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Abstract We use a state-of-the-art 3-dimensional coupled
model to investigate the relative impact of long term varia-
tions in the Holocene insolation forcing and of a freshwater
release in the North Atlantic. We show that insolation has a
greater effect on seasonality and La Nifia events and is the
major driver of sea surface temperature changes. In contrast,
the variations in precipitation reflect changes in El Nifio
events. The impact of ice-sheet melting may have offset the
impact of insolation on El Nifio Southern Oscillation vari-
ability at the beginning of the Holocene. These simulations
provide a coherent framework to refine the interpretation of
proxy data and show that changes in seasonality may bias the
projection of relationships established between proxy indi-
cators and climate variations in the east Pacific from present
day records.
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1 Introduction

El Nifio Southern Oscillation (ENSO) is one of the most
prominent features of interannual variability in the tropics
(Philander 1990). The associated variations in temperature,
precipitation and wind have large societal and economical
implications in different parts of the World, and its future
evolution raises many questions (Guilyardi et al. 2009b).
Past climate indicators such as coral records from the
Pacific Ocean (Tudhope et al. 2001; Cobb et al. 2003) or
laminated lake deposits in Ecuador (Rodbell 1999) show
substantial variations in ENSO activity in the past, that
have been related to insolation changes (Clement et al.
2000). Other records indicate that freshwater release from
the ice-sheet melting in the Northern Atlantic induced a
southward shift of the intertropical convergence zone
(ITCZ) (Haug et al. 2001; Leduc et al. 2007) which also
modulated past ENSO activity (Haug et al. 2001). The
characteristics of tropical climate variability are shaped by
several factors interacting in time, which may help explain
the apparent mismatches in the reconstructions of surface
temperature (Koutavas et al. 2002; Lea et al. 2000). These
ambiguities need to be resolved to make appropriate use of
the different proxy records in order to assess the ability of
climate model to reproduce ENSO variability at different
time scales.

Several studies have already shown that ENSO changes
during the Holocene are tied to the long term change in the
Earth’s orbital parameters (e.g. Cane et al. 2006). Some of
them refer to the mid or Early Holocene as a Nifia-like
mean state (Bush 2007), but results of the Paleoclimate
Modeling Intercomparison Projet (PMIP) do not entirely
support this view, even though all models produce an
annual mean cooling in the Pacific (Zheng et al. 2008).
These simulations of the mid-Holocene climate exhibit a
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reduced magnitude of the El Nifio events (Zheng et al.
2008), which has been attributed to Bjerknes feedback
(Clement et al. 2000) or to enhanced monsoon flow in
autumn, counteracting the development of sea surface
temperature (SST) anomalies (Liu et al. 2000; Zheng et al.
2008). The results of these simulations also suggest that the
ENSO teleconnections, such as the ENSO/Sahel telecon-
nection were damped at that time (Otto-Bliesner 1999;
Zhao et al. 2007).

However, insolation forcing is not the only driver at
these time scales. A study by Timmermann et al. (2007a, b)
showed ENSO characteristics could be altered in a modern
climate simulation by artificially introducing a freshwater
flux in the North Atlantic. Freshwater experiments on Last
Glacial mean state have shown similar behaviour (Merkel
et al. 2010). These conclusions need to be tested for the
early to mid-Holocene, which was affected by both chan-
ges in insolation seasonality and by the continued melting
of the ice-sheet and by freshwater events, e.g. the 8.2 kyear
event (Clarke et al. 2004), in order to understand whether
this melting may have offset some of the variations induced
by orbital forcing.

Here we analyze in a common framework, the relative
role of insolation and freshwater forcing, to better understand
how these two forcing factors have shaped the annual mean
cycle and interannual variability in the Pacific Ocean. We
use a set of simulations of the Early (9.5 ka) and Mid-
Holocene (6 ka) with the IPSL_CM4 coupled ocean—atmo-
sphere general circulation model (Marti et al. 2010) in which
the coupling of the freshwater flux release in the ocean
induced by the melting of the ice over ice-sheets is first
excluded, then included. We mainly focus on the SST evo-
lution in the Pacific Ocean. Our goal here is not to discuss in
detail the underlying mechanisms, but rather to provide some
guidelines to help disentangle interannual variability from
seasonality in the analyses of proxy records.

The remainder of the paper is organized as follow.
Section 2 presents the IPSL-CM4 coupled model and the
set of early and mid-Holocene simulations. Section 3 dis-
cusses the changes in interannual variability and season-
ality in response to the insolation forcing and freshwater
release in the North Atlantic. The relative impact of inso-
lation and freshwater fluxes on SST and precipitation
changes is quantified in Sect. 4, before the conclusion.

2 Early and mid-Holocene experiments
2.1 The IPSL_CM4 climate model
The IPSL_CM4 climate model is a 3-dimensional general

circulation model that couples ocean, atmosphere, land-
surface and sea-ice models (Marti et al. 2010). The version
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used here is the same as the one used for the future climate
projections discussed in the last IPCC assessment report
(Meehl et al. 2007). The corresponding model configura-
tion considers a horizontal resolution of 96 points in lon-
gitude and 71 points in latitude (3.7°%2.5°) for the
atmosphere and 182 points in longitude and 149 points in
latitude for the ocean, corresponding to a oceanic resolu-
tion of about 2°, with higher latitudinal resolution of 0.5° in
the equatorial ocean. There are 19 vertical levels in the
atmosphere and 31 levels in the ocean with the highest
resolution (10 m) in the upper 150 m. The ocean and
atmosphere exchange momentum, heat and freshwater
fluxes, surface temperature and sea-ice cover once a day.
The freshwater budget is closed thanks to a river runoff
scheme that routes the runoff from land to the ocean.

In addition the model includes a parametrisation of land-
ice melting through iceberg or direct runoff. This crude
parameterization was first implemented for future climate
projections (Swingedouw et al. 2006) and recently used to
investigate the impact of icesheet melting on different
climate states (Swingedouw et al. 2009). It is based on
thermodynamic laws. When the glacial surface is snow free
and the surface temperature is greater than 0°C, the surface
temperature is set to 0°C and the corresponding heat flux is
used to melt the land ice. The dynamics of the ice-sheet are
not considered. The land-ice areas and altitude remain
fixed to their modern observed values and refreezing pro-
cesses are neglected. The melt water is routed to the ocean
as a freshwater flux with a 10-year average. It is not
directly distributed along the ice sheet, but uniformly over
a wider region, so as to mimic the iceberg transport. The
Earth is divided into three latitude bands with limits at
90°S/50°S/40°N/90°N. In the northern box the freshwater
is sent to the Atlantic and the Nordic Seas, but not to the
Pacific (see Marti et al. 2010 for details).

A description of the model’s ability to reproduce the
mean climate, climate variability and various climatic
events can be found in Marti et al. (2010). The ability of
the model to reproduce the seasonal cycle in the tropics and
ENSO is discussed in Braconnot et al. (2007a) and Guil-
yardi et al. (2009a) respectively. In general, seasonality is
well reproduced over the ocean except that, during boreal
summer, the North American monsoon doesn’t penetrate
far enough onto the continent, which slightly impacts on
the location of the summer ITCZ in the east Pacific (Bra-
connot et al. 2007a). The model has similar biases to other
models of this class, such as a warm bias along the east
Pacific upwelling and a tendency of the equatorial
upwelling to penetrate too far west in the western Pacific
(Latif et al. 2001). This explains why the pattern of inter-
annual variability is slightly shifted to the west compared
to observations (Fig. 1). However several analyses have
shown that ENSO variability is reasonably well reproduced
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Fig. 1 Standard deviation (°C) of boreal winter (DJF) of SST
standard deviation (°C) in the Pacific and the Indian sectors for a the
pre-industrial (PI CTRL) simulation, b the HadiSST observations
(Rayner et al. 2003) ¢ the 6 ka simulation with insolation forcing,

compared to other models in the same category (Guilyardi
2006; Leloup et al. 2008). The model also exhibits insuf-
ficient dynamical and thermodynamical coupling (Guil-
yardi et al. 2009a), which could lower its sensitivity to
external forcings at the interannual time scale. These
aspects should be considered when analysing the different
simulations, and for these reasons, we do not pretend that
our simulations are entirely realistic. Instead, we use them
here as an integrating framework to discuss relative effects
of insolation and freshwater fluxes on ENSO and mean
state characteristics.

2.2 Simulations of the early and mid-Holocene
with the IPSL-CM4 general circulation model

We first consider simulations for which only the changes in
the Earth’s orbital parameters are accounted for to discuss
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d the 6 ka simulation with insolation forcing and ice melting, e the
9.5 ka simulation with insolation forcing, and f the 9.5 ka with
insolation forcing and ice melting

the impact of the insolation forcing for the Early Holocene
(9,500 years ago, 9.5ka) and the mid Holocene
(6,000 years BP, 6 ka). These simulations were first
designed to analyze the response of the African and Indian
monsoon to insolation forcing (Marzin and Braconnot
2009; Braconnot et al. 2008). The Earth’s orbital parame-
ters were computed following Berger (1978). The mid-
Holocene simulation corresponds to the PMIP simulation
(Braconnot et al. 2007b). In two additional simulations, we
also switch on the crude parameterization of ice-sheet
melting (Table 1). The freshwater amount corresponds to
0.40 mm/year sea level rise for mid Holocene and
0.63 mm/year for Early Holocene, representing the upper
boundary of possible values. We do not consider in these
simulations changes in the land-sea mask resulting from
lower early Holocene sea level and that has been shown to
impact the monsoon characteristics in the Indonesian sector
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Table 1 Sea-surface temperature characteristics (mean and interannual variability) in the Nifio 3 box (150°E-90°E; 5°S-5°N) for the different

simulations

PI 6 ka 6 ka wF 9.5 ka 9.5 ka wF
Length of simulation (years) (number of year considered in this study) 1,000 650 800 500 280
Mean SST value (°C) (error bar) 26.2 (0.03) 26.0 (0.11) 26.0 (0.06) 26.0 (0.08) 25.9 (0.07)
Mean magnitude of seasonal cycle (°C) (error bar) 2.6 (0.9) 1.94 (0.5) 1.93 (0.5) 2.14 (0.4) 2.07 (0.45)
Mean number of El Nifio event/century threshold 1.2¢ (1.50) 11.2 (5.5) 9.1(6.4) 10.1 (4.7) 6.2 (4.6) 10 (7)
Mean El Nifio magnitude in Nifio 3 threshold 1.2¢ (1.50) 2.55 (2.84) 2.48 (2.55) 2.0 (2.63) 2.0 (2.14) 2.26 (2.51)
Number of La Nifia events/century threshold 1.2¢ (1.50) 11.5 (5.5) 3.7 (2.3) 7.1 (5.9) 5.1 (3.2) 7 (6)
Mean La Nifia magnitude in Nifio 3 threshold 1.2¢ (1.50) 3.11 (3.56) 296 (2.91) 3.25(3.5) 2.95 (3.07) 3.34 (2.64)

PI stands for the pre-industrial climate, 6 and 9.5 ka for the climate of the mid and of the early Holocene respectively, and wF for the interactive
ice-sheet melting freshwater flux in the north Atlantic. The mean magnitude of the seasonal cycle is obtained by computing first the magnitude of
the seasonal cycle for each year and then the average. The error bars are estimated by bootstrapping over periods of 30 years. The characteristics
of the El Nifio and La Nifio events are estimated from DFJ interannual variability

(Griffiths et al. 2009). Our simulations are therefore pri-
marily conceptual and do not pretend to be realistic. The
simulations are 280-800 year long, and the reference is a
1,000 year long simulation of the pre-industrial climate
(Table 1). For the analyses, we have used monthly time
series from the last part of the simulations where the cli-
mate characteristics are stable and no longer affected by
the initial adjustment to the forcing. This corresponds to
770 years for the control simulations and varies from 100
to 370 years for the other simulations depending on their
total length. The simulated changes for mid-Holocene
ENSO resemble those of other PMIP2 simulations, even
though the magnitude of the change in the Nifio3 box
interannual DJF SST variance is slightly smaller (Zheng
et al. 2008). To first order, the reduction of ENSO mag-
nitude is compatible with the estimates from proxy records
reported in Table 2. The current simulation was completed
after files were included in the PMIP2 database, and the
results presented here cover longer time series and a wider
range of ENSO possibilities, which is needed to properly
characterize interannual variability (Rodgers et al. 2004).

3 Characteristics of interannual variability
and seasonality in response to insolation forcing
and freshwater fluxes

The change in the Earth’s orbital parameters does not alter
the annual mean insolation, but modifies the latitudinal
gradients and the shape of the seasonal cycle (Berger
1988). The orbital forcing change reduces the December-
January—February (DJF) SST interannual variability in the
East Pacific for the early and the mid Holocene (Table 1;
Fig. 1), confirming the results of previous studies (Clement
et al. 2000; Zheng et al. 2008; Timmermann et al. 2007a).
For each time period considered here, the interannual
variability was enhanced when ice-sheet melting is
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accounted for (Fig. 1) as found for modern (Timmermann
et al. 2007b) or glacial conditions (Merkel et al. 2010). In
the following section, we further distinguish warm El Nifio
and cold La Nifa events as done in Bush (Bush 2007) to
infer possible asymmetry in the response to the different
forgings.

3.1 ENSO composites

In order to compare the relative impact of the changes in
the seasonality, El Nifio or La Nifia events on the SST
evolution across the Holocene depending on the climate we
classified the years from each simulation into El Nifo, La
Nina. The years that do not fall into the previous two
categories are considered as normal year from which we
can estimate a mean seasonal cycle. For a given simulation,
a particular year is assigned to a El Nifio (La Nifa) year if
the SST departure from the long term DJF average in the
Nifio3 box (150°W-90°W;5°S-5°N) is larger (smaller)
than 1.2 standard deviation (¢) of the PI time series (1.2°C,
Table 1). We also consider 1.5¢ of each simulation to
identify the biggest events in each time period and to test
the robustness of the results. For a given climatic period a
typical El Niflo or La Nifia year was then obtained by
averaging all the corresponding El Nifio (La Nifa) years.
We only discuss here features that remain robust whatever
the criteria.

In response to the early and mid-Holocene insolation
forcing, the development phase of El Nifio events is
damped from August to November (Fig. 2). The figure
shows a large diversity in the development of the El Nifio
events between the simulations. Figure 4 shows, for each
simulation, the statistical significance of the monthly
change of typical El Nifio and La Nifia years in the Nifio3
box (150°W-90°W; 5°S—5°N). The evolution of the typical
El Nifio year and the standard deviation for each month is
estimated from the average of all the El Nifio or La Nifia
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Table 2 Syntheses of the different studies used to infer the changes
in temperature, precipitation and variability during early to mid-
Holocene (Stott et al. 2004; Shulmeister and Lees 1995; Turney et al.
2004; Riedinger et al. 2002; Koutavas et al. 2006; Partin et al. 2007;

Benway et al. 2006; Kienast et al. 2006; Pahnke et al. 2007; Koutavas
et al. 2002; Tudhope et al. 2001; Rodbell 1999; Moy et al. 2002; Haug
et al. 2001; Lea et al. 2000)

Site Region Proxy Climate parameter 6 ka change Record length  Reference
1 MD98-2181 Western Foraminifer Mg/Ca  Annual SST Warmer 0-15 ka Stott et al. (2004)
Pacific SSTs
2 MD98-2176 Western Foraminifer Mg/Ca Annual SST Warmer 0-15 ka Stott et al. (2004)
Pacific SSTs
3 Core V21-30 Eastern Foraminifer Mg/Ca  Annual SST Colder SSTs 0-30 ka Koutavas et al.
Pacific (2002)
4 Groote Eylandt North Pollen Effective precipitation Wetter 0-30 ka Shulmeister and
Australia (summer monsoon) conditions Lees (1995)
5 Lynch’s crater North-East ~ Pollen Surface moisture (SE-trade Wetter 0-45 la Turney et al.
Australia winds) conditions (2004)
6 Papua New Guinea Papua New Coral 5180 Monthly SST/monthly Reduced 0-130 ka Tudhope et al.
corals Guinea rainfall variability (partial (2001)
records)
7 Laguna Pallcacocha  Ecuador Sediment gray scale Storm events (zonal SST  Reduced 0-15 ka Rodbell (1999)
gradient) variability
8 Laguna Pallcacocha  Ecuador Sediment red High SSTs (increased Reduced 0-11 ka Moy et al. (2002)
intensity inorganic sediments) variability
9  Galapagos islands Eastern Siliciclastic/ El Nifio intensity/ Reduced 0-6.1 ka Riedinger et al.
Pacific carbonate laminae  frequency (rainfall) variability (2002)
10 Cariaco Basin Venezuela  Sediment titanium  ITCZ position ITCZ 0-14 ka Haug et al.
coast concentration (precipitation/river northward (2001)
discharge) shift
11 Core 19-28 Eastern Foraminifer Mg/Ca Annual SST Colder SSTs 2-12 ka Koutavas et al.
Pacific (2006)
12 Borneo Speleothem Borneo Speleothem 5180 Annual rainfall (little Wetter 0-27 ka Partin et al.
modern seasonality) conditions (partial (2007)
records)
13 Core MEOOO5A-43JC/ Eastern Foraminifer 5180 Sea surface salinity ITCZ 0-30 ka Benway et al.
ODP site 1242 Pacific northward (2006)
shift
14 TR163-19 Eastern Foraminifer Mg/Ca  Annual SST No change  0-360 ka Lea et al. (2000)
Pacific
15 ODP Hole 806B Western Foraminifer Mg/Ca  Annual SST Warmer 0-470 ka Lea et al. (2000)
Pacific SSTs
16 MEOO005A-24]C Eastern Alkenone Annual SST Cooler SSTs 0-35 ka Kienast et al.
Pacific unsaturation index (20006)
u37
17 KNR176-JPC32 Eastern Alkenone Annual SST Cooler SSTs 0-27 ka Pahnke et al.
Pacific unsaturation index (2007)
u37
18 KNR176-JPC32 Eastern Alkenone 5D Annual precipitation Wetter 0-27 ka Pahnke et al.
Pacific conditions (2007)

The number in the first column refers to the numbers of the different sites in Fig. 7

events. We then compare this evolution between two
simulations by testing for each month the null hypothesis
that there is no difference between the two simulations.
Figure 3 shows the results of the 7 test obtained when the
events are selected using the 1.2¢ SST threshold from the
control simulation or when using the 1.5¢ SST threshold
from each simulations (see Table 1). In the second case,

only the major events are considered, but the statistics may
be biased due to the small number of events in some of the
simulations. We present the results of the ¢ test showing
both the 5 and 10% confidence level (dotted lines). This
figure shows that the reduced SST warming rate induced by
insolation changes during the autumn preceding the peak
warming are statistically significant from control for 9.5
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and 6 ka in spring, which indicates that El Nifio develop-
ment is damped.

The freshwater flux simulations do not show significant
differences for El Nifio (Fig. 3). Although the differences
between the simulations with and without freshwater flux
are not statistically significant they show a consistent
enhancement in the slope of the curve during the devel-
opment phase of the events compared to the simulation
without the freshwater flux (Fig. 2) and the reduction of the
ENSO peak is shifted in time (Fig. 3). The effect of the
freshwater flux almost counteracts the effect of the inso-
lation forcing (Figs. 1, 2). Note also that La Nifia events
are significantly altered in all simulations, suggesting that
these events were more affected by the different forcings
and that these changes would have dominated SST vari-
ability in the Holocene. This may have been important
during the Early Holocene and careful analyses of proxy
records is therefore needed to estimate which of the forcing
may have been the most important in shaping interannual
variability depending on proxy location.

El Nino

2.00 | | 1
e =] g /.;—;,* = -
1.20 — / //_ -
0.80 | 7 -
-4 ) — -

[ 7 Ctrl

0.40 — 1/ 9.5ka -
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Fig. 2 Evolution of Nifio3 SST (°C) for composite El Nifio (fop) and
La Nina years (bottom) for the different simulations. The time axis
considers the year of the event (1-12) and the year following the
event (13-24)
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The number of events is reduced (Table 1), with a
greater reduction found for the Early Holocene for warm
events and in the mid-Holocene for cold events. In our
simulations, La Nifia events also have longer persistence
compared to PI with differences of up to 0.8°C the fol-
lowing spring (Fig. 2). While the magnitude of this change
may not reflect reality, it highlights that the response of
warm and cold events is not symmetrical, and shows that a
decomposition of the variability into typical events is
needed to properly assess the changes in interannual vari-
ability. It also suggests that different changes in warm and
cold events may result in similar changes in interannual
variability, which has implications for how changes in
these events impact the environment. The asymmetry of
the response could also be at the origin of differences
between proxy records, depending on whether these proxy
are more sensitive to cold or warm events.

3.2 Changes in seasonality

To fully assess the SST changes, we also need to consider
changes in seasonality. The insolation forcing leads to
colder (warmer) SSTs from January to May (August to
November). As found in De Willt and Schneider (deWitt
and Schneider 2000), the West Pacific changes in annual
mean cycle are dominated by the changes in the heat
fluxes, whereas changes in winds play a larger role in the
eastern Pacific. In the east Pacific, dynamical forcing helps
dampen the equatorial upwelling (Fig. 4). The increased
boreal summer insolation in the north hemisphere causes
both the interhemispheric and land-sea temperature gradi-
ents to be strengthened, thereby enhancing the monsoon
winds from the warm and humid tropical ocean onto the
continents. The Indian and Southeast Asian monsoon are
enhanced during the early and mid-Holocene, and as are
the trade winds in the middle and western Pacific (Fig. 5).
In the eastern Pacific, the North American monsoon also
strengthens. However, windstress increases mostly from
the subtropical north Pacific and not from the equator
(Fig. 5). In this region, the northward component of the
windstress across the equator is a key driver of the
upwelling near the coast (Xie et al. 2008), so that a coupled
simulation with a stronger northward windstress in this
region will show stronger upwelling than a simulation with
stronger zonal flow (Braconnot et al. 2007a). Our simula-
tions of mid and Early Holocene simulations exhibit a
reduced windstress in the east Pacific (Fig. 5), which
dampens the development of the equatorial upwelling, even
though the southeast trade wind is stronger further west. In
addition there is a slight southward shift of the rain belt on
the Panama Isthmus and in the east Pacific north of the
equator.



P. Braconnot et al.: Impact of Earth’s orbit and freshwater fluxes

1087

30 L1 - -

\ MLH”I_ B [— _I_,_

TTT T T I T T T T rrTTT

Month
J'O(b)l ] 1 1 ] ] | | 30 | | ] ] | | ] ] ]
2.0 :._ S I_ s _I_ ___|____|___ _|__ e 2.0:
= 1.0 E_

TTTTTT T T T T T T

0.0 —
o 1'0 -
20}
-3.0 -
4.0
P

—6.0

3.0
C 204 -
B 1.0: ;
0.0 - -7"‘#:_;—-'4 “|"—'““‘.-.=_~___: - =
B - -0 -
T I O et B I D i = i
_zz:___|____]_ _._._|_._._._|_._._ _|____: _3.0 ] :
Rl [ —4.0- -
AT
[ B R B R S I B R E— E— —60
2 6 10 14 18 22
Month Month
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A freshwater flux in the Northern Atlantic cools SSTs,
resulting in anticyclonic circulation and a strengthening of
the northerly flow across the Panama Isthmus (Timmermann
et al. 2007b; Swingedouw et al. 2009). This shifts the ITCZ
southward in the east Pacific, which reduces the monsoon
precipitation over land and induces an anomalous southward
circulation in the east. This effect further dampens the
development of the equatorial upwelling (Xie et al. 2008).
This effect on the seasonal cycle is smaller than the impact of
the orbital forcing (Fig. 4). In our simulations, the reduction
of the wind is at its highest near the coast for the insolation

(larger) in the past than in the reference simulation. The black line and
the red line stand respectively for El Nifio events selected using the
1.20 (black) and 1.5¢ (red) threshold in SST. The 5 and 10%
confidence limits are provided (horizontal dotted lines) for the 1.2¢
threshold. They are quite similar for the 1.5¢ threshold (not shown)

forcing, but not for the freshwater forcing. This explains why
the effect of the north Atlantic freshwater flux on the east
Pacific seasonality and on the upwelling development is less
than the effect of the insolation forcing.

Interestingly, the Early Holocene shows greater differ-
ences in SST relative to present day, but the mid-Holocene
has a greater change in the magnitude of the seasonal cycle
(difference from minimum to maximum SST values;
Table 1). This differential rate of change of various aspects
of the climate system in the past is important for the
interpretation of proxy data. For example, a proxy which is
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Seasonality
1 1 1

Months

Fig. 4 Seasonal cycle of SST (annual mean removed, °C) in the Nifio
3 box (150°E-90°E, 5°S-5°N) for the different simulations and the
HadiSST observations

limited by the seasonal range of SSTs, may be used to
reconstruct Summer SST, due to a strong modern correla-
tion between these two climate parameters. However, these
results show that modern correlations between different
aspects of the climate system do not necessarily hold true
in the past, and emphasizes the need to better understand
the limiting factors for any proxy.
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4 Relative SST changes in seasonality and interannual
variability

The analysis of the SST changes in the Nifio 3 box (Fig. 2)
show that it is difficult to obtain a simple view of the
relative importance of the SST changes for seasonality and
interannual variability. In order to summarize the results
and to extend it to the whole equatorial Pacific, we com-
puted at each grid point the root mean square difference
from July preceding the event to July following the event
between the composites of the different simulations. In the
case of normal years this provides integrated information
of the changes in the mean seasonal cycle. Figure 6 illus-
trates the results for the Early Holocene. The top figure
shows for each model grid point the root mean square
difference between the El Nifio anomalies of 9.5 ka and
those of PI for SST (isolines) and precipitation (color).
These differences can be compared to those obtained for La
Nina event or for Normal years, the latter representing
changes in seasonality. We further summarize the results
obtained for SST by averaging the SST rms in 3 boxes
along the equatorial Pacific (Fig. 7).

Figure 7 also provides a pan equatorial Pacific view of
available studies reporting mid to Early Holocene changes
in the mean state and interannual variability. These studies
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Fig. 6 Root mean square (rms) difference between 9.5 ka and PI
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precipitation (color). Rms is plotted every 0.2°C for SST, starting at
0.2 to only consider relevant features

consider different types of proxy that account for changes
in sea-surface temperature, precipitation, or interannual to
multidecadal variability, including shifts of the Intertropi-
cal Convergence Zone (Table 2). They provide a consistent
picture of SST and hydrological changes across the Pacific
that can be used for model assessment. These records
support the view that ENSO variability was reduced (Moy
et al. 2002) or even absent in the early to mid-Holocene
(Sandweiss et al. 1996), and that mean conditions were
closer to a La Nifia state. It is however difficult to directly
compare our model results with these reconstructions. In
particular reconstructed warmer SSTs in the west and
colder SSTs in the east are not shown in the simulated
annual mean SST, but instead match the simulated change
in SST mean annual cycle. It is therefore important to
better know which signal is reflected by the proxy data.

The wetter conditions reconstructed in the north of Aus-
tralia are shown in our mid-Holocene simulation, but the
magnitude is reduced. As stated by Brown et al. (2008)
some of the model biases in the west Pacific such as the
westward extension of the cold tongue and the overly zonal
position of the SPCZ limits model-data comparisons in
these regions. However, the results shown in Fig. 7 may
also reflect a combination of changes in annual mean cli-
mate, seasonality or interannual variability, depending on
the location of the proxy records and the factors that con-
trol or limit their expression, as suggested by our com-
parison of the relative effect of insolation and freshwater
flux on seasonality and variability.

The plots in Fig. 7 show that the change in seasonality is
the dominant cause of SST changes throughout the Holo-
cene. Cold events have a larger impact than warm events,
and the relative size varies depending on precession (6 ka
larger than 9.5 ka). The impact of freshwater forcing is of
similar magnitude to the insolation forcing. The regional
differences are more easily inferred from the maps (Fig. 6).
For 9.5 ka, the larger differences in the development of
typical El Nifio events are found in the east Pacific, as
expected for SST. The center of these differences is located
slightly to the west, whereas the larger differences for
seasonality are more confined to the coast. Changes in
seasonality are thus dominant across the Holocene and
even offset the impact of changes in variability in those
regions where SST fluctuations are dominated by interan-
nual variability in the modern climate.

These maps allow comparisons to be made between the
precipitation signal and the temperature signal, even though
precipitation is noisier than SST and the error bars larger.
Interestingly, precipitation is more affected by El Niflo
events in most of the tropical Pacific Ocean. Following the
usual pattern of precipitation anomalies associated with El
Nifo or La-Nifia events, the largest differences in precipi-
tation are found in the west Pacific and the Indonesian
archipelago and along the Andes and South America
(Fig. 6). However Fig. 6 shows that the freshwater signal
should be analysed with care in the west Pacific where sea-
sonality and interannual variability have an impact of similar
amplitude in several places. This reflects the large imprint of
the changes in the seasonal variations of the ITCZ in these
regions. These results clearly show that the response of El
Nifo, La Nifia and seasonality to the insolation forcing has
different relative impact depending on the location and
variable considered (SST, precipitation).

5 Conclusion

Our simulations of the Early and mid-Holocene that
examine the impact of both changes in insolation and the
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Fig. 7 Location of ENSO proxy sites with general information on
climate change inferred from the synthesis provided in Table 2:
triangles: warmer SSTs; inverted triangles: cooler SSTs; circles:
increased precipitation; squares: reduced ENSO variability; stars:
positional change of ITCZ. The background shows the distribution of
modern SSTs during the recent La Nifia event of December 1998
(data taken from the Reynolds global SST dataset at NOAA CDC:
http://www.cdc.noaa.gov/). Below: The boxes summarize the relative

melting of the ice-sheet provide a consistent framework to
analyse the relative importance of these two forcings on the
mean seasonal cycle and interannual variability in the
Pacific Ocean.

An interesting feature emerges in the results that ques-
tion the frequency entrainment between a strong seasonal
forcing and ENSO that may be inferred locally from the
strength of the seasonal cycle in the eastern Pacific SST
(Timmermann et al. 2007b; Liu 2002). This mechanism
supposes an inverse correlation between the strength of the
seasonal cycle and the magnitude of the interannual vari-
ability. Here, orbital forcing and freshwater release both
dampen the seasonal cycle in the east Pacific in the early
and mid-Holocene, but the orbital forcing also dampens the
interannual variability whereas the freshwater flux enhan-
ces it. The orbital forcing enhances both the interhemi-
spheric and the land sea temperature contrast,

@ Springer

impact of El Nifio, La Nifia and seasonality on the SST changes (°C)
across the Holocene, when considering only insolation or freshwater
flux, as well as their interactions. The different bars correspond to the
mean root mean square difference between the simulations listed on
the X-axis computed from July to July so as to consider the whole
development and decay phase of El Nifio and La Nifia events. The
names of the simulation refer to Table 2

strengthening the southwesterly trade winds and the south
and Asian monsoon flow in autumn, which counteracts the
development of warm events (Fig. 2). The freshwater
release leads to a smaller east—west SST gradient across the
equatorial Pacific which favours the relaxation of trade
winds and thereby El Nifio events (Fig. 2). This needs to be
further analyzed.

The slow variation of the insolation forcing during the
Holocene has a larger impact on seasonality than the per-
turbation of the north Atlantic freshwater flux. These
changes in seasonality have a larger impact on SST than
changes in interannual variability, even in the east Pacific.
A combination of dynamical and thermodynamical effects
involving the large scale monsoon circulation and cross
equatorial flow, the change in seasonality induced by the
insolation forcing results in a dampening of seasonal SST
variations compared to present day, and in a deeper
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thermocline. This underlines the need to carefully investi-
gate the robustness of the calibration between proxy indi-
cators and interannual variability in a changing climate,
which may be achieved by careful model-data comparison.
Proxies that are correlated with modern interannual vari-
ability may result in an overestimation of ENSO changes
when changes in seasonality dominate the climate change.

The response of interannual variability to the freshwater
release almost counteracts the effect of insolation. These
results show that in order to fully understand seasonal and
interannual variability of different regions of the Pacific,
we require a better understanding of freshwater fluxes
changes during the Holocene. This forcing may have offset
the effect of insolation on variability in the Early Holocene,
so that changes in ENSO variations may not have been
recorded in many regions. The larger changes in season-
ality and variability are found in the east Pacific where
dynamical and thermodynamical effects enhance the SST
response.

Apparent discrepancies between different proxy records
(Koutavas et al. 2002; Sandweiss et al. 1996) or between
model and data (Brown et al. 2008) may result from dif-
ferent sensitivity to annual mean cycle or interannual
variability of temperature or precipitation. Taken with our
results, these discrepancies highlight the need to reinves-
tigate these relationships by regions and by proxy using
model results as an integrating framework. A multi-proxy
integration considering these different aspects would be of
great use to assess the realism of climate model and to
better understand the link between seasonality and inter-
annual variability, thus helping to improve climate
predictability.
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