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Abstract

A new chronology of large magnitude rainfall events derived from the continuous high-resolution Lake Tutira storm sediment record covers the last
6800 years and provides the first insight into changes in El Nifio-Southern Oscillation (ENSO) teleconnections to the higher southern latitudes to be
obtained from New Zealand. Synthesis with independent paleoclimate records from the tropical Pacific and Antarctica also reveals a millennial-scale
waxing and waning of the teleconnections that were not visible in the narrow historical window previously used to view interactions between ENSO
and the Southern Annular Mode (SAM). Consistent with modern ENSO behaviour, we find teleconnections to the Southwest Pacific varied throughout
the middle and late Holocene, depending on the strength and phase of ENSO and the phase of the SAM. We suggest that precession-driven changes in
the seasonal cycle of solar radiation exert a first-order control on the interaction between the two climate modes. Consequently, their present status
may neither be indicative of conditions that prevailed earlier in the Holocene, nor of those that might be associated with future climate changes in the

Southern Hemisphere extratropics.
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Introduction

A coherent picture of El Nifio-Southern Oscillation (ENSO) vari-
ability in the tropical Pacific is emerging (Cane, 2005), but com-
paratively little is known about the impact ENSO has on the
mid-latitudes of the South Pacific, where the Southern Annular
Mode (SAM) also exerts an important influence on climate (Fogt
and Bromwich, 2006; Kidston et al., 2009). The SAM is a product
of internal atmospheric variability that reflects changes in the
meridional pressure gradient between the southern mid and high
latitudes, and the position and strength of the mid-latitude west-
erly winds. In its positive (negative) phase the SAM is associated
with positive (negative) mid-latitude and negative (positive) high-
latitude pressure anomalies and a stronger (weaker) westerly cir-
cumpolar flow. Since the middle of the twentieth century the
positive phase of the SAM has become increasingly dominant in
the austral summer (Marshall, 2003), but proxy records of the
SAM’s variability are limited to centennial timescales and the
forcing mechanisms that give rise to observed trends are not fully
understood (Fogt et al., 2009; Goodwin et al., 2004). ENSO atmo-
spheric teleconnections to the mid- and high-latitude South
Pacific are thought to be dependent upon the strength of coupling
that exists between the low- and high-latitude climate modes, as
well as the strength of ENSO variability (Fogt and Bromwich,
2006; Lachlan-Cope and Connolley, 2006; L’'Heureux and
Thompson, 2006). The coupling between ENSO and the SAM
appears to have strengthened in recent decades, but current
knowledge of these interactions is limited to observational and
isotope records spanning the last few centuries (Fogt and Brom-
wich, 2006; Gregory and Noone, 2008), and longer-term

interactions between the two climate modes have yet to be
resolved. Determining the manner in which these interactions
evolve is key to constraining the response that southern mid- and
high-latitude climate had to past ENSO variability and to making
future climate projections (Watterson, 2009).

Its remote position in the middle latitudes of the South Pacific
Ocean, athwart the westerly zonal circulation and peripheral to
the easterly Trade Winds, makes New Zealand (NZ) an ideal
location from which to examine the influence that ENSO and the
SAM exert on mid-latitude climate. Observations and reanalysis
data (which simulate multiple climate variables) show that varia-
tions in the southern Pacific atmospheric circulation associated with
both ENSO and the SAM have a profound effect on NZ rainfall
(Ummenhofer and England, 2007; Ummenhofer et al., 2009).
Proxy records also suggest that ENSO likely had a strong influ-
ence on NZ climate during the late Holocene (Shulmeister et al.,
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Figure |. Location of the paleoclimate records used in this study and atmospheric influences on the South Pacific region. MD98-2181 and
MD98-2176 are core sites in the Western Pacific VWarm Pool (Stott et al., 2004); LP, Laguna Pallcacocha, Ecuador (Moy et al., 2002); LT, Lake
Tutira, New Zealand; and DC, EPICA Dome C,Antarctica (Masson-Delmotte et al., 2004). Sea-surface temperature (SST) anomalies (+°C

on scale bar) for December 1998 and 1997 characterize (a) La Nifia and (b) El Nifio conditions, respectively. The anomalies were computed
with reference to the 1982 to 1998 December average derived from Reynolds’ reconstructed SST data (http://ferret.pmel.noaa.gov/thredds/
dodsC/NVODS/reynolds_sst_wk/data_ferret.pmel.noaa.gov_thredds_dodsC_data_PMEL_reynolds_sst_wk.nc.jnl.html last accessed 23 May
2011). Dashed lines denote the schematic locations of the subtropical (STJ) and polar front (PFJ) jets (Yuan, 2004), and the average position
(1958-1998) position of the South Pacific Convergence Zone (SPCZ) during the austral summer (Folland et al., 2002).The tracks of (extra)
tropical cyclones that formed in the southwest Pacific in the 1998—1999 and 1997—1998 seasons are also shown (http://australiasevereweather.
com/cyclones/ last accessed 23 May 201 1).In (a), contours denote the average (1970—1997) number of cyclones passing within 555 km of each
point every year (Sinclair, 2002), and annotations refer to conditions experienced during the Southern Annular Mode’s positive phase

2006), and provide evidence that Antarctic influences transmit-
ted by the westerly winds had an effect on New Zealand’s paleo-
climate (Williams et al., 2010). In this paper we use the high
resolution sediment record from Lake Tutira, New Zealand, in
conjunction with other published paleoclimate records resolved
from lake, marine and ice cores, which span the South Pacific
from the equator to pole (Figure 1), to investigate Southern
Hemisphere climate behaviour. Synthesis of these records shows
how ENSO and the SAM may have interacted to influence the
frequency of large rainfall events that impacted the Eastern
North Island (ENI) of NZ during the middle and late Holocene.

The Lake Tutira sediment record

Lake Tutira (39.223°S, 176.890°E) was formed by a coseismic
landslide at ~7200 cal. yr BP (Orpin et al., 2010), and podocarp-
broadleaved forest originally covered the 32 km? catchment sur-
rounding the lake (McGlone, 2002). Humans used fire to destroy
the native forests from ~500 cal. yr BP, and the conversion of
fern and scrub to pasture commenced after European settlers
arrived in AD 1873. Major rainstorms periodically inject large
amounts of sediment into the lake, most of which is generated
by shallow landslides (Page et al., 1994). Sediment cores have
yielded a complete stratigraphy for the period of European set-
tlement and two long (~2250 and ~7000 yr), high resolution
records of storm activity (Eden and Page, 1998; Page et al.,
1994, 2010). The amount of sediment generated by individual
storms increased after both anthropogenic perturbations to the
vegetation cover (Page et al., 1994). However, the rainfall pat-
terns which drive sediment fluxes are determined by the atmo-
spheric circulation and, like the rest of the ENI (Kidson and
Renwick, 2002; Ummenhofer and England, 2007), rainfall
events at Lake Tutira are influenced by moisture-bearing east-
erly to northeasterly airflows and circulation changes associated
with ENSO and the SAM.

Climate modes and rainfall

El Nifio (La Nifia) is characterized by warm (cold) sea-surface
temperature (SST) anomalies in the central and eastern equatorial
Pacific, and weaker SST anomalies of opposite sign in the west-
ern equatorial Pacific (Figure 1). The different phases of ENSO
influence precipitation patterns in NZ by altering the position and
strength of the polar and subtropical jet streams and the path of
mid-latitude storm tracks (Folland et al., 2002; Yuan, 2004). La
Nifa generally brings more frequent easterly to northeasterly
winds and wetter than normal conditions to the ENI, whereas El
Niflo is typically associated with an enhanced westerly airflow and
cooler, drier conditions (Kidson and Renwick, 2002; Ummenhofer
and England, 2007). ENSO also affects the genesis, trajectory and
frequency of tropical cyclones in the Southwest Pacific (Sinclair,
2002). Most tropical cyclones form in the austral summer when
the South Pacific Convergence Zone (SPCZ) is strongest. The
SPCZ is linked to the Inter-Tropical Convergence Zone (ITCZ)
over the Western Pacific Warm Pool (WPWP) (Folland et al.,
2002). During La Nifia, when the SPCZ is displaced southwest of
its average position, more tropical cyclones tend to form and tran-
sition west of longitude 180° and are able to retain their intensity
over the mid-latitude Pacific Ocean and Tasman Sea (Figure 1a),
where their impact on the ENI may be enhanced by NZ’s orogra-
phy (Sinclair, 2002). Records indicate that during the latter half of
the twentieth century ENSO teleconnections to the South Pacific
were amplified when La Nifa (El Nifio) conditions coincided
with a positive (negative) SAM during the austral spring and sum-
mer, and became weaker during La Nifla when ENSO was out of
phase with the SAM (Fogt and Bromwich, 2006).

The SAM exerts a powerful influence on Antarctic climate
(Marshall, 2007). Changes in the SAM can explain as much as 50%
of the total temperature variability across Antarctica, and it has
been shown that natural variability in the atmospheric circulation
over the Southern Ocean is imprinted on the SAM-temperature
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relation for East Antarctica (Marshall et al., 2009; Schneider et al.,
2006). During the SAM’s positive phase East Antarctica cools, the
westerly winds over the Southern Ocean strengthen and storm
tracks shift poleward (Figure 1a). A positive SAM also enhances
the easterly to northeasterly airflow pattern across NZ and brings
generally wetter conditions to the ENI (Gallego et al., 2005; Gillet
etal., 2006; Kidston et al., 2009; Ummenhofer and England, 2007).

Core LT24

Piston core LT24 contains >1400 clay layers and sand-silt-clay
graded beds >0.5 mm thick that provide an uninterrupted ~7000 yr
long record of storm-driven erosional activity on hillslopes in the
Lake Tutira catchment (Orpin et al., 2010; Page et al., 2010). LT24
was obtained <10 m from the location of core LT15, which has
been the focus of efforts to evaluate paleostorm magnitude (Eden
and Page, 1998; Page et al., 1994). Core chronologies rely on linear
interpolation between well-established tephra dates supplemented
by radiocarbon ages with uncertainties of £100 yr (Eden and Page,
1998; Orpin et al., 2010). The event stratigraphy in the historic
period is contingent on observed rainfall. Sediment layer thickness
is influenced by the sediment-delivery ratio, rate of soil recovery
and land use, and varies with total rainfall over time because the
dispersal system is sensitive to changes in vegetation cover (Page
et al., 1994). Storm magnitude also helps determine whether shal-
low landsliding or sheet erosion dominates, as well as the depth of
eroded regolith (Orpin et al., 2010; Page et al., 2010). Graded beds
represent large magnitude rainstorms, clay layers smaller storms,
and sediment layer thickness correlates well with storm magnitude
(Eden and Page, 1998; Page et al., 1994). Total storm rainfall >300
mm enhances connectivity between pastoral hillslopes and stream
channels and mobilizes enough sediment to produce a significant
depositional response throughout the 1.8 km? lake (Page et al.,
1994), and the equivalent layer thickness is 11 mm (Figure 2). Prior
to European arrival it is estimated that the same rainfall total would
only have generated a 3 mm thick deposit (Eden and Page, 1998).

Observations of rainfall at Tutira began in November 1894,
and 10 of the 13 storms with total rainfall >300 mm that occurred
between Ap 1895 and 1950 can be correlated with sediment layers
in LT24. (Although candidate layers exist, we could not unequiv-
ocally identify the signature of the three remaining long duration,
low intensity rainstorms in the sediment record.) In the remainder
of the core, which postdates the 6835 cal. yr BP Unit G (Motutere)
tephra (Lowe et al., 2008), there are 233 clay layers and 154
graded beds >3 mm thick. We interpret this coherent assemblage
of 397 terrigenous sediment layers to be the product of the largest
rainfall events that occurred over the past 6800 yr. Except for the
last ~500 yr of human occupation, this is a record of natural envi-
ronmental variability.

Historical reconstructions of ENSO and SAM variability pro-
vide a means of contextualizing the Lake Tutira record beyond the
period covered by the currently used indices. Comparison with
Gergis and Fowler’s (2005) and Fogt’s (2007) reconstructions for
the instrumental period suggests that between 1890 and 1990: (1)
most (78%) of the largest sediment-producing rainstorms (>300
mm total storm rainfall) to affect the catchment between 1890 and
1990 either occurred during La Nifia, when local average annual
rainfall was 10% above normal, and/or at times when the SAM
was in its positive phase; and (2) the majority (80%) of the most
intense storms (>400 mm of rain in 72 h) occurred when La Nina
conditions coincided with a positive SAM (Figure 3).
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Figure 2. Relationship between sediment layer thickness and
measured total storm rainfall at Lake Tutira. R? = 0.7 and dashed lines
show 95% confidence intervals. Cores LT |5 and LT24 were obtained
from sites <10 m apart (Eden and Page, 1998; Page et al.,2010). Data
points without a border denote storms recorded in LT24 that are
below the present-day 300 mm (of total storm) rainfall threshold
required to produce a significant depositional response throughout
Lake Tutira (Page et al., 1994). Large magnitude storms that can be
correlated between the two cores are represented by overlapping
data points and data points linked by arrows
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Figure 3. Comparison between reconstructions of ENSO and SAM
conditions in the instrumental period and the occurrence of large
magnitude storms at Lake Tutira (indicated by arrows and circles).
ENSO index (gray shading, after Gergis and Fowler (2005)) and SAM
index (solid black line, after Fogt (2007)). Gray arrows call attention to
large magnitude storms that occurred during El Nifio and/or when the
SAM was negative and the open circle an intense storm that occurred
when ENSO and the SAM were out of phase (see text for discussion)

To assess the extent to which large magnitude storms in the
pre-observational period were coeval with La Nifia we compared
the centennial trend in the number of events recorded in Lake
Tutira to the number of strong, very strong and extreme La Nina
years documented in Gergis and Fowler’s (2009) ~500 yr long
multiproxy reconstruction of ENSO events. Other components of
the atmospheric circulation influence ENI rainfall (Ummenhofer
and England, 2007; Ummenhofer et al., 2009), and there is a
lower level of event capture in Lake Tutira because a rainfall
threshold must be crossed before landsliding engenders a signifi-
cant depositional response (Page et al., 1994). However, the trend
in the La Nifa reconstruction is preserved (Figure 4). Thus,
although the influence of a range of climate drivers is seen in the
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Figure 4. Relationship between the number of strong, very strong
and extreme La Nifia episodes in an annually resolved, multiproxy
reconstruction for the pre-observational period (Gergis and Fowler,
2009) and the number of sediment layers in Lake Tutira created by
large magnitude storms (R? = 0.91). The data points represent the
number of La Nifa episodes and storm sediment layers in 100 yr
bins from Ap 1550 to 1950 and figures in italics denote the
bin-midpoints

Lake Tutira storm sediment record as a whole (Eden and Page,
1998; Page et al., 2010), we suggest that the assemblage of 397
sediment layers created by large magnitude storms can best be
understood as a local manifestation of the large-scale climate
variability associated with La Nifia events and their relation with
the SAM. We created an event histogram for these large magni-
tude storms using a bin width of 100 yr (Figure 5a).

ENSO teleconnections to the
Southwest Pacific

Lake Tutira records prominent fluctuations in the frequency of
large sediment-producing storms from the mid to late Holocene
(from <4 to >16 events per 100 yr between ~5000 and ~2000 cal.
yr BP), which are broadly similar to the trends documented by
debris flow deposits in Laguna Pallcacocha, Ecuador (Moy et al.,
2002) (Figure 5a, b). The trend towards higher event frequency in
both lake sediment records is broadly consistent with the progres-
sive mid- to late-Holocene intensification of ENSO as simulated
by the Zebiak-Cane model (Figure 5¢). Reconstructions of ENSO
characteristics from tropical fossil coral sequences suggest ENSO
had a lower variance at ~6000 cal. yr BP (Figure 5c¢), when preces-
sion altered the amplitude of the seasonal cycle (Clement et al.,
2000), and abundant proxy evidence that indicates El Nifio and La
Nifla activity increased after ~5000 cal. yr BP (Donders et al.,
2008). To ascertain when statistically significant transitions
occurred in the normalized time-ordered proxy records from lakes
Tutita and Pallcacocha we used cumulative sum change-point
analysis (Taylor, 2000). The confidence level and the importance
of each change detected are given in Table 1. The critical value for
a one-tailed test was used to gauge the significance level (o) of
Spearman’s rank order correlation coefficient and quantify the
associations between different records over discrete time periods.

A level 1 change (the first change detected) in the Lake Tutira
record occurs at 4900 cal. yr BP (Table 1), and there is a signifi-
cant shift in the relation between the Lake Tutira and Lake Pall-
cacocha records at this time. Between 4900 and 2100 cal. yr BP
the Lake Tutira and Laguna Pallcacocha records are positively
correlated (o = 0.01), after 2100 cal. yr BP they are negatively
correlated (o = 0.01), and before 4900 cal. yr BP we accept the
null hypothesis that there is no correlation between the two
records (Figure 5a, b). We suggest that the association between

the two storm records varies over time because the Lake Tutira
signal reflects the dual influence both ENSO and the SAM exert
on NZ rainfall; whereas rainfall at Laguna Pallcacocha is primar-
ily ENSO forced (Moy et al., 2002). To investigate this possibility
and index the behaviour of ENSO and the SAM over the last 7000
yr we use the Mg/Ca paleothermometry for cores MD98-2181
and MD98-2176 from the WPWP (Stott et al., 2004), and the
stable isotope temperature estimates for the EPICA Dome C ice
core (Masson-Delmotte et al., 2004) (Figure 1). These tempera-
ture proxies provide evidence of long-term changes in the mean
state and variability of the tropical Pacific and Antarctic, respec-
tively. Our use of the Dome C isotope data as an extended proxy
for the SAM is predicated on the recent finding that the regional
SAM-temperature relation for East Antarctica is closely linked to
the atmospheric circulation pattern over the Southern Ocean
(Marshall et al., 2009). That said, we also recognize that attempts
to develop extended SAM time series from Antarctic ice core data
are in their infancy and that the utility of these reconstructions is
the subject of ongoing debate (Russell and McGregor, 2009).

There is a level 1 change in the Dome C record at 5900 cal. yr
BP, signalling the transition to generally more stable temperatures
that persist throughout the mid Holocene (Masson-Delmotte et al.,
2004), and a concurrent change occurs in the Lake Tutira record at
this time (Figure 5, Table 1). ENSO teleconnections to high south-
ern latitudes depend upon the strength of the Hadley circulation
and the intensity and position of convection in the tropics (Fogt
and Bromwich, 2006; Yuan, 2004). But the SAM is able to exert a
stronger influence on the mid-latitudes at times when ENSO is
weak (Fogt and Bromwich, 2006), and a positive correlation (o =
0.1) between the Lake Tutira and Dome C records implies that the
ENI may have been more responsive to forcing from higher, rather
than lower latitudes between 6800 and 4900 cal. yr BP. As the ITCZ
transitioned south and attained its present position near the equator,
and the ENSO cycle intensified ~5000 cal. yr BP (Koutavas and
Lynch-Stieglitz, 2004; Moy et al., 2002), the connection between
the low and high latitude climate modes strengthened. By 4900
cal. yr BP the ENI was strongly teleconnected to events in the
tropical Pacific, and Lake Tutira and Laguna Pallcacocha register
the same response to the level 1 change in the WPWP record that
occurred at 4700 cal yr. BP (Figure 5, Table 1).

A further intensification of the ENSO cycle produced a con-
temporaneous change in the Lake Tutira and Laguna Pallcacocha
records at 3350 £50 cal. yr BP (Figure 5a, b, c). The relation
between the WPWP and Dome C temperature reconstructions
also shifts at this time (Figure 5d, e); the two records are nega-
tively correlated (a = 0.05) from 4900 to 3300 cal. yr BP and posi-
tively correlated (o= 0.1) from 3300 to 2100 cal. yr BP. However,
there is no correlation between the two temperature records either
prior to 4900 or after 2100 cal. yr BP. That is, the Lake Tutira and
Laguna Pallcacocha storm records are in-phase at times when the
principal modes of Southern Hemisphere atmospheric variability
appear to work together, and a warm WPWP (La Nifia) correlates
with a cool Antarctic (+SAM) and cool WPWP (El Nifio) corre-
lates with a warm Antarctic (—SAM) (Figure 5). Conversely, the
records are of opposite phase or uncorrelated at times when the
temperature reconstructions we use to index the behaviour of
ENSO and the SAM indicate that the two climate modes do not
reinforce one another.

At times when the low- and high-latitude climate modes rein-
force one another ENSO teleconnections to the South Pacific are
amplified if La Nifla conditions coincide with a positive SAM
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Figure 5. Comparison of the Lake Tutira core LT24 record of paleo-ENSO/SAM activity with Southern Hemisphere paleoproxies (see Figure |
for core locations) and simulated records. (a) Lake Tutira event histogram, the number of large magnitude storms in 100-yr bins, superimposed
on (b), the analogous event time series for Laguna Pallcacocha, Ecuador (Moy et al., 2002). Dots with horizontal error bars indicate the locations
and estimated age ranges for tephras in core LT24. (c) ENSO behaviour characterized by: an ensemble mean (solid line) of six simulations with
the Zebiak-Cane model forced by orbital variations (warm events are defined as model years in which the boreal winter SST anomaly in the
Nifio-3 region exceeds 3°C); and the percent change (dots) in the difference between the ENSO variances of fossil and modern coral from sites
on Palmyra and Christmas islands, Vanuatu and Papua New Guinea (Cobb et al., 2003; Corrége et al., 2000; McGregor and Gagan, 2003; Tudhope
etal., 2001; Woodroffe et al., 2003). The fossil coral variance changes were calculated from raw data, except in the case of the statistics for corals
from northern Papua New Guinea (McGregor and Gagan, 2003), which were estimated from graphs and are plotted with conservative +20%
error. (d) Western Pacific Warm Pool SST reconstruction derived from the Mg/Ca paleothermometry for cores MD98-2181 and MD98-2176
(Stott et al., 2004), shown as the departure of the 100-year bin average from the threshold temperature (29°C) at which strong convection is
initiated over the ocean surface (the thick dashed line shows the long-term trend and the thin solid line the short-term trend as represented by

a three-point moving average). (e) Central Antarctic temperature anomalies reconstructed from the stable water isotopes in the EPICA Dome C
ice core (Masson-Delmotte et al., 2004) shown as a 100-yr bin average (the thin solid line shows the short-term trend as represented by a three-
point moving average). Variations in grey shading denote transition points where the mean of the time-ordered data shifts (Table |). Arrows

and annotations draw attention to indicative relationships between the low and high latitude temperature records which we use to index the
behaviour of ENSO and the SAM, and between the lake sediment records. Operators in square brackets indicate the sign of statistically significant
relationships and bold type denotes interactions between the two climate modes that promote a strong teleconnected response in the Lake
Tutira record, as discussed in the text (e.g.LN / + (EN / =) denotes La Nifa (El Nifio) conditions and a positive (negative) SAM)

(Fogt and Bromwich, 2006). Erosional activity at Lake Tutira may be a product of storm-generated erosion in a landscape pre-
invariably peaks (>10 events in 100 yr) when this is the case conditioned by a major (M,, = 7.4) earthquake that occurred ~4200
(Figure 5a, d, ¢). An anomalous spike centred on 4150 cal. yr BP cal. yr. BP (Hayward et al., 2006). Major lulls in storm activity at
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Table I. Transition points in each specified proxy record detected by cumulative sum change-point analysis (Taylor, 2000). The confidence
level is obtained by bootstrapping, and the level indicates the number of passes through the record required to detect the change (e.g. a
level | change is the first change detected). Data binning minimizes errors in the depth—age relationships used to calibrate the proxy records,
such that uncertainty in the timing of the transition points does not exceed 200 yr

Record Cal.yr BP Confidence level (%) Level
Tutira 5900 97 3
4900 99 |
4600 94 8
3300 100 5
2100 98 6
1800 100 4
Pallcacocha 4600 91 3
3400 100 4
2400 95 5
1600 95 |
Warm Pool 4700 100 |
Dome C 5900 9l |

Lake Tutira (<1 event in 100 yr) also tend to correspond with a
positive SAM. However, changes in tropical Pacific SSTs influ-
ence NZ precipitation through feedbacks in the SPCZ (Carvalho
et al., 2005), and there is a general coherence between anoma-
lously cool WPWP SSTs and low storm activity (<3 events in 100
yr) at Lake Tutira (Figure 5a, d). Both indices are consistent with
El Niflo, when cool WPWP SSTs move the centre of atmospheric
convection and the zone of tropical cyclone nucleation eastward
(Figure 1b), teleconnections to the South Pacific become weaker
(Fogt and Bromwich, 2006), and stronger westerly airflow in the
extratropics typically brings drier conditions to the ENI (Sinclair,
2002; Ummenhofer and England, 2007). Teleconnections to the
South Pacific are also weaker during La Nifia when ENSO is out of
phase with the SAM (Fogt and Bromwich, 2006). After 2100 cal. yr
BP, when this is apparently the case, fewer large magnitude storms
are recorded in Lake Tutira.

Changes detected in the Lake Tutira record at 2100 and 1800
cal. yr BP bracket a cold perturbation that occurs in East Antarctic
isotopic records at ~2000 cal. yr BP (Masson et al., 2000). The
concurrent peak in storm activity (=16 events per 100 yr) is con-
sistent with the amplification of ENSO teleconnections to the
South Pacific when La Nifla coincides with a positive SAM
(Figure 5), and a local pollen record provides independent evi-
dence that the ENI was indeed wetter at this time (McGlone,
2002). Moreover, because ENSO and the SAM affect storms of
all magnitudes, aggregate storm activity also peaks between 2100
and 1700, as well as from 3300 to 3100 and 5000 to 4600 cal. yr
BP (Page et al., 2010), when the two climate modes are synchro-
nized and the easterly and northeasterly airflows that bring mois-
ture to the ENI dominate (Ummenhofer and England, 2007;
Ummenhofer et al., 2009). Conversely, there are lacunae in aggre-
gate storm activity, centred on 1650 and from 6500 to 6100 cal. yr
BP (Page et al., 2010), when the two climate modes operate inde-
pendently and El Niflo coincides with a positive SAM, because
convective activity in the SPCZ is reduced during the austral sum-
mer and winter storm tracks shift poleward.

Our focus is on the information contained in the Lake Tutira
storm sediment record, but the change we detect in the Laguna
Pallcacocha record at 2400 cal. yr. BP may be indicative of tighter
coupling between the ITCZ and the Southern Oscillation in the
Pacific, which is thought to have increased the variability of El
Nifo-related rainfall at that time (Figure 5b; Table 1) (Woodroffe

et al., 2003). The change at 1600 cal. yr BP marks the peak of
ENSO activity that is a precursor to the insolation-forced decline in
the frequency of moderate-to-strong El Niflo events in the Laguna
Pallcacocha record (Clement et al., 2000; Moy et al., 2002).

Conclusions

The presence of multiple or competing climate signals makes it
difficult to extract information about the leading modes of South-
ern Hemisphere atmospheric variability from just a single proxy
record or location. Robust comparisons are also often precluded
by age model uncertainties (which, for all the records we use, do
not exceed £200 yr). However, our synthesis of high-resolution
Southern Hemisphere Holocene paleoclimate records, which span
the Pacific sector of the Southern Hemisphere (Figure 1), sug-
gests that for >6000 yr the relation between ENSO and the SAM
has waxed and waned at millennial timescales (Figure 5).

ENSO history has been closely linked to precessional forcing
(Cane, 2005; Clement et al., 2000), with changes in insolation
seasonality apparently amplifying the ENSO cycle at ~5000 and
~2000 cal. yr BP. By altering the seasonal temperature contrast
between low and high latitudes and the meridional temperature
gradient, precession also exerts a first-order control on the
strength and position of the southern westerly zonal circulation
(Renssen et al., 2005). However, the small aggregate increases in
the simulated strength of the westerly winds between 45° and 60° S
that occurred after ~6000 and ~2000 cal. yr BP show a stronger
dependence on the changing pattern of seasonal insolation (Renssen
et al., 2005), than on the sum of annual insolation recorded by the
EPICA Dome C isotopic thermometer which we use to index the
SAM. We find that connectivity between low and high latitude
climate increased as the ocean—atmosphere systems in the tropical
Pacific and Antarctic transitioned to their present regimes in the
mid Holocene. ENSO teleconnections to the extratropics appear
to have been established by 4900 cal. yr BP, and to have been
reconstituted at 2100 cal. yr BP (Figure 5). Consistent with obser-
vations (Fogt and Bromwich, 2006; Gregory and Noone, 2008),
comparison of the ENSO-driven event chronologies from Lake
Tutira and Laguna Pallcacocha shows that ENSO teleconnections
to the extratropics strengthen when ENSO and the SAM are in
phase (Figure 5). Thus we suggest that the relation between the
two climate modes may be sensitive to precession.
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The time-variations in the relation between the Lake Tutira
and Laguna Pallcacocha records provide the first indication of a
millennial-scale response of ENSO and SAM interactions to inso-
lation forcing. They further suggest the recent status of the two
large-scale climate modes may not be representative of conditions
that prevailed at other times in the Holocene. This observation has
important ramifications for unlocking the knowledge of climate
variations that Antarctic paleoenvironmental records contain,
because ENSO teleconnections may have forced some of the cli-
mate changes contained in these records (Das and Alley, 2008;
Shevenell et al., 2011). Moreover, to understand how precipita-
tion patterns in the middle and high southern latitudes may evolve
in the future it may, for example, be necessary to account for the
coupled response of ENSO and the SAM to increased levels of
greenhouse gases.
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