTOA of the PI (Fig. 5) shows that energy transports diverge from the tropics
(the source) and converge into high latitudes (the sinks).

3.2 El Niño energetics

In this section, energy exchanges associated with El Niño are described for the PI simulation. We build
an El Niño composite averaging all the selected El Niño events (selected as described in section 2.3). It
represents a “typical” El Niño event. For this El Niño composite, we consider the anomaly (relative to
the mean annual cycle) averaged from July to June. This period is chosen because taking the whole year
that encompasses the El Niño peak is consistent regarding energetic budgets.

El Niño is associated with cooling and thermocline shoaling in the west, warming and thermocline
deepening in the east. The ocean heat content (OHC) anomaly associated with the El Niño composite
is thus negative in the western Pacific warm pool and positive in the eastern Pacific (Fig. 7), consistent
with observations (Hasegawa and Hanawa, 2003). The surface waters cool in the warm pool and warm
in the eastern Pacific, transferring heat from the ocean to the atmosphere via surface fluxes.

30°S

20°S

10°S

0°

10°N

20°N

30°N

60°E 120°E 180° 120°W 60°W
8
6
4
2

0
2
4
6
8

108 J/m2

Fig. 7. PI El Niño composite of the Ocean Heat Content anomaly (July-June). OHC is integrated above 300 m
under the surface (units: J/m2).

The El Niño composite of the FMSE anomaly shows that MSE is exported from the whole Pacific
area during El Niño events (Fig. 8). This energy is exported both poleward (as shown by the meridional
export) and towards the Indian and Atlantic areas. Anomalous zonal transport towards Indian ocean
reaches 0.2 PW. Anomalous poleward export is weaker and reaches 0.1 PW towards the North pole. A
similar pattern of El Niño atmospheric energy export was found by Mayer et al (2014) from reanalyses.
They also highlighted that the El Niño-related energy redistribution was rather zonal between ocean
basins, than meridional between low and high latitudes. The El Niño-related energy redistribution is due
to both changes in heat sources and changes in the Hadley/Walker circulations (Oort and Yienger, 1996).

We now consider the atmospheric diabatic heating anomaly (Q anomaly) in the CE equatorial Pacific
(180°-80°W, 5°N-5°S) associated with the El Niño composite (Fig. 9). The anomalous MSE export from
this region is maximal (Fig. 8), consistent with the anomalous atmospheric heat excess (i.e. positive
Q anomaly) shown in Fig. 9 (left). The decomposition of this atmospheric heating into each heat flux
anomaly (Fig. 9, left) shows that it mainly comes from: 1) anomalous latent heat flux at the surface,
meaning that oceanic heating brings heat to the atmosphere via evaporative cooling, 2) anomalous long-
wave (LW) radiations. The latter is decomposed as the sum of the cloud radiative forcing (CRF) and the
clear-sky term (Fig. 9, right). This decomposition allows us to understand how anomalous LW radiations
contribute to heat the atmospheric column. First, as shown by the latent heat flux contribution, oceanic
heating brings latent heat and humidity to the atmosphere via evaporative cooling. The atmospheric
water vapor amount is increased and convective activity is enhanced. In addition, convective clouds
converge into the eastern equatorial Pacific. As a result, the atmosphere traps more LW radiations. At
the TOA, the CRF thus reduces outgoing longwave radiations, as shown by Fig. 10b, explaining its pos-
itive contribution in Fig. 9. This is in agreement with reanalyses (Trenberth et al, 2002). On the other
hand, due to atmospheric heating and water vapor increase, the atmosphere emits more LW radiations
downward, warming the surface, explaining the negative contribution of the net clear-sky LW anomaly
at the surface. However, the latter is not sufficient to balance the CRF on net LW radiations at the
surface, due to low-level cloud cover change. Fig 10a suggests that the low-level cloud cover, prevailing
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in the eastern Pacific, is reduced during El Niño events in the IPSL-CM5A-LR model. This is consistent
with reduced subsidence over this region due to reduced Walker circulation. Since low-level clouds have
a strong albedo effect, less SW radiations are reflected to space and more enter the surface, explaining
the positive and negative contributions of the CRF on net SW radiations at the TOA and at the surface,
respectively (Fig. 9). The low-level cloud cover reduction also has a strong effect on LW radiations at the
surface. Since clouds are low-level, they emit LW radiations at a temperature which is relatively close to
the surface temperature. A reduction in the low-level cloud cover directly reduces the incoming LW radi-
ations at the surface, indirectly contributing to heat the atmosphere. Fig 10c shows that the anomalous
CRF on net LW radiations at the surface is indeed positive (i.e. contributes to heat the atmosphere) in
the whole CE equatorial Pacific, explaining its positive contribution in Fig. 9. In other words, low-level
clouds are reduced in the whole box, allowing more LW radiations emitted by the surface to enter the
atmosphere. Meanwhile, convective clouds are increased in the western part of the box, trapping more
LW radiations coming from the surface. Combining the two results in atmospheric heating.

Previous studies using observations and reanalysis showed that the predominant source of atmospheric
diabatic heating associated with El Niño is the latent heat flux resulting from surface evaporative cooling
(Trenberth et al, 2002; Mayer and Haimberger, 2012). The IPSL-CM5A-LR model may overestimate
the role of LW radiations at the surface. Most of the CMIP5 coupled models actually suffer from cloud
feedback biases (Li et al, 2015). In particular, high clouds and humidity associated with El Niño are
underestimated in the IPSL-CM5A-LR model, and cloud structures are shifted westward. While the
model exhibit a reduction in the low-level cloud cover in the eastern Pacific, observations rather exhibit
an increase in the total cloud fraction over the whole CE Pacific, due to increased convection during El
Niño (Li et al, 2015).

These changes in cloud cover are equivalent to positive RadTOA anomaly over the equatorial Pacific
(contributions of radiative fluxes at the TOA are positive in Fig. 9), meaning that the whole ocean-
atmosphere column is in energy excess during El Niño years (more energy entering than leaving). This
is not in agreement with observations, that show a relatively small but negative RadTOA anomaly in the
tropical Pacific associated with El Niño (Mayer et al, 2014). This is interpreted as the radiation to space
of part of the atmospheric energy excess coming from the oceanic discharge. In the IPSL-CM5A-LR
model, cloud feedback biases may reverse the sign of the RadTOA anomaly. Hence, atmospheric energy
excess is not partly radiated to space as in the observations, but may be additionally amplified by cloud
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Fig. 9. PI El Nino composite of the atmospheric heating (Q) anomaly (July-June), and its decomposition
into the anomalous surface energy fluxes (positive upward) and TOA fluxes (positive downward), horizon-
tally integrated over the central-eastern (CE) equatorial Pacific (180°-80°W-5°N-5°S). All fluxes are positive
when entering the atmosphere. Left: Q anomaly and its decomposition into sensible heat (orange), latent heat (blue), LW
(magenta) and SW (yellow) fluxes (W). Error bar gives the 90% confidence interval, estimated from bootstrap resampling
(see Methods). Bottom-right: SW and LW components, distinguishing TOA and surface fluxes, decomposed into the CRF
and the clear-sky term.

feedback processes.
To summarize, in the IPSL-CM5A-LR PI simulation, the eastern Pacific warming brings heat to the

atmosphere via latent heat fluxes and radiative LW fluxes, which is amplified by LW cloud feedback. This
atmospheric energy is then exported from the whole Pacific, mainly towards Indian and Atlantic oceans
areas (Fig. 8).

The El Niño RadTOA anomalies, the warm pool discharge and the MSE export show that El Niño
events contribute to the global energy redistribution, by exporting part of the energy excess out of the
tropical Pacific.

4 Energetic changes in the mid-Holocene experiment

4.1 Mean state changes

In the MH, the stronger thermocline tilt (see Sect. 2.2 and Fig. 3) results in larger OHC in the warm
pool, compared to the PI (Fig. 11, top). However, in average OHC is reduced when considering the
whole tropical band (Fig. 11, top). This is consistent with reduced tropical insolation and the associated
tropical cooling.

Insolation forcing in the MH brings annually less energy to the tropics and more to the high latitudes.
Fig. 11 (bottom) shows the mean RadTOA response to this forcing in the tropics. Black curve indicates
the MH radiative forcing as defined by Braconnot et al (2000), i.e. the change in the net SW radiation
at TOA when considering no change in the planetary albedo. As pointed out by Mantsis et al (2011),
when integrated zonally this radiative forcing gives the “theoretical” change in RadTOA, i.e. the change
that would be obtained as a direct response to the change in the incoming solar radiation. Here, the MH
radiative forcing is negative in the tropics because annual mean insolation is reduced. The tropical band
receives less solar energy than in the PI; then if we consider that it emits as much energy to space (i.e.
considering the theoretical change in RadTOA) it necessarily implies that it exports less energy poleward.
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Fig. 10. PI El Niño composite of various Cloud Radiative Forcings (CRFs, W/m2) anomalies (July-June).
All the CRFs are defined here positive when more radiative flux enters the atmosphere in cloudy conditions. a) CRF on
net SW radiations at the TOA (difference between the net downward solar radiations at TOA with and without clouds).
Its global value is always negative because solar radiations are reflected to space by clouds. Inside the rectangle showing
the CE equatorial Pacific region, the El Niño anomaly is positive, which means less clouds reflecting solar radiations. This
suggests a reduced low-level cloud cover b) CRF on net LW radiations at the TOA (difference between the net downward
LW flux at TOA with and without clouds). Its global value is always positive because LW radiations are trapped by clouds.
Inside the CE equatorial Pacific, the El Niño anomaly is positive, which means more clouds trapping LW radiations. This
shows an increased convective cloud cover. c) CRF on net LW radiations at the surface (difference between the net upward
LW radiations at the surface with and without clouds). Its global value is always negative because LW radiations emitted
by clouds are absorbed by the surface. Inside the CE equatorial Pacific, the El Niño anomaly is positive, which means less
clouds emitting LW radiations directly to the surface. Values are drawn only where significantly different from zero (i.e.
where the 90% confidence interval estimated from bootstrap resampling—see Methods—does not contain zero).
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Fig. 11. MH-PI long-term mean differences in OHC and RadTOA. Top: MH-PI difference in the long-term mean
OHC (J/m2) in the tropical band (right panel), and its zonal average (J/m2) (left panel). Bottom: MH-PI difference in
the long-term mean RadTOA (W/m2) in the tropical band (right panel), and its zonal integration (green curve, W/m) (left
panel). The black curve gives the “MH radiative forcing”, or “theoretical” change, as defined in the text. Incertitude ranges
on left panel give the 90% confidence intervals, estimated from bootstrap resampling (see Methods).

In other words, the theoretical response of the tropics to the MH insolation forcing is to export less
energy, as a direct consequence of the fact that it receives less energy.

Comparing this theoretical change in RadTOA (i.e. the radiative forcing) to the actual one (green
curve) shows that the RadTOA reduction is actually larger than the radiative forcing between 30°S and
10°N. Thus, this region, which receives less energy in the MH, also emits more energy to space, meaning
that it exports even less energy poleward. Internal processes (feedbacks, albedo, large-scale circulation,
etc.) amplify the theoretical response to the MH insolation forcing, that is the reduction of poleward
export of energy out of the tropics.

However, north of 10°N, RadTOA is less reduced than the radiative forcing, since it is in fact increased,
with a positive peak at 15°N. It is consistent with the strong positive signal in North Africa and south-
western Asia. This area is a sink of energy coming from space in long-term mean, as shown by Fig. 5. In
the MH, this area receives less energy (since the radiative forcing given by the black curve is negative),
emits even less energy to space (since the RadTOA change given by the green curve is positive), meaning
that it imports less energy. It could be the signature of the intensified summer monsoon flow.

Processes amplifying the reduction of energy export out of the tropics are actually mainly located in
the tropical Pacific. Identifying these processes (that can be associated with feedbacks, albedo, large-
scale circulation, etc.) is beyond the scope of this paper, but it is worth noting that cloud feedback
biases mentioned in section 3.2 could also affect the model response to the MH radiative forcing. Further
investigations would be necessary to understand the impact of this bias.

Fig. 12 shows the long-term mean changes in MSE transport, in the MH compared to the PI. The
mean MSE export out of the tropical Pacific is reduced. This is consistent with OHC reduction and
tropical SST cooling (see Sect. 2.2 and Fig. 2), reducing ocean heat available for the atmosphere. This
is also consistent with reduced poleward export of energy out of the tropics. Changes in MSE zonal
export are noisy but coherent features can be seen: anomalous eastward transport from the Indian ocean
towards the Pacific and westward transport from the Atlantic. This can also be interpreted as less energy
being transferred into the Indian and Atlantic from the Pacific, compared to PI (Fig. 6). Changes in the
meridional export show that MSE poleward export is reduced in the MH. This is again consistent with
reduced poleward export of energy out of the tropics, which is not only due to reduced insolation but is
further amplified by internal processes, as shown previously (Fig. 11, bottom).

From these results it appears that in the MH, the role of energy source played by the tropical Pacific is
reduced. On the contrary, the area over Europe, northern Africa and western Asia, impacted by summer
warming and boreal monsoon, exports more MSE (or imports less).

4.2 El Niño changes

Figure 13a shows the evolution of OHC in the warm pool over the 3 years around the peak of the El Niño
composite, in the MH and in the PI. The two experiments exhibit a negative OHC anomaly associated
with El Niño, as already seen in Fig. 7 for the PI, in the warm pool region. This warm pool discharge is
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Fig. 12. MH-PI long-term mean difference in MSE transport. The map shows the MH-PI long-term mean
difference in MSE transport, vertically integrated (FMSE) (arrows, W/m), and in MSE potentials (colors, W). Continents
are masked because of the too noisy continental signal. Left panel: zonal integration of the MH-PI difference in the
meridional component of the FMSE long-term mean (PW). Bottom panel: meridional integration (between 80°S and 80°N)
of the MH-PI difference in the zonal component of the FMSE long-term mean (PW). Values over land are taken into account
in zonal and meridional integrations.

associated with thermocline rising in this region, and does not refer to the Jin’s oscillator discharge (Jin,
1997) that deals with Sverdrup transport at 5°N and 5°S. The amplitude of the El Niño-related warm
pool discharge in the MH is not significantly different from the PI, statistically, but appears smaller and
its duration is shorter (23 months in the MH against 25 in the PI). The discharge starts about 2 to 3
months later, consistent with previous studies (Zheng et al, 2008; Luan et al, 2012). Smaller warm pool
heat discharge would be consistent with ENSO reduction in the MH. It is worth noting that while the
warm pool heat discharge is equal or smaller, more heat is contained in average in the warm pool (Fig. 11,
top).
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Fig. 13. MH and PI El Niño composites of the Pacific discharge. Through the 3 years around the El Niño
peak, El Niño composite of: a) OHC monthly anomalies (J/m2), averaged over the “warm pool” (100°E-170°E, 10°N-10°S).
OHC is integrated over 300 m under the surface; b) surface latent heat flux monthly anomalies (W/m2), averaged over
the central-eastern (CE) equatorial Pacific (180°E-80°W, 5°N-5°S); c) Q monthly anomalies (W/m2), averaged over the
CE equatorial Pacific. The year before the El Niño is indicated by -1 (Month-1), the first year of the El Niño by El1, the
second year by El2 and the year after by +1. The peak is between the months NovEl1 and MarEl2. The dashed black and
green lines give the mean over the 3 years, for the PI and the MH respectively. Incertitude ranges give the 90% confidence
intervals, estimated from bootstrap resampling (see Methods).

A smaller warm pool heat discharge would imply that the atmosphere takes less energy from the
ocean during El Niño. This is confirmed by the evolution of latent heat flux in the CE Pacific over the
3 years around the peak of the El Niño composite (Fig. 13b). At the peak of the event, the latent heat
flux anomaly is indeed smaller in the MH than in the PI. From the summer season of the second year
of the event, the latent heat flux anomaly becomes greater in the MH, which is consistent with delayed
development of events. In average over the three years, the latent heat flux anomaly is smaller in the MH
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than in the PI.
Since the atmosphere takes less energy from the ocean during El Niño, atmospheric diabatic heating

is reduced. Over the 3 years around the peak of the El Niño composite (Fig. 13c), atmospheric diabatic
heating in the CE Pacific is smaller in the MH than in the PI. During the summer season of the second
year, anomalous atmospheric heating becomes greater in the MH, consistent with latent heat flux and
OHC anomalies (Fig. 13a et b).

These results show that in the MH, less energy is discharged from the ocean to the atmosphere. As
a consequence, the El Niño-related export of MSE out of the tropical Pacific is expected to be reduced.
Figure 14 compares MH and PI distributions of the El Niño composite of MSE potential anomaly in the
central Pacific (at 0°N, 140°W, where the El Niño composite of MSE potential is maximal—see Fig. 8). El
Niño signature on MSE potential in this region reflects the diversity of El Nino events, but in the MH most
events exhibit a reduced MSE potential anomaly (in absolute values). Based on these distributions, we
show on Fig. 15 the difference map between MH and PI El Niño composites of MSE potentials anomaly,
drawn only where the MH composite (mean of the distribution) is outside the 50% confidence interval of
the PI composite. In the MH, less MSE is exported out of the central Pacific during El Niño (positive
MH-PI difference in the central Pacific meaning less divergence). A reduction in the anomalous poleward
export can be seen, especially in the southward export. There is no substantial change in the zonal
export.
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Fig. 14. PI and MH estimations of the El Niño composite of MSE potential anomaly in the central Pacific
(July-June). PI (black) and MH (green) distributions of the 5000 estimations (bootstrap resampling—see Methods) of the
El Niño composite of MSE potential anomaly in the central Pacific (0°N,140°W, i.e. where the El Niño composite of MSE
potentials anomaly is maximal–see Fig. 8). Shaded vertical ranges show 50% intervals.

It is worth pointing out that this result provides indications of large-scale changes in El Niño telecon-
nections in the MH.

5 Relative role of El Niño in the Pacific discharge

Previous section highlights that the El Niño-related Pacific discharge—associated with oceanic discharge,
atmospheric diabatic heating and export of MSE in the CE Pacific—is reduced in the MH. This reduced
Pacific discharge associated with El Niño is superimposed on the reduced role of energy source played by
the tropical Pacific in the MH mean state (see Sect. 4.1)2. Is the reduction in the El Niño-related Pacific
discharge proportional to the reduction in the mean energy export of the Pacific? In other words, does
the fraction of Pacific discharge that is due to El Niño remain equal in the two climates (MH and PI)?
Since both amplitude and occurrence of events determine the role of El Niño in the Pacific discharge, this
question can only be addressed by considering long-term temporal integrations.

To characterize the Pacific discharge, we rely on four indices: the average of (i) RadTOA over the CE
Pacific (RadTOACE) where RadTOA is positive throughout the 1000/500 years of the simulations, (ii) Q

2It is worth specifying that the results obtained for the MH long-term mean changes in Sect. 4.1 are similar when
considering the mean over the entire simulation or over “neutral” years only, i.e. neither selected as El Niño nor as La Niña
with the inverse threshold (not shown).
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Fig. 15. MH-PI difference in the El Niño composite of MSE transport anomaly (July-June). The map shows
the MH-PI difference in the El Niño composite of MSE transport (vertically integrated, FMSE) anomaly (arrows, W/m),
and of MSE potentials anomaly (colors, W). The latter is drawn only where the MH-PI difference is significant (i.e. where
the MH composite is outside the 50% confidence interval of the PI composite estimated from bootstrap resampling—see
Methods). Continents are masked because of the too noisy continental signal. Left panel: zonal integration of MH-PI
difference in the meridional component of the FMSE anomaly (PW). Bottom panel: meridional integration (between 80°S
and 80°N) of the MH-PI difference in the zonal component of the FMSE anomaly (PW). Incertitude ranges on left and
bottom panels give the 50% confidence intervals, estimated from bootstrap resampling (see Methods). Values over land are
taken into account in zonal and meridional integrations.

over the eastern Pacific (130°W-90°W-5°N-5°S) (QE) where Q is negative throughout the simulations (i.e.
this column is an energy sink), (iii) OHC over the CE Pacific (OHCCE), (iv) OHC over the warm pool
region (100°E-170°E-10°N-10°S) (OHCWP ). For each variable, we define the “integrated Niño anomaly”,
which is the El Niño anomaly integrated over every month of every El Niño year of the simulation (taking
12 months around the NDJFM peaks of the El Niño years, as selected in Sect. 2.3). Then we consider
the ratio between this integrated Niño anomaly and the “integrated total value” over the 1000 or 500
years of the PI or MH simulation respectively. The latter is the total value integrated over all months
of the simulation. This ratio represents the “fraction due to El Niño” for each index i, where i refers to
RadTOACE , QE , OHCCE or OHCWP :

Fraction due to El Niño(i) =

∑
Niño months

Anom(i)∑
all months

i
(4)

With this method, we do not only rely on the comparison between MH and PI El Niño composites, but
we further take into account the change in the occurrence of events, which also has an impact on the role
of El Niño in discharging the tropical Pacific and exporting the energy poleward.

Figure 16a shows the fraction due to El Niño for the four indices in the MH and in the PI, built from
the temporal integration described above. In the PI, 2.3% of ocean-atmosphere heating of the CE Pacific
(RadTOACE) is due to El Niño; -2.5% of atmospheric diabatic heating over the eastern Pacific (QE) is
due to El Niño (the fraction is negative because this atmospheric column is an energy sink but El Niño
heats it); 0.22% of the CE Pacific heat content (OHCCE) is due to El Niño; such as -0.16% of the warm
pool heat content (OHCWP ). It is worth pointing out that the fraction is relatively small for OHCCE

and OHCWP because the integrated total value (denominator of the fraction) is relatively large given
that OHC is spatially integrated (over 300 m under the surface).

Note that fractions due to La Niña should have opposite signs, balancing at least partly fractions due
to El Niño and resulting in no substantial role of the full ENSO cycle. This is the reason why we only
consider the El Niño phase of ENSO (the one associated with the discharge): it allows us to see if there
is proportionality between MH/PI mean-state changes and MH/PI El Niño changes.

In the MH, fractions due to El Niño are 1.3-to-2 times smaller (1.5% for RadTOACE , about -1.9%
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Fig. 16. PI and MH fractions due to El Niño (%), built from temporal integration as described in the text. Error
bars show the range given by two particular cases: when only the first 500 years and only the last 500 years of the PI
simulation are considered.

for QE , about 0.14% for OHCCE and about -0.08% for OHCWP ) meaning that the fraction of Pacific
discharge that is due to El Niño is smaller. The fact that all the four fractions are equivalently reduced
in the MH gives confidence in this result. We know that in the MH, the mean OHC in the warm pool
is greater (Fig. 11, top), while the El Niño discharge is smaller (see Sect. 4.2), explaining the smaller
fraction of warm pool heat content that is due to El Niño. This clearly points out that the change in the
warm pool discharge is not proportional to the change in the mean OHC. As a consequence, the fraction
of eastern Pacific heat content that is due to El Niño is also reduced, due to the heat transfer eastward.
It follows that the fraction of atmospheric diabatic heating that is due to El Niño is reduced, reducing
also the fraction of ocean-atmosphere heating due to El Niño.

We now artificially impose the same El Niño occurrence in the two climates (the El Niño composite
of each simulation is multiplied by the number needed to get the same proportion of events as in the
PI) and find that this reduction in the fraction of Pacific discharge due to El Niño is mainly due to the
reduced occurrence of El Niño events in the MH (rather than to their reduced amplitude). For example,
the fraction due to El Niño for the RadTOACE index becomes substantially the same in the MH than in
the PI when considering equal El Niño occurrence (not shown).

To summarize, IPSL-CM5A-LR results suggest that the El Niño phenomenon does not keep the same
relative role in the Pacific discharge between the MH and the PI: it is smaller in the MH. This is mainly
due to the reduction in the El Niño occurrence. Therefore, the El Niño reduction in the MH is not simply
proportional to changes in the background state, but could further be an indicator of its reduced role in
discharging the Pacific.

To further support this result, Fig. 17 shows, for the four indices, whether the MH El Niño-related
changes are smaller or larger than the MH mean state-related changes. For the four indices, this figure
gives the ratio: [ ∑

Niño months

Anom(i)
]
MH[ ∑

Niño months

Anom(i)
]
PI

/

[ ∑
all months

i
]
MH[ ∑

all months

i
]
PI

, (5)

when considering only 500 years of the PI simulation in order to get the same simulation length (first
and last 500 years). The ratio is lower than 1 for the four indices, meaning that the MH reduction in
the integrated Niño anomaly is larger than the reduction in the integrated total value. Thus, the El
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Fig. 17. Ratios comparing the MH El Niño-related changes with mean state-related changes, built from
temporal integration as described in the text. Two values are given for each of the four indices: one when considering the
first 500 years of the PI simulation (in order to get the same simulation length), and one considering the last 500 years.
Ratios are lower to one, meaning that the El Niño-related changes are larger than the mean state-related changes in the
MH.

Niño-related changes are larger than the mean state-related changes in the MH.

6 Summary and discussion

In this study we explore the role of the tropical Pacific ocean in global energy redistribution, in particular
the relative role of El Niño events. We compare the mid-Holocene climate (MH, 6 ka PB) and the
pre-industrial (PI, 0 ka), as simulated by two experiments using the IPSL-CM5A-LR model.

In the MH experiment, the tropical Pacific ocean provides less energy to the entire globe than in the
PI experiment, in long-term mean. This is partly a direct response of the reduced annual mean insolation
in the tropics, but this response is further amplified by internal processes (feedbacks, albedo, large-scale
circulation, etc.). In other words, in the IPSL-CM5A-LR MH experiment, the long-term mean energy
export out of the tropical Pacific is smaller than expected from insolation forcing.

El Niño events contribute to global energy redistribution, by exporting energy out of the Pacific. In
the IPSL-CM5A-LR PI experiment, the signature of a “typical” El Niño event (composite of all the El
Niño events) on global energetics is the following: heat is discharged from the western Pacific warm pool
and transferred to the eastern Pacific; surface waters warming in the eastern Pacific brings energy to
the atmosphere via radiative and evaporative cooling; the atmospheric column above the entire Pacific
charges up in energy, exports this energy poleward and more largely towards Indian and Atlantic oceans
areas. Results of this experiment are consistent with observations and reanalyses, although the role of
infrared radiations in heating the atmosphere above the Pacific ocean is overestimated.

In the MH experiment, the El Niño-related warm pool discharge, atmospheric diabatic heating and
MSE export over the equatorial Pacific are smaller. This is consistent with weaker ENSO in the MH. The
energy export out of the tropical Pacific is reduced both in long-term mean and during El Niño years.
However, the latter is not proportional to the former, meaning that the fraction of Pacific discharge that
is due to El Niño is reduced in the MH experiment. This is mainly due to the reduction in the occurrence
of El Niño events. Thus, the El Niño-related changes associated with the MH experiment are larger than
its mean state-related changes.

To summarize, in the IPSL-CM5A-LR MH experiment, the role of energy pump played by the tropical
Pacific is reduced compared to the PI experiment, both in long-term mean and during El Niño years.
This suggests that there could be coherence between weaker “capacity” of the tropical Pacific as being a
source of energy in long-term mean, and weaker El Niño.

At this stage, this work gives a new vision for studying El Niño in a changing climate, from a global
energetic point of view. El Niño is viewed as a component of a closed system in which the energy is
conserved. The El Niño change is seen from the perspective of its “final” signature on global energetics,
which is the result of all the internal physical processes that lead to this change. By identifying the
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processes that become dominant in global energy redistribution, we could understand more about these
internal processes and thus about the El Niño reduction in the MH. Our results are likely to be model
dependent, but the goal of this paper is to put emphasis on energetic diagnoses and new questions about
the energetic role of El Niño.

This work shows that the change in the energetic role of the Pacific ocean is a key element to address
the change in El Niño. It would be interesting to apply this method to other past climates or to future
projections.

Methods

Estimation of 90% confidence intervals in Figs. 2 and 11 (left panels) or 50% confidence intervals in
Fig. 15 (left and bottom panels) from bootstrap resampling: For each simulation (PI and MH), 100
estimations of the variable of interest (zonal averages of mean surface temperature, mean rainfall, mean
OHC, zonal integration of mean RadTOA, or zonal and meridional integrations of El Niño composite of
MSE transport anomaly) are produced by randomly sampling 100 samples in the original dataset (of
the same size, with 1 year = 1 value). 10 000 estimations of the MH-PI difference are then obtained,
by subtracting successively the 100 estimations of the PI to each of the 100 estimations of the MH. The
90% confidence interval consists of the percentiles 5–95%. The 50% confidence interval consists of the
percentiles 25-75%.

Estimation of 90% confidence intervals in Figs. 13 and 9, for the maps in Figs. 8 and 10, or 50%
confidence intervals in Fig. 14 and for the map in Fig. 15, from bootstrap resampling: 5,000 estimations
of El Niño composite anomaly are produced by randomly sampling 5,000 samples in the original dataset
(of 125 El Niño events in the PI and 39 in the MH) of the same size. The 90% confidence interval consists
of the percentiles 5–95%. The 50% confidence interval consists of the percentiles 25-75%.
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