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A B S T R A C T   

The last glacial termination was characterised by millennial-scale episodes of warming and cooling that appear 
offset between the hemispheres. It has been proposed that this bi-polar seesaw is the result of climate system 
feedbacks. A key debate, which remains unresolved, concerns the relative roles of the atmosphere and oceans in 
transmitting these climate responses between the hemispheres. In this study we present quantitative climate 
proxy data to show that air temperatures in New Zealand, as recorded by mountain glaciers, tracked millennial- 
scale warming and cooling of local surface temperatures of the adjacent Tasman Sea throughout the last glacial 
termination. Both realms were dominated by warming between 18 ka and 12 ka, interrupted by a multi- 
centennial to millennial-scale cooling event centred on 14 ka, coincident with the Antarctic Cold Reversal. 
Reconciling our climate proxy evidence with a transient climate model simulation of the glacial termination, we 
find that the timing and amplitude of temperature changes are consistent with changing Atlantic meridional 
overturning circulation (AMOC). The southwest Pacific region displays a particularly sensitive response to AMOC 
intensity changes, despite its far-field situation from the North Atlantic. This sensitivity represents the combined 
impact of fast-acting oceanic teleconnections and regional atmosphere-ocean response associated with changes 
to the southern westerly winds. Our findings highlight that recent hypotheses promoting the role of southern 
westerlies as a critical component of deglaciation may be complementary to, rather than competitive with, the 
bipolar seesaw paradigm.   

1. Introduction 

The last glacial termination (19–11 ka; Denton et al., 2010) affords a 
useful natural experiment to examine the integrated climate system 
response to sustained global warming. Synchronised high-resolution ice 
core records suggest that millennial-scale climate changes during this 

interval were offset between the poles (WAIS Divide Project Members, 
2015). Redistribution of oceanic heat between the hemispheres via 
changes in the intensity of the Atlantic meridional overturning circula-
tion (AMOC; Stocker and Johnsen, 2003; McManus et al., 2004; Pedro 
et al., 2016), commonly referred to as the oceanic bipolar seesaw, is the 
leading hypothesis to explain this large-scale hemispheric variability. 
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However, more recent work has promoted the influence of shifts in at-
mospheric circulation, either working in tandem with AMOC-induced 
oceanic changes (Pedro et al., 2018; Buizert et al., 2018) or indepen-
dently (Denton et al., 2021). The latter hypothesis, known as the Zea-
landia Switch and rooted in southern hemisphere climate proxy 
observations and supported by climate model experiments, suggests a 
negligible role for AMOC as a global climate driver during deglaciation 
(Denton et al., 2022). Instead, this theory suggests that sustained shifts 
in the southern westerly winds and the associated impact on tropical 
export are the primary influence on Earth’s thermal balance during this 
interval, while any AMOC-related climate impacts were restricted to the 
winter season in the North Atlantic (Denton et al., 2022; Putnam et al., 
2023). Understanding the role of AMOC as the driver of global-scale 
climate variability is of high importance given recent observed and 
predicted future changes in this key component of global oceanic cir-
culation (Caesar et al., 2021; Ditlevsen and Ditlevsen, 2023). 

In this study, we test the competing hypotheses concerning AMOC’s 
relative role in driving the glacial termination and global climate vari-
ability using an integrated marine- and terrestrial-climate proxy 
approach in the New Zealand region. Situated far from the high latitudes 
of the North Atlantic where AMOC effects dominate, we reason that our 
southwest Pacific study region is well placed to test the potential global 
reach of AMOC teleconnections. Furthermore, climate variability in the 
southwest Pacific is sensitive to changes in oceanic and atmospheric 
circulation due to its mid-latitude, maritime setting, which is principally 
controlled by the relative influence of subpolar and subtropical air and 
water masses (Fig. 1). The position and intensity of the southern hemi-
sphere westerly winds fundamentally controls regional oceanographic 
conditions including the position of the fronts and ocean circulation and 
thus regional heat distribution around the southern continents (Hall and 
Visbeck, 2002; Gupta and England, 2006; Behrens and Bostock, 2023). 
Meanwhile, terrestrial conditions are also influenced by the strength and 

Fig. 1. (A) Location of our marine and terrestrial study sites within the context of regional oceanic and atmospheric circulation in the southwest Pacific and Southern 
Oceans; (B) relative positions of marine and terrestrial sites; (C) topographic situation of our terrestrial site in the Spenser Mountains. 
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position of the southern westerly winds via the position and intensity of 
the mid-latitude storm track (Gillett et al., 2006). 

Our aim is to provide quantitative reconstructions of sea surface and 
air temperature change through the last glacial termination. We use 
assemblages of planktic foraminifera in marine sediment core MD06- 
2991, recovered from the eastern Tasman Sea, to quantify SST 
changes through the last glacial termination (Fig. 1). Onshore, and 
directly downwind of our marine sediment core site, we apply cosmo-
genic surface exposure dating and numerical glacier modelling to 
reconstruct the timing and climatic significance of glacier length 
changes in the Spenser Mountains of New Zealand’s Southern Alps. 
Together, these closely-spaced marine and terrestrial palaeoclimate re-
cords provide complementary records of past change in the regional 
atmosphere-ocean system. The proxy responses are supported by global 
climate model simulations, which enables evaluation of the drivers and 
mechanisms of millennial-scale climate change in the southern hemi-
sphere during the last glacial termination. 

2. Methods 

2.1. Climate reconstruction from glaciers 

2.1.1. Study site 
Our terrestrial study site is an unnamed, west-facing cirque basin 

situated on the main range of the Spenser Mountains located ~2km 
NNW of Mt Humboldt (2206 m asl). The Spenser Mountains are a 
NNE–SSW-trending range situated at the northern margin of the 
Southern Alps and comprise Triassic-age semischist, sandstones, and 
mudstones of the Rakaia Terrane (Rattenbury et al., 2006). The study 
cirque is a tributary of the Matakitaki River East Branch that feeds the 
Buller River, which drains westward to the Tasman Sea (Fig. 1). 

Today the Spenser Mountains are largely unglacierised, except for 
small glacierets/niche glaciers which exist in topographic hollows or 
beneath high peaks (Baumann et al., 2021). End-of-summer snowline 
observations since the late 1970s report average summer equilibrium 
line altitudes that lie between 2000 and 2150 m asl (Chinn, 1995). This 
indicates that the local equilibrium line altitude is proximal to the 
highest summit elevations around the study catchment, which exceeds 
2160 m asl. Our chosen site preserves a sequence of moraines that 
clearly delineate the margin of the former glacier during separate 
advance or stillstand events since the Last Glacial Maximum. Based on 
their relative morphostratigraphic relationships, we distinguish these 
moraine sets with letters A (oldest) through to E (youngest). 

2.1.2. Cosmogenic 10Be dating 
We collected 23 samples of moraine boulders for cosmogenic 10Be 

surface exposure dating (Figs. 2, 3 Table 1). All samples were extracted 
using a portable rock saw, hammer, and chisel. We measured topo-
graphic shielding using a compass and digital clinometer. We recorded 
sample locations using a Trimble GeoXH global positioning system, 
which were differentially corrected using the Land Information New 
Zealand PositioNZ Post Processing Service, with average precision of 0.7 
m and 0.4 m in the vertical and horizontal, respectively. 

All samples were processed in the Victoria University of Wellington 
Cosmogenic Laboratory. We separated quartz from bulk rock samples 
using standard mechanical, magnetic, and chemical protocols and 
inspected its purity by solution ICP-MS. We added 0.27–0.29 mg 9Be 
(carrier = VUW-PK1) to each sample prior to dissolution in concentrated 
HF. Beryllium was isolated using ion-exchange chromatography and 
selectively precipitated as Be(OH)2 at pH 9. Samples were then calcined 
over an open flame, mixed with Nb, and packed into cathodes for 
measurement by accelerator mass spectrometry. Samples were pro-
cessed in three batches, each with a procedural blank (Table S1). 

Beryllium isotopic ratios of all samples and blanks were measured 
using the 14UD accelerator mass spectrometer at Australian National 
University against the NIST SRM4325 standard (assumed 10/9Be ratio =

3.0 × 10− 11). Beryllium ratios of the procedural blanks were internally 
consistent (Table S1). We blank-corrected our sample ratios using the 
arithmetic mean and standard deviation of three process blanks (1.55 ±
0.60 × 105 10Be atoms). 

We calculate exposure ages using the online exposure age calculator 
formerly known as the CRONUS-Earth online exposure age calculator, 
version 3 (Balco et al., 2008; available: http://hess.ess.washington. 
edu/). We assume a uniform sample density of 2.65 g cm− 3 – a stan-
dard value for crystalline rock. As we preferentially selected samples 
that displayed no obvious signs of surface erosion, results are presented 
that assume zero sample erosion since deposition by the former glacier. 
For reference, applying an erosion rate of 2 mm kyr− 1 would increase 
our exposure ages by ~350 yr and would not alter our conclusions. 

Our samples are situated in a narrow elevation band, 1600–1700 m 
above sea level (Table 1), which is above the elevation of the regional 
winter snowline. Continuous automated snowpack measurements at a 
site situated 15 km north of our study cirque (Mahanga Ews, 1995 m asl) 
for the past six years indicate a maximum winter snow depth of ~0.5–1 
m at that location (C. Zammit, National Institute of Water and Atmo-
spheric research (NIWA), pers. comm.). Burial by 1 m of typical density 
(ρ = 0.2 g cm− 3) snow for 6 months of the year would reduce local 
production rates (thus increasing our exposure ages) by ~5 % relative to 

Fig. 2. Example photos of moraine boulders sampled for 10Be cosmogenic 
surface exposure dating in the Spenser Mountains with their individual expo-
sure ages computed as described in the methods. 
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the no shielding case. Based on the topographic salience of our boulders 
we consider this scenario unlikely and suggest that the influence of snow 
shielding on our results is negligible (<2 %) relative to the analytical 
uncertainties. We therefore present our ages without any correction for 
snow cover. 

We calculate exposure ages using the local ‘Macaulay’ (New Zea-
land) 10Be production rate calibration dataset of Putnam et al. (2010b) 
and the Lifton et al. (2014); ‘LSDn’ scaling scheme. This production rate 
calibration is underpinned by robust independent radiocarbon con-
straints and internally consistent 10Be measurements and was demon-
strated to be accurate for regional applications over the last 18 ka 

(Putnam et al., 2010). Furthermore, the relatively close proximity of the 
calibration site to that of our study minimizes the impact of 
scaling-model uncertainties for our application. Application of the 
recent global calibration effort of Borchers et al. (2016) does not alter 
the mean moraine ages outside of the analytical uncertainty (Table S2). 
Thus, our conclusions are unaffected by our choice of production rate. 

2.1.3. Glacier modelling 
We conducted numerical glacier simulations using a coupled mass 

balance and ice-flow model (e.g. Doughty et al., 2013; Eaves et al., 2016, 
2017, 2019; Muir et al., 2023). The mass balance model computes snow 

Fig. 3. (A) Geomorphic map depicting moraine distribution at the Spenser Mountains cirque site and individual sample locations across the 5 moraine belts (A–E); 
(B) An oblique aerial overlain by summary moraine ages (weighted mean (± 1 std. dev) exposure ages are given for each moraine set). Photo taken early autumn 
2015, facing southeast (Source: Huw Horgan). 

Table 1 
Geographical and analytical data for the samples from the Spenser Mountains organised by moraine belt (A–E). 10Be concentrations are reported relative to NIST 
SRM4235, with an assumed isotopic ratio of 3.00 × 10− 11. Exposure ages are calculated using the ‘Macaulay’ 10Be calibration set (Putnam et al., 2010b) and the ‘LSDn’ 
scaling model (Lifton et al., 2014).  

Batch 
# 

ID Lat (dd) Lon (dd) Elevation (m a. 
s.l) 

Boulder 
dimensions (m) 
(m) 

Quartz mass 
(g) 

9Be 
(mg) 

Thickness 
(cm) 

Shielding 10Be ± 1s.d. (105 

at− 1 g) 
Exposure age 
(ka)      

L W H       

1 A1 -42.162 172.594 1625.4 3.0 3.0 3.0 24.183 0.289 1.3 0.983 2.33±0.11 14.7 ± 0.7 
1 A2 -42.162 172.593 1612.9 1.7 1.6 1.0 12.137 0.289 2.2 0.980 2.21±0.14 14.2 ± 0.8 
1 A4 -42.162 172.592 1597.9 2.7 2.2 0.6 9.181 0.285 1.9 0.986 2.30±0.16 14.8 ± 1.0 
1 A7 -42.157 172.595 1630.8 1.9 0.9 0.6 13.150 0.290 1.1 0.981 2.06±0.13 13.0 ± 0.8 
1 A8 -42.157 172.594 1624.3 2.0 1.1 0.9 8.134 0.289 1.9 0.986 2.13±0.17 13.5 ± 1.1 
1 A10 -42.157 172.594 1618.4 2.1 1.5 1.0 9.871 0.290 1.4 0.987 2.39±0.16 15.0 ± 1.0 
1 B1 -42.162 172.593 1620.3 4.0 2.5 1.3 13.854 0.292 2.5 0.984 1.94±0.12 12.5 ± 0.8 
1 B2 -42.162 172.593 1613.7 3.0 1.9 1.0 31.586 0.290 1.0 0.990 2.16±0.10 13.6 ± 0.6 
1 B3 -42.161 172.593 1602.3 4.0 3.9 2.4 32.479 0.290 0.7 0.988 2.25±0.10 14.3 ± 0.6 
2 B5 -42.157 172.595 1637.1 1.5 0.4 0.5 27.217 0.269 1.8 0.987 1.96±0.09 12.4 ± 0.6 
2 B6 -42.157 172.595 1633.1 3.0 1.5 0.9 28.231 0.270 1.1 0.985 2.13±0.10 13.4 ± 0.7 
2 C1 -42.158 172.595 1599.0 1.3 1.2 0.6 14.099 0.270 1.8 0.978 1.90±0.11 12.5 ± 0.8 
2 C2 -42.158 172.595 1594.2 1.3 0.9 0.4 20.243 0.270 2.1 0.980 1.90±0.10 12.5 ± 0.7 
2 C4 -42.159 172.595 1591.8 3.0 1.3 1.0 17.973 0.270 1.9 0.984 1.86±0.11 12.3 ± 0.7 
3 C5 -42.159 172.594 1583.9 0.7 0.5 0.3 1.871 0.270 1.2 0.981 2.75±0.47 17.7 ± 3.0 
3 C6 -42.161 172.595 1611.3 5.0 3.5 3.0 22.747 0.269 2.2 0.981 1.83±0.10 12.0 ± 0.7 
3 D1 -42.161 172.601 1702.4 1.2 0.6 0.5 16.088 0.270 1.4 0.967 1.71±0.11 10.8 ± 0.6 
3 D2 -42.161 172.600 1700.9 1.6 0.7 0.5 23.123 0.270 1.5 0.967 1.93±0.11 12.0 ± 0.7 
3 E3 -42.158 172.601 1712.9 1.8 1.1 1.0 21.292 0.270 1.9 0.971 2.27±0.13 13.6 ± 0.8 
3 E4 -42.158 172.601 1714.7 4.3 1.1 0.9 20.474 0.270 1.9 0.973 2.11±0.11 12.7 ± 0.7 
3 E6 -42.159 172.601 1696.6 2.0 1.5 1.3 13.941 0.270 2.0 0.969 5.81±0.28 34.2 ± 1.7 
3 E7 -42.159 172.601 1700.3 2.4 1.3 1.3 20.454 0.270 1.1 0.969 2.19±0.12 13.2 ± 0.7 
2 E8 -42.159 172.601 1701.1 4.0 2.3 1.6 19.836 0.270 1.7 0.969 2.02±0.11 12.4 ± 0.7  
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accumulation using a simple temperature-threshold approach (snow--
rain threshold set to 1 ◦C) and ablation is derived by solving the full 
energy balance equation using mean (AD 1981–2010) monthly climate 
observations (temperature, precipitation, incoming solar radiation, 
wind speed and relative humidity). As in our previous applications, the 
vertically-integrated ice-flow model uses the shallow ice approximation. 
We use this formulation for computational efficiency and acknowledge 
that the assumptions underpinning this approximation are less valid in 
mountainous domains. However, we note that comparisons between the 
shallow ice approximation and higher-order ice-flow formulations show 
little difference (Le Meur et al., 2004). 

Our glacier-modelling experiments are designed to achieve two ob-
jectives: (1) to constrain the temperature anomaly, relative to present, 
under which the former ice geometries existed, as delineated by the 
dated moraines; and (2) to quantify the magnitude, if any, of tempera-
ture change required to explain retreat between moraine sets. To ach-
ieve these objectives, we conduct multiple 5000-yr simulations, each 
with a single temperature anomaly (relative to present), ΔT, which is 
applied uniformly across the year (e.g. no change in seasonality). ΔT for 
individual simulations are spaced at 0.1 ◦C intervals between -1.5 ◦C and 
-3.0 ◦C (inclusive). In each simulation, air temperature is varied inter-
annually about the constant mean and we track glacier length changes 
that result from this climate noise. 

To answer objectives 1 and 2, we analyse the resultant time series of 
annual glacier length and compare the outputs to the moraine positions. 
Moraine sets B–E include near-complete nested recessional moraines, 
which clearly indicate the former glacier terminus position. A terminal 
moraine is not preserved for moraine set A, therefore we infer glacier 
length using the model output from the 300-year equilibrium simulation 
(see above) that best fits the lateral moraine margins of moraine set A. 
Objective 1 is answered by identifying simulations where the observed 
moraine position falls within the range of the maximum and mean 
glacier length (Fig. 4), as this is the zone of highest moraine preservation 
potential in a noisy, constant climate. For objective 2, we examine the 
number of moraines encompassed by the maximum-mean range of 

glacier lengths. We focus on these times of greater-than-average termi-
nus positions as we consider that moraines formed during any retreat 
periods, without a change in the mean climate, will eventually be 
destroyed as the glacier tends back towards its average length. If more 
than one moraine falls in the simulated mean-maximum range, then we 
consider that these moraines could have been formed due to glacier 
length changes produced by climatic noise alone (i.e. without a climatic 
change). In contrast, simulations that produce a glacier length range that 
intercepts only one moraine indicate that the mean climate changed to 
produce the glacier length changes preserved in the moraine record. 

Each simulation is preceded by a 300-yr ‘spin-up’, where the glacier 
is evolved to its equilibrium geometry for the given temperature 
anomaly (ΔT), where ΔT is constant for every year of the simulation (i.e. 
no interannual noise is applied). During the next 5000 yr of each 
simulation, air temperature and the precipitation rate are varied inter-
annually about constant means (equal to ΔT and ΔP). The amplitude of 
interannual variability in a 48-yr record of temperature and precipita-
tion measurements are from a nearby weather station (‘Lake Rotoiti 2’; 
-41.808, 172.842, 634 m asl, AD1958–2006; NIWA CliFlo Database, 
available: https://cliflo.niwa.co.nz/): σ(T) = 0.45 ◦C and σ(P) =14 % 
(both variables are 1 σ). We repeat these experiments with twice the 
variability of present day (i.e. σ(T) = 0.9 ◦C and σ(P) =28 %), in order to 
test the sensitivity of our results to this parameterisation. For direct 
comparability, each 5000-yr simulation forced with interannual vari-
ability uses the same time series of interannual perturbations, which 
have been randomly selected from a normal distribution. In all simula-
tions mass balance and ice geometry are recalculated at the end of each 
model year. 

2.2. Sea surface temperature reconstruction 

We reconstruct sea surface conditions spanning the end of the Last 
Glacial Maximum and through the last glacial termination (22–10 ka) 
using planktic foraminiferal assemblages from the MD06-2991 giant 
piston core, extracted from the Challenger Plateau during the joint New 

Fig. 4. Air temperature anomaly estimates derived from glacier modeling. (A) Schematic illustration of moraine preservation potential relative to glacier length (L); 
(B) Glacier lengths simulated for different temperature anomalies (ΔT) relative to present, when interannual air temperature (σ(T) = 0.45 ◦C) and precipitation (σ(P) 
= 14 %) variability are imposed. For clarity, experiments are only shown for cases where the average-maximum ([Lmean Lmax]) range of simulated glacier length 
coincides with the position of dated moraines (shown as black horizontal lines). No simulations produced a 2D ice geometry that fit the planform geometry of the 
E moraine. 
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Zealand/French 2006 MATACORE voyage (Proust et al., 2008). The core 
site is situated in the eastern Tasman Sea, c. 100 km offshore the west 
coast of South Island New Zealand (Fig. 1). The core sits just north of the 
Subtropical Front today and is not influenced directly by the Southern 
Ocean and the Antarctic Circumpolar Current. 

Planktic foraminiferal assemblages were counted from the >150 μm 
size fraction from 27 samples. Approximately 300 (range 206–377) 
whole or nearly whole planktic foraminiferal tests were identified and 
counted. Nineteen species of planktic foraminiferal taxa were discrimi-
nated and used in the reconstruction of mean annual SSTs. Following the 
methods of Hayward et al. (2012) and Cortese et al. (2013), we derive 
quantitative SST using both Modern Analog Technique (MAT) and 
random forest model transfer functions with reference to the 1223 
Southern Hemisphere core top database (Cortese et al., 2013). 

The age-depth model for the MD06-2991 core is constrained by 15 
radiocarbon dates spanning 27–1 cal. ka BP (with 7 in the range 20–10 
ka) on mixed planktic foraminifera (Fig. 5; Ryan et al., 2016), using the 
Marine20 calibration curve (Heaton et al., 2020). We sampled the core 
at variable resolution (every 1–10 cm), focussing the higher resolution 
sampling on the ACR interval where we achieve temporal resolution of 
200–400 yr per sample. 

3. Results 

3.1. Glacier chronology 

The A- and B-moraines represent the outermost moraines preserved 
in the cirque (Fig. 3). The A moraines comprise two prominent (~5 m 
high) continuous lateral moraine ridges. At their upstream end these 
moraines are oriented parallel to the B-moraines, with the latter situated 
immediately inboard. We distinguish between the A- and B-moraine sets 
by the fact that the A-moraines extend to 1450 m asl, whereas the B- 
moraines curve towards the valley floor, converging at ca. 1550 m asl, 
thus representing a smaller ice mass than delineated by the A moraines. 
The B moraines comprise multiple, nested moraines. Both A- and B- 
moraines display boulder ridge tops, with individual clasts set in a sand- 
silt matrix. Ice-proximal and ice-distal slopes of the moraines are 
partially vegetated by low alpine grasses. Six boulders sampled from the 
A-moraines return an error-weighted mean of 14.2 ± 0.4 ka (n = 6; no 
outliers). Meanwhile five boulders from the B-moraines yield an error- 
weighted mean age of 13.3 ± 0.3 ka (n = 5). 

The C-moraines form a single, low (1–2 m high) broken moraine loop 
that encloses a small tarn (Fig. 3). Alpine grasses cover the left lateral 
component of this loop with few visible clasts, except for one large (~4 
m high) boulder embedded in the crest (sample C6; Fig. 2). The former 

Fig. 5. Deglacial foraminifera assemblage and sea surface temperature (SST) reconstruction for MD06-2991. (a) SST derived from planktonic foraminifera using the 
modern analogue technique (MAT) and random forest (RF) model (Methods) with 1σ age model uncertainties. (b–d) Relative abundance of subtropical, temperate, 
and subpolar species (assemblages defined by Carter et al. (2008)). Black triangles denote radiocarbon ages used for age model construction of core MD06-2991 
(Ryan et al., 2016). Vertical grey bars denote timing of major climate transitions in Greenland Ice Core Stratigraphy (Rasmussen et al., 2014), which are accom-
panied by intensity changes in the Atlantic Meridional Overturning Circulation (AMOC): Greenland Stadial 2.1a (GS-2.1a; 17.5 ± 0.3 ka) and Greenland Interstadial 
1 (GI-1) transition (14.7 ± 0.2 ka). 
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glacier terminus is delineated at the valley centre (~1580 m asl) by a 
low (c. 1 m) boulder ridge with no discernible matrix. The right lateral 
component of the C-moraine loop is vegetated to a similar degree to the 
left side but punctuated more frequently at the surface by moraine 
boulders. Five samples from the C-moraine yield an error-weighted 
mean of 12.4 ± 0.4 ka (n = 5; no outliers). 

The D-moraine is a continuous, relatively wide (10–20 m), bouldery, 
unvegetated terminal moraine that delineates a former ice mass that 
terminated at c. 1660 m asl (Fig. 3). We interpret the furrowed surface of 
much of the moraine, and lack of distinct ridge crest, to represent past 
mobility of the landform under periglacial conditions. At the true left 
end, the moraine is situated against the side wall of the valley and dis-
plays a more distinct ridge crest than in the valley centre. We collected 
samples from two boulders on the true-left portion of the moraine that 
returned an average age of 11.3 ± 0.3 ka (n = 2). 

At the head of the cirque, the E-moraines form a continuous belt 
delineating a small ice mass that terminated at c. 1800 m asl (Fig. 3). The 
moraine set comprises a single continuous ridge, with smaller moraine 
ridges, of similar composition, nested within. There is no vegetation 
cover on this feature and the moraine comprises large (2–5 m long axis), 
interlocking boulders, with no observable matrix. The population of 
exposure ages from E-moraine are tightly clustered, with only 1 obvious 
outlier (E6; Table 1), which returned an age that was ~20 kyr greater 
than the population mean. Removal of this outlier yields an error- 
weighted mean of 12.9 ± 0.4 (n = 4; 1 outlier removed). 

The 10Be age of the D moraine is >2 σ younger than the E moraine, 
which violates relative ages of these landforms as indicated by their 
geomorphic relationship. The ‘E’ moraine returns an age that is indis-
tinguishable from the C moraine at 1σ uncertainty. The D moraine age is 
based on only two ages from small boulders, which we consider may be 
erroneously young due to post-depositional disturbance (e.g. surface 
erosion, exhumation) or emplacement after moraine formation, such as 
by rockfall from the adjacent hillslope (Fig. 2). We thus interpret that 
moraines C, D, and E were deposited within centuries of one another at 
~12.7 ± 0.6 ka (average of C and E moraines). 

In summary, the 10Be chronology from this site shows that the former 
cirque glacier at this site was most extensive at 14.2 ± 0.4 ka (Fig. 3). 
Subsequent retreat was punctuated by several re-advances/still-stands 
of the glacier terminus that deposited moraines B–E. The cirque degla-
ciated after 12.7 ± 0.6 ka and has since remained ice-free. 

3.2. Glacier modelling 

Our simulations show that the ‘A’ moraines (~14.2 ka) align with 
glacier margins in simulations where mean annual temperature is 2.6 to 
2.7 ◦C lower than present (Fig. 4, Table 2). Meanwhile the simulated 

glacier reaches the ‘B’ moraines (~13.3 ka) when the mean air tem-
perature anomaly is -2.3 to -2.4 ◦C and the ‘C’ moraines (~12.7 ka) 
temperature is -2.0 to -2.1 ◦C below present. The simulated glacier ter-
minates over the ‘D’ and ‘E’ moraine sites in simulations when air 
temperature is set to 1.7 ◦C and 1.5 ◦C lower than present, respectively 
(Fig. 4). 

Glacier simulations provided close fits to each moraine-defined 
outline except for the E moraine, which may represent the increased 
importance of local topoclimatic factors for maintaining this small 
former glacier. While our mass balance model accounts for topographic 
shading, other local processes such as redistribution of snow by wind 
and gravity, are not included. Such factors are increasingly important for 
defining mass balance distribution as glacier size decreases (Dadic et al., 
2010). We interpret the good agreement between our simulations and 
other moraine defined limits (e.g. A–D) to represent dominance of 
larger-scale climate variables (e.g. temperature and precipitation), in 
determining mass changes over these larger ice geometries. 

We find that glacier length (L) fluctuates by 50–100 m (1 σ) in 
response to interannual climate variability alone, when the amplitude of 
temperature and precipitation is prescribed similar to modern obser-
vations (σ(T) = 0.45 ◦C; σ(P) = 14 %), which represents 3–5 % of the 
average glacier length during the 5000-yr simulation. No simulation 
produced a mean-maximum range ([Lmean Lmax]) of glacier length that 
encompassed more than one mapped moraine set. This result indicates 
that 0.5–0.7 ◦C warming is necessary to explain glacier retreat between 
the A–C moraines (Fig. 4). This result further suggests glacier retreat 
after deposition of the C-moraine, which occurred within dating un-
certainties at ~12.7 ka, occurred in response to further warming of >0.3 
◦C. 

Previous glacier modelling work has shown that the amplitude of 
interannual climate variability correlates with the amplitude of glacier 
length changes (Malone et al., 2019). Thus, if climate was more variable 
in the past, then glacier length changes due to interannual variability 
may have been larger, potentially encompassing more than one moraine 
set. Consistent with previous studies, we find that glacier variability is 
greater (σ(L) = 120–160 m; 7–12 % of the mean) with higher amplitude 
climate variability. Again, no simulation produces a [Lmean Lmax] range 
of glacier lengths that encompasses more than one mapped moraine set, 
however several are short by just one grid cell (Fig. S1; Table S4), which 
suggests that perhaps pairs of adjacent moraines could have formed in a 
constant, but high-variability (twice present-day) climate. No one 
simulation produces a mean-max range of glacier length fluctuations 
that encompass more than two moraine sets. We thus conclude that 
change in the mean climate state is necessary to explain the net retreat of 
ice in the Spenser Mountains between 14.2 and 12.7 ka. The magnitude 
of warming across the last part of the termination indicated by this 
high-amplitude experiment is between 1.0 and 1.2 ◦C (Table 2). 

3.3. Sea surface temperature reconstruction 

Subpolar species (Neogloboquadrina pachyderma; Turborotalita quin-
queloba) decline in abundance from 20 ka (Fig. 5; age-model and SST 
data provided in Table S3). This is followed by increases in temperate 
(Globoconella inflata) and subtropical species (Globigerinoides ruber) be-
tween 18.1 ka to 15.1 ka (Fig. 5). Both the MAT and random forest 
model SST estimates using the foraminiferal assemblages suggest a 5 ◦C 
rise over this interval, reaching close to the modern SST over the core 
site by 15.1 ± 0.4 cal. ka BP (Fig. 5). The deglacial warming trend is then 
reversed, with an increase in subpolar species abundance at the expense 
of subtropical species, representative of a ~2 ◦C reduction in SST 
(Fig. 5). The SST minimum during the temperature reversal occurs at 
109.25 cm core depth, which is well constrained by a radiocarbon date 
at 110.25 cm (15.1 ± 0.2 cal. ka BP; 26) and has a modelled age of 14.5 
± 0.6 cal. ka BP (Fig. 5). Following this marked SST reduction, sub-
tropical species gradually increase, before increasing sharply at ~13.2 ±
0.9 ka. These assemblage changes reflect a gradual recovery of SST 

Table 2 
Summary 10Be exposure ages and glacier-model derived palaeotemperature 
anomaly estimates for moraines A–E in the Spenser Mountains cirque. The range 
of temperature anomalies is derived from simulations where interannual tem-
perature and precipitation anomalies are set to modern and 2x modern as 
defined by a nearby weather station.  

Moraine set (relative 
age) 

Age (ka) Palaeotemperature anomaly (◦C rel. to 
present) 

A (oldest) 14.2 ± 0.4 (n =
6) 

-2.5 to -2.7 

B 13.3 ± 0.3 (n =
5) 

-2.3 to -2.2 

C 12.4 ± 0.4 (n =
5) 

-2.1 to -1.9 

D 11.3 ± 0.3 (n =
2)* 

-1.7 

E (youngest) 12.9 ± 0.4 (n =
4) 

warmer than -1.7  

* Exposure age violates relative moraine age dictated by geomorphology and 
is interpreted to be anomalously young 
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during and after the ice-core defined ACR time interval, with near- 
modern conditions regained by ~12.3 ± 0.5 ka. 

4. Discussion 

4.1. Deglacial climate proxy records in the southwest Pacific 

Our new climate proxy data indicate close coupling of glacier length 
changes and SST in the New Zealand region throughout the last glacial 
termination. Two SST transfer functions applied to our planktonic 
foraminifera assemblages from MD06-2991 indicate net SST warming of 
4–5 ◦C in the eastern Tasman Sea between 18 ka and 15 ka (Fig. 5). This 
warming likely represents the southward migration of the subtropical 
front over the core site (Bostock et al., 2015) and coincides with wide-
spread deglaciation of the Southern Alps (Barrell et al., 2019). Previous 
glacier modelling studies indicate glacier retreat occurred in response to 
a corresponding air temperature increase of at least 4 ◦C between 18 and 
15 ka (Putnam et al., 2013; Eaves et al., 2017; Fig. 6). The total 
magnitude of glacier retreat during this interval is difficult to constrain 
using geomorphic indicators. However, if air temperature in New Zea-
land tracked local SSTs closely throughout the last glacial termination, 
then glaciers in the Southern Alps may have retreated to 
near-pre-industrial extents by as early as ~15.5 ka. 

A temperature reversal at our southwest Pacific core site occurs 
within the interval 15.1 ± 0.4 and 14.2 ± 0.8 ka BP. Formation of the 
outermost moraines in the Spenser Mountains cirque at ~14.2 ± 0.4 ka 
occurred synchronously, within dating uncertainties, with this SST 
minimum. Gradual warming then ensued, with a 1 ◦C SST increase 
recorded in MD06-2991 during the ACR. 

On land, our glacial chronology indicates that the interval 14.2–13 
ka was characterized by net glacier retreat (Fig. 4), consistent with 
warming of the adjacent ocean surface. The pattern of glacier change 
during the ACR found at the Spenser Mountains site mirrors that seen in 
other well-dated moraine records from the central Southern Alps where 
outer moraines first deposited c. 14–14.5 ka, followed by minor retreat 
and deposition of inner moraines at c. 13 ka (Putnam et al., 2010a; 
Tielidze et al., 2023). 

Our numerical glacier modelling experiments suggest that an air 
temperature increase of at least 1 ◦C can explain the net retreat of the 
former cirque glacier in the Spenser Mountains during the ACR, which is 
consistent with snowline-based estimates from Tielidze et al. (2023). 
The reconstructed air temperature anomalies rely on the assumption 
that both seasonality and interannual variability of air temperature and 
precipitation at our study site was similar to that present during the 
ACR. Existing evidence from proxy and climate models indicate that any 
differences in seasonality during the ACR were modest in the New 
Zealand region (Vandergoes et al., 2008; Pedro et al., 2016), especially 
relative to millennial-scale events in the North Atlantic region (e.g. 
Denton et al., 2005; Schenk et al., 2018). Thus, it is unlikely that our 
assumption of seasonally uniform temperature change impacts our re-
sults. Furthermore, based on the close agreement of this air temperature 
rise with the independent SST data, and the high temperature-sensitivity 
of New Zealand glaciers (Mackintosh et al., 2017; Lorrey et al., 2022), 
we suggest that glacier retreat in New Zealand during the ACR was 
driven by a progressive and minor air temperature increase, rather than 
any significant precipitation change. 

Continuous terrestrial climate proxy archives offer complementary 
insight to the structure of deglacial air temperature changes in this re-
gion. Pollen-based temperature reconstructions from the Southern Alps 
have suggested broad alignment with Antarctic temperature changes 
during the ACR (Newnham et al., 2012; Fig. 6). Furthermore, temper-
ature reconstructions from chironomid assemblages in a high-altitude 
tarn in the central Southern Alps indicate high-amplitude (~3 ◦C) 
centennial-scale variability during the ACR (Vandergoes et al., 2008; 
Fig. 6). Initial cooling in the record occurs between 14.5–14.0 ka, with 
similar events centred on 13.6 ka and 13.4 ka (Fig. 6). The timing and 

amplitude of chironomid temperature changes, exhibit good agreement 
with the Southern Alps glacier record, indicating that regional air tem-
perature declined within the first centuries of this millennial-scale cold 
interval. 

4.2. Deglacial climate drivers in the southwest Pacific 

A key question that arises from our new climate-proxy data concerns 
the cause of coupled air-sea cooling that occurred in the New Zealand 
region at ACR onset. The timing of this cooling event coincides with two 
globally-significant climate changes during the last glacial termination. 
First, Greenland ice cores record the abrupt onset of the Bølling-Allerød 
interstadial warming, which was followed approximately two centuries 
later by the onset of ACR cooling in Antarctica (Fig. 6; Jouzel et al., 
2007; Rasmussen et al., 2014; WAIS Divide Project Members, 2015). 
Boreal warming at the Bølling-Allerød onset is widely considered to have 
been associated with intensification of AMOC (McManus et al., 2004), 
which increased the rate of northward, cross-equatorial heat flow in the 
Atlantic (Stocker and Johnsen, 2003; Pedro et al., 2016). Second, sea 
level markers record a phase of enhanced global mean sea level rise, 
known as Meltwater Pulse 1a (MWP1a; 14.5–14.0 ka; Lambeck et al., 
2014) associated with melting continental ice sheets, which broadly 
coincided with the start of the Bølling-Allerød/ACR onset (Fig. 6). 

Both abrupt AMOC recovery and an Antarctic contribution to 
MWP1a have been hypothesised as drivers of southern hemisphere 
cooling during the ACR (Weaver et al., 2003; Pedro et al., 2016). 
However, climate model simulations of large meltwater additions to the 
Southern Ocean from Antarctica tend to produce an abrupt, 
high-magnitude cooling over the ice sheet that is inconsistent with 
temperature proxy data from ice cores (Pedro et al. 2016). Temperature 
reconstructions from Antarctic ice cores typically indicate gradual, 
millennial-scale cooling during the ACR, rather than an abrupt tem-
perature reversal (Fig. 6). These ice core data are reproduced in climate 
model simulations that do not prescribe Antarctic meltwater, but rather 
simulate the ACR as being driven solely by AMOC intensification (Pedro 
et al., 2016). Furthermore, the different structure of temperature 
response between Antarctica and our mid-latitude site makes it unlikely 
that early ACR cooling in New Zealand represents a response to 
enhanced meltwater from Antarctica. 

Simulations of abrupt AMOC resumption conducted using Commu-
nity Climate System Model version 3 (CCSM3; He, 2011) (in which 
AMOC resumption is triggered by cessation of freshwater flux into the 
North Atlantic with all other forcings held constant at 14.9 ka val-
ues—see Pedro et al. (2018) for more details), broadly reproduce the 
hemispheric-scale pattern and magnitude of ACR cooling associated 
with a large suite of field-based proxy data when integrated through to 
13 ka (Pedro et al., 2016). Our regional temperature proxies from New 
Zealand indicate that any response of the climate system to AMOC 
changes during the ACR likely occurred within centuries of its intensi-
fication, rather than millennia. To test the physical plausibility of this 
rapid change inference, we analyse the transient response of our study 
region in climate model simulations (Fig. 7). We find that modelled SST 
in the Tasman Sea permanently departs the 1σ bounds of variability 50 
yr after forced AMOC intensification, declining over the following 400 
yr to a new equilibrium state with SSTs ~1.5 ◦C lower (Fig. 7a). We also 
observe that the spatial patterns of SST were heterogenous across 
southern mid- and high latitudes. Cooling is greatest along the northern 
margin of the Southern Ocean, particularly in the southern Indian Ocean 
and the Tasman Sea, and these regions also experience an enhanced 
tropical-mid latitude meridional thermal gradient (Fig. 7b). 

Pedro et al. (2018) identified several mechanisms by which climate 
signals arising from AMOC intensification are propagated throughout 
the global climate system. First, there is an abrupt response of the at-
mosphere, which occurs within the first decades of AMOC recovery and 
is manifest in the southern hemisphere as an equatorward shift in the 
position of the mid-latitude westerlies (e.g. Pedro et al., 2016; Buizert 
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Fig. 6. (A) Regional SST reconstructions for the Tasman Sea (this study); (B) compiled air temperature reconstructions derived from numerical glacier modelling of 
moraine sequences in the Southern Alps (Doughty et al., 2013; Kaplan et al., 2013; Putnam et al., 2013; Eaves et al., 2017, with A, B, and C moraines from this study 
shown in red), the chironomid summer temperature record of Vandergoes et al. (2008) and the pollen-derived mean annual temperature reconstruction from Okarito 
Pakihi (Newnham et al., 2012); (C) Atlantic meridional overturning circulation intensity proxy of sedimentary 231Pa/230Th from deep western subtropical Atlantic 
(OCE326-GGC5; McManus et al., 2004); (D) EPICA Dome-C temperature (Jouzel et al., 2007) and CO2 measurements (Lourantou et al., 2010) on the AICC2012 age 
model; and (E) Greenland temperature (Rasmussen et al., 2014). Vertical bar 14.6–12.8 ka indicates the Antarctic cold reversal. 
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et al., 2018). Second, onset of deep-water production in the North 
Atlantic causes a shoaling of the Atlantic thermocline. This thermocline 
adjustment is propagated within decades to the Pacific Ocean via Kelvin 
and Rossby waves (Huang et al., 2000; Pedro et al., 2018), where it 
contributes to surface cooling. Third, increased northward heat trans-
port by the AMOC cools the South Atlantic over several centuries, which 
spreads eastwards by advection of cold surface water across southern 
mid-latitudes on the northern side of the ACC. The sign of temperature 
change in the New Zealand region, as indicated by our climate proxy 
data, is directly consistent with the last of these inferred 
atmosphere-ocean teleconnection impacts from changes in AMOC. 

We note that the spatial pattern of SST change and surface ocean 
currents in the Tasman Sea region, as well as elsewhere at southern mid- 

latitudes (Fig. 7), closely resembles idealised model results of Denton 
et al. (2021) for the Zealandia Switch. In their study, Denton et al. 
(2021) examine the changes linked to meridional shifts of the southern 
westerly winds in isolation, which emphasised that altered wind stress 
over the South Pacific gyre modulates heat flux to the Tasman Sea. It is 
well documented that the CCSM3 simulations induce strengthening of 
the subtropical jet in response to AMOC intensification at the ACR onset 
(Pedro et al., 2016; Fig. 7c). The CCSM3 model results show alteration of 
wind stress impacts on southern hemisphere ocean circulation and heat 
distribution occurs in a manner consistent with the Zealandia Switch 
hypothesis. In both the Pacific and Indian oceans, the greatest SST 
changes coincide with the southern margin of the East Australian and 
Agulhas western boundary currents, respectively (Fig. 7b). These 

Fig. 7. Climate anomalies 500 yr after a forced intensification of Atlantic meridional overturning circulation (AMOC) using the Community Climate System Model 
version 3 (Pedro et al., 2018): (a) Tasman Sea surface temperature time series. Horizontal grey bar delineates the 1 s.d. SST variability range in the century prior to 
AMOC recovery. (b) sea surface temperature; (c) surface zonal wind speed; (d) sea surface velocity in the Tasman Sea region (only shown are anomalies >95 % 
significance, according to a student’s T-Test) overlain on SST anomalies; (e) barotropic stream function. 
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poleward-flowing currents deliver warm, subtropical water to the 
southern mid-latitudes that replaces water advected eastwards by 
wind-driven subtropical gyres. An enhanced subtropical jet in response 
to AMOC intensification (Fig. 7; Pedro et al., 2016, 2018) increases the 
meridional wind stress curl gradient between 30 ◦S and 50 ◦S in the 
central Pacific and Indian oceans, which weakens and shifts the southern 
edge of subtropical gyres in both ocean basins (Fig. 7e), likely due to 
enhanced northward Ekman transport (e.g. Behrens and Bostock, 2023). 
In both the Tasman Sea and the southwest Indian Ocean, changes to both 
ocean gyres reduce southward extension and eastward retroflection of 
western boundary currents, which contributes to SST changes both 
north and south of the subtropical front (Fig. 6b). In the southwest Pa-
cific, there is intensification of the Tasman Front at the expense of the 
East Australian Current extension (Fig. 7d), leading to simultaneous 
warming of the southern South Pacific gyre and Tasman Sea cooling, 
respectively (Fig. 7b). These patterns are consistent with the Zealandia 
Switch hypothesis, but occur within a global climate model experiment 
specifically designed to investigate AMOC change impacts consistent 
with the bipolar seesaw hypothesis. 

The Zealandia Switch hypothesis was proposed to operate over 
orbital timescales to explain ice age terminations, with consideration 
that millennial change for glaciers and ice sheets might also accord with 
the same mechanism (Denton et al., 2021; Putnam et al., 2023). How-
ever, only an insolation-based driver was proposed, which leaves open 
the question of what may trigger the Zealandia Switch during abrupt 
millennial-scale climate events such as the ACR. Our observations sug-
gest that the Zealandia Switch mechanisms outlined by Denton et al. 
(2021) may be an integrated component of the coupled 
atmosphere-ocean response that is connected to AMOC-induced climate 
changes at centennial-millennial timescales. 

5. Conclusion 

Glacier and marine evidence show close coupling between air and 
SSTs in the southwest Pacific during the last deglaciation. Both air and 
SST proxies from the Tasman Sea region record: (i) warming during 
Heinrich Stadial 1 (c. 18–15 ka), with SST reaching near modern values; 
(ii) air and SST minima are reached within centuries of the abrupt 
intensification of AMOC that coincides with the ACR/Bølling-Allerød 
onset, followed by (iii) gradual warming with near-modern ocean tem-
peratures reached by ~12.7 ka. Analysing the transient response of the 
climate system to AMOC perturbations, we observe that the Tasman Sea 
responds sensitively over centennial-timescales, as illustrated by a 
strong temperature response relative to other locations in the southern 
mid-latitudes. The rate and spatial pattern of temperature change for the 
Tasman Sea region following AMOC intensification indicates an 
important role for both oceanic and atmospheric teleconnections of 
southern mid latitude climate. Our findings suggest that aspects of the 
proposed Zealandia Switch mechanism may be linked with dynamical 
elements of the AMOC-driven bipolar seesaw hypothesis, and the asso-
ciated teleconnections arising from it, which may explain late-glacial 
millennial-scale climate change in the southern hemisphere. 
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