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Climatic variability across a large fraction of the Southern Hemisphere is controlled by the Southern
Annular Mode and associated latitudinal shifts in the Southern Westerly Wind belt. In Patagonia, these
changes control the large-scale temperature and precipitation trends — and resulting glacier surface
mass balance. Our understanding of recent changes in this climatic oscillation is, however, limited by the
number of paleo-environmental records in the mid to high-latitude Southern Hemisphere. Here, we first
use a synthetic proxy record to demonstrate that periodicity may be preserved in a wider range of re-
cords than can be used for quantitative paleoclimatic reconstructions. We then analyze a 5000-year-long
sedimentation record derived from Lago Argentino, a 1500 km? ice-contact lake in Southern Patagonia.
We extract a mass accumulation rate and greyscale pixel intensity record from 28 cores across all of Lago
Argentino's main depositional environments. We align the mass accumulation rate and pixel intensity
records to a common time axis through multivariate dynamic-time-warping, and investigate their
spectral properties using the multi-taper Lomb Scargle periodogram. We find statistically significant
spectral peaks at 200 + 20, 150 + 16, and 85 + 9 years in two thirds of mass accumulation rate and one
third of the pixel intensity records. These periodicities reveal the centennial periodicity of the Southern

Annular Mode, which is the key climatic driver of sedimentation at Lago Argentino.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

latitudes and Antarctica (Hessl et al., 2017; Marshall, 2003;
Visbeck, 2009), and may be measured as the pressure difference

Climatic variability in the high-latitudes of the Southern
Hemisphere is a key component of the global climate system
(Abram et al., 2014; Fogt and Marshall, 2020; Perren et al., 2020).
The dominant mode of climatic variability in the extratropical
Southern Hemisphere is the Southern Annular Mode (SAM), which
controls the displacement of atmospheric mass between the mid-
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between these locations (Hessl et al., 2017; Marshall, 2003;
Saunders et al., 2017; Visbeck, 2009). Changes in the SAM also
determine the latitudinal position of the primary westerly wind
belt encircling Antarctica (Abram et al., 2014; Fogt and Marshall,
2020; Moreno et al., 2014). Variations in the SAM have wide-
ranging implications for many critical Southern Hemisphere sys-
tems, including the strength of the Antarctic Circumpolar Current
and oceanic mixing (Fogt and Marshall, 2020), Southern Ocean
primary productivity (Hauck et al., 2013), polar warming and the
stability of the Antarctic ice sheet margins (Marshall et al., 2006;
Perren et al., 2020), and precipitation across the Southern
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Hemisphere (Moreno et al., 2014; Neukom and Gergis, 2012; Perren
et al., 2020).

The core of the Southern Westerly Wind (SWW) belt intersects
with the Patagonian Andes around 45°S to 50°S, resulting in
extremely high precipitation values on the western flank of the
Andes (Garreaud et al., 2012), while eastern Patagonia is arid due to
a strong rain shadow effect (Garreaud et al., 2012; Richter et al,,
2016). SAM-related latitudinal fluctuations in the position of the
SWW belt affect both precipitation and temperature across Pata-
gonia: poleward motion of the SWW belt is associated with
strengthening of the wind system and warming across Patagonia
(positive SAM phase), while equatorward motion of the SWW belt
is associated with a reduction in wind speed and cooling (negative
SAM phase; (Garreaud et al., 2009; Moreno et al., 2014; Reynhout
et al,, 2019; Villalba et al., 2012). A positive SAM phase also in-
creases precipitation west of the Andean orographic divide and
decreases it east of the divide, while SAM-negative phases result in
drying west of the spine of the Andes and increased precipitation to
the east (Garreaud et al., 2012; Reynhout et al., 2019). A late 20th
and 21st century drying trend across much of Argentinian Pata-
gonia has been associated with a present-day positive SAM phase
(Aravena and Luckman, 2009; Garreaud et al., 2012).

Changes in temperature and precipitation affect glacier surface
mass balance (Hock, 2005), and changes in SAM phase have
tentatively been associated with episodes of glacier advance and
recession in the Patagonian Icefields (Kaplan et al., 2016; Reynhout
et al,, 2019). Patagonia's location makes it particularly sensitive to
the climatic shifts associated with the SAM, and an ideal location to
identify proxy records of past Southern Hemisphere climatic
variability.

High-quality instrumental climate records are only available in
Patagonia for the past ~100 years (Marshall, 2003), and hence long-
term paleoclimate reconstructions necessarily rely on proxies. Pa-
leoclimatic proxies can be any sedimentary, biological, or compo-
sitional dataset which preserves information about the
environmental conditions under which it was formed or deposited.
The majority of paleoclimate proxy research has been focussed on
the Northern Hemisphere, but a number of studies have investi-
gated mid to late Holocene Patagonian climate (Lara et al., 2020;
Massaferro and Larocque-Tobler, 2013; Villalba et al., 2012). Three
main categories of paleoclimatic proxies in Patagonia are: tree
rings, lacustrine or fjord sediment, and moraines.

Tree ring width reflects changes in the climatic variable most
limiting to tree growth in the local area - typically temperature or
precipitation (Villalba et al., 2012). Relative tree ring width (tree
ring index) has been used to reconstruct maximum summer tem-
perature over the past 5000 years in northern Patagonia (Lara et al.,
2020), and correlate with SAM phase (Villalba et al., 2012). While
tree rings are relatively widespread and provide an annual reso-
lution proxy, most records are chronologically limited to the past
few centuries.

Lacustrine or marine fjord sediment allows for several different
types of climatic reconstruction, either through the properties or
quantity of sediment itself (e.g., Elbert et al., 2015, 2012), or through
the preservation of climatically-sensitive data within the sediment
(e.g., (Caniupan et al., 2014; Davis, 1969; Massaferro and Larocque-
Tobler, 2013; Moreno et al., 2014). Where the conditions are
favorable, such proxy records may extend the entire Holocene or
even into the last glacial period (Caniupan et al., 2014; Massaferro
and Larocque-Tobler, 2013). Sediment mass accumulation rate
(Elbert et al., 2012) and optical brightness (Elbert et al., 2015) have
been used to reconstruct temperature and precipitation in various
Patagonian lakes. Pollen records have been correlated with the
Holocene temperature record and SAM cyclicity (Moreno et al.,
2014). Massaferro and Larocque-Tobler (2013) reconstructed
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Holocene mean annual air temperature using a chironomid transfer
function at Laguna Potrok Aike. Caniupan et al. (2014) used alke-
nones extracted from Chilean fjord sediment to reconstruct Holo-
cene sea surface temperatures, while Lamy et al. (2001) used
terrigenous sediment input to unravel Holocene rainfall variability
induced by the latitudinal shifts of the SWW belt in southern Chile.
Patagonian sediment records a range of valuable paleoclimatic in-
formation, but distributed across different climatic variables,
timescales, and temporal resolutions.

Glaciers are sensitive to climatic variations, and glacial land-
forms indirectly preserve information about past climate (Leger
et al,, 2021). Many Patagonian glaciers record multiple past ad-
vances through frontal moraines (Davies et al., 2020; Kaplan et al.,
2016; Reynhout et al., 2019; Strelin et al., 2014), corresponding to
times of higher precipitation or lower temperatures. Numerical
modeling of past glacier extents under a suite of different climatic
scenarios has been used to quantitatively constrain past precipi-
tation and temperature ranges (Leger et al., 2021), although qual-
itative correlations between glacier extent and climatic conditions
are more common (Kaplan et al., 2016; Strelin et al., 2014; Warren,
1993). Reynhout et al. (2019) proposed that variations in SAM phase
have paced Holocene glacier fluctuations in Patagonia by control-
ling the local precipitation and temperature. Glaciers only indi-
rectly record past climate through the conditions favorable for
glacier advance (high precipitation and/or low temperature), but
provide one of the most extensive paleoenvironmental records in
Patagonia.

Understanding the past evolution of the SAM in Patagonia is
important for our present-day understanding of large-scale cli-
matic controls on the region, and for forecasting future tempera-
ture and precipitation changes. Despite this, our understanding of
the multidecadal to centennial variability in the SAM and the po-
sition of the SWW is limited. Many of the longer time series of
paleoclimate, for instance the chironomid transfer function or
alkenone-based temperature reconstructions (Caniupan et al,
2014; Massaferro and Larocque-Tobler, 2013), have insufficient
temporal resolution to investigate centennial changes. Many of the
higher temporal resolution datasets, for instance lacustrine varve
(Elbert et al., 2015) or tree ring-based studies (Villalba et al., 2012),
only extend back a few hundred years. Studies with both a high
temporal resolution and temporal coverage greater than 1000 years
(Abram et al., 2014; Elbert et al., 2012; Lara et al., 2020; Moreno
et al,, 2014) show limited agreement, and are too spatially far
apart for a consensus Patagonian paleoclimate reconstruction. Our
best understanding of past SAM changes comes from an agreement
between Southern Patagonian pollen assemblage changes (Moreno
et al., 2014) and glacial fluctuations (Kaplan et al., 2016; Reynhout
et al., 2019; Strelin et al., 2014), which suggest an approximately
200-year duration of SAM-positive phases.

In this study, we used a large dataset of annually laminated
lacustrine cores from Lago Argentino, a large Patagonian proglacial
lake, to investigate paleoclimate periodicity in Southern Patagonia
over the past 5000 years. We first used a synthetic proxy record to
demonstrate that periodicity may be preserved in proxy records
even where direct paleoclimatic reconstruction is not possible, and
then investigated the spectral properties of the relative mass
accumulation rate (rMAR) and greyscale pixel intensity (PxI) re-
cords of Lago Argentino. We then considered whether the rMAR or
PxI spectra record any dominant periodicity related to the SAM or
other large-scale climatic systems.

2. Setting

Lago Argentino is an ultra-oligotrophic, ice-contact lake located
on the eastern flank of the Southern Patagonian Icefield (SPI) at



M. Van Wyk de Vries, E. Ito, M. Romero et al.

50°2’'S, 72°4'W (Fig. 1). Lago Argentino has a surface area of around
1500 km? and is up to 600 m deep (Sugiyama et al., 2016). Two
major rivers are located at the east of the main lake basin, one of
which flows into the lake (Rio La Leona), while the other drains the
lake to the Atlantic Ocean (Rio Santa Cruz). Six glaciers feed into
Lago Argentino, of which three (Upsala, Perito Moreno and Spe-
gazzini) calve directly into the lake and three calve into smaller
peripheral lakes (Fig. 1). The main basin of the lake has remained
free of glacial ice since at least 10 ka (Davies et al., 2020; Strelin
et al., 2011). Precipitation is as high as several metres of water
equivalent per year on the SPI itself, but due to a rain shadow effect
the landscape surrounding Lago Argentino is semiarid and receives
less than 500 mm of precipitation per year (Garreaud et al., 2012).
Precipitation, temperature, and wind speed all vary seasonally, and
local winds are dominantly westerlies related to the SWW belt,
with 70% of measured wind directions in the range 230—320° (SW-
NW). Positive SAM phases are associated with warming and drying
across the Lago Argentino glacier catchment area, while negative
SAM phases are associated with cooling and increases in precipi-
tation (Garreaud et al., 2009; Reynhout et al., 2019).

3. Methods
3.1. Core collection and imaging

We collected 47 lake cores from Lago Argentino in Austral
winter 2019. Twenty-five of these cores were collected using a
specially adapted deep-water Kullenberg piston corer with
250—450 kg head weight, and a further 22 were collected using a
gravity surface corer (Van Wyk de Vries et al., 2022, 2021). Where
possible, both Kullenberg and gravity cores were collected at the
same location. Our core distribution covers the main depositional
environments of Lago Argentino. Following collection, we split,
cleaned, and collected 20 pm per pixel line-scan imagery of each
core (Van Wyk de Vries et al., 2022, 2021).

We selected a subset of 18 Kullenberg piston cores and 10 sur-
face gravity cores from this dataset based on their degree of pres-
ervation and the presence of varves. Half of the piston cores are

Quaternary Science Reviews 304 (2023) 108009

from the main lake basin and the other half are from the brazos,
while 4 surface gravity cores are from the main lake basin and 6 are
from the brazos. We remove event deposits from our dataset, with
the remaining varved sediment exhibiting very minor down-core
variability (Van Wyk de Vries et al.,, 2022). In addition, whole-
core gamma-ray density scans do not show any systematic down-
core density variations, with the exception of event deposits.
Therefore, we assumed no down-core density variations and con-
verted each core's sedimentation rate curve into a rMAR time series
by normalizing the sedimentation rate curve by the whole-core
mean sedimentation rate. We also extracted a PxI value for each
annual layer by averaging the red, green, and blue pixel intensities
using the boundaries calculated from semi-automated varve
counting. Our objective in this study is to investigate the spectral
properties of these cores' rTMAR and PxI records, in order to evaluate
possible paleo-climatic cyclicity in Southern Patagonia.

3.2. Core chronology and age-depth models

Lago Argentino's sediment is almost entirely composed of
alternating light and dark laminae, interspersed with occasional
event deposits. We investigated the source of these alternating
light and dark laminae through a detailed sedimentary analysis,
and showed that they are varves created by seasonal cycles in
glacial sediment influx, fluvial sediment influx, and lake mixing
(Van Wyk de Vries et al., 2022). We further cross-validated the
annual nature of laminations at Lago Argentino through indepen-
dent Cs dating by comparing the varve count with the
1963—1965 37Cs peak (Van Wyk de Vries et al., 2022). We therefore
use varve counting to build an age-depth model for each core based
on the following findings: (i) there is a close match between varve
count results and *’Cs dating; (ii) multiple physical mechanisms
exist at Lago Argentino that enable regular varve formation; (iii)
grain size and sediment composition show consistent variations
between light and dark lamina down the entire core depths; and
(iv) the cores used in this study sample the ice-distal regions of
Lago Argentino, where uninterrupted settling of fine sediment
leads to a continuous sedimentary record.

Fig. 1. Location of Lago Argentino and other key locations. The central globe (a) shows the location of Patagonia, and the left-hand panel (b) shows the location of Lago Argentino
within Patagonia. The right-hand panel (c) shows the Lago Argentino basin and the position of the 28 cores used in this study.

3
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We created an age-depth model for each core using sliding-
window autocorrelation of greyscale digital core scans (CountMY-
varves; see Van Wyk de Vries et al, 2021). This method uses
sliding-window autocorrelation to identify repeated patterns in
cores after manual identification and removal of event deposits and
other non-varved sediment, such as damaged core tops. In addition
to generating an age-depth model, the automated varve count
provides a yearly resolution sedimentation rate curve for each core
site. CountMYvarves evaluates the uncertainty in varve count by
performing multiple counts on independent transects of the same
digital core scan (Van Wyk de Vries et al., 2021), providing both a
median age-depth model and likely bounds on the age for any given
lamina.

Uncertainty in the age-depth model for each core results from
two sources: uncertainty in the varve count itself, and uncertainty
in the number of missing varves at the core top. The second term is
zero where the sediment water interface is preserved, but this is
seldom the case (particularly for Kullenberg piston cores). We
determine likely bounds on the number of disrupted years at the
core top from comparison between Kullenberg and gravity cores,
and comparison between varve count and 3’Cs dates. We obtain
the uncertainty in varve counting directly from CountMYVarves
(Van Wyk de Vries et al., 2021). We then used Monte-Carlo sam-
pling to generate an ensemble of 1000 age-depth models for each
core, which we use in the following spectral analysis workflow.
Median age-depth models, estimated uncertainty components, and
Monte-Carlo ensemble age-depth models for each core are avail-
able in the supplementary materials.

3.3. Synthetic signal experiment

We designed an experiment to examine the effect of noise and
signal corruption on the preservation of periodicity in sedimentary
records. We created two annual-resolution synthetic climatic var-
iable time series, each 1000 years long. One time series is composed
of a single 100 year period sine wave, while the second is composed
of the sum of a 100 year sine wave and a 25 year sine wave. We then
constructed 24 synthetic proxy time series by modifying the time
series of climatic variables in various ways. For example, the syn-
thetic climatic variable could represent temperature and the syn-
thetic proxy could represent sedimentation rate.

We divided the 24 synthetic proxy time series into three
categories.

e Direct reproductions of the synthetic climatic variable with
added noise. We created scenarios with 10, 50, and 200% white
noise and red noise (Ghil et al., 2002), for signal to noise ratios of
10, 2, and 0.5 respectively. These scenarios represent the case
where there is a direct, linear relationship between the syn-
thetic climatic variable and synthetic proxy, but with the syn-
thetic proxy incorporating additional noise.

Time-averaged reproductions of the synthetic climatic variable
with added noise. We smoothed the dataset using a 2,10, and 50
year moving average and added 50% red noise (signal to noise
ratio of 2) to the resulting signal. These scenarios represent the
case where the synthetic proxy records a time-averaged version
of the synthetic climatic variable. This might be the case in Lago
Argentino, where sediment has a multiannual settling timescale
(Van Wyk de Vries et al., 2022).

Reproductions of the synthetic climatic variable without one or
both of the assumptions necessary for proxy reconstruction:
linearity and stationarity (National Research Council, 2006). We
invalidated linearity through a quadratic relationship between
the synthetic proxy and synthetic climatic variable, and statio-
narity by introducing a linear drift in the relationship between
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the synthetic proxy and synthetic climatic variable. We created
three scenarios, one in which linearity is not met, one in which
stationarity is not met, and one in which neither is met.

We analyzed the spectral properties of all synthetic proxy time
series to identify whether or not periodicity is preserved through
the various signal distortions. We computed a spectrogram for each
of the 24 synthetic proxy time series using the multi-taper Lomb-
Scargle periodogram (Springford et al., 2020) with the same algo-
rithm as used for the Lago Argentino rMAR and PxI time series. We
assessed the significance of spectral peaks against a first-order
autoregressive red noise test (Ghil et al., 2002), and compared
their magnitude to those of the synthetic climatic variable.

3.4. Spectral analysis of mass accumulation rate and pixel intensity
time series

We carried out our spectral analysis through three primary
steps, also shown in Fig. 2.

1) Manual pruning of outliers and normalization of time series.
Monte-Carlo sampling of the uncertainty range.

2) Warping of individual core rMAR and PxI records to a common
time axis via multivariate dynamic time warping

3) Conversion of rMAR and PxI to the spectral domain using the
Multitaper Lomb-Scargle method, and extraction of significant
periodicities.

We remove very-high rMAR outliers related to event deposits
from the rMAR and PxI time series. rMAR in Lago Argentino varies
an order of magnitude with distance from the glacier fronts, so we
normalized each rMAR curve based on its mean rMAR in order to
compare the temporal variations between different zones of Lago
Argentino. For consistency, we also divided PxI time series by their
averages, although mean PxI varies by less than a factor of two
across Lago Argentino.

Disrupted sediment related to core extraction, sub-sectioning,
and splitting introduces inevitable gaps in the rMAR and PxI re-
cord. Varve counting itself also leads to uncertainties into both the
age-depth model and rMAR record, which complicates matching
between individual sedimentation time series. PxI values were
extracted using the same age-depth model, and so are sensitive to
the same uncertainties. We generated composite rMAR records to
create a continuous rMAR and PxI record for Lago Argentino and
warp individual cores to a common time axis and reduce temporal
uncertainty. We separated cores by depositional environments
(brazos and main lake basin) and by coring mechanism (piston and
gravity corer), for a total of 4 groups.

We generated 1000 rMAR and PxI curves for each individual
core using the Monte-Carlo sampled age-depth models. We then
used multivariate dynamic time warping to composite each of
these 1000 records within each group. Dynamic time warping is
widely used in paleo-climate research for aligning multiple proxies
to a master curve, or to an external record of orbital forcing (Lisiecki
and Lisiecki, 2002). In most cases, these algorithms work by
warping one or multiple ‘unknown’ time series to match a ‘refer-
ence’ or ‘master’ time series. This approach is not suited for our
case, however, as all rMAR and PxI time series we wish to com-
posite are equally unknown, and no ‘reference’ time series exists.
We instead used an alternative form of multivariate dynamic time
warping, Fast Learnable Time Warping (FLTW, Khorram et al.,
2019), which is designed for compositing multiple equally
weighted time series. We modified Khorram et al. (2019)'s FLTW
algorithm to work on unevenly sampled signals so as to exclude
regions of missing sediment. We also lowpass filter signals prior to
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Fig. 2. Spectral analysis workflow.

matching to prevent warping to local minima, and limit the
maximum and minimum degree of local warping (to between 0.5
and 2 times the prior value). Warping time series based on
convolution with shifted triangular filters has the advantage of
automatically producing a smooth and continuous warped time
series, while the difference matrix approach can produce physically
implausible step-shaped outputs.

FLTW produces composite rMAR and PxI time series derived
from all cores in a given group, and a time-warped rMAR and PxI
curve for each individual core. We next calculated spectrograms for
all cores. Most standard spectral analysis methods require a
continuous, uniformly sampled time series, and are thus not suited
for use on our dataset due to portions of disrupted sediment. We
therefore used the multi-taper Lomb-Scargle periodogram, which
is applicable to unevenly sampled time series with missing data

(Springford et al., 2020). This approach averages multiple spectro-
grams over the same time series, each multiplied with a different
discrete prolate spheroidal sequence (DPSS) taper, reducing the
noise level of the resulting spectrogram (Springford et al., 2020).

We calculated a median spectrogram for each core using the
spectrograms for the 10% of runs (100) with the lowest FLTW
warping cost functions, corresponding to the best cross-match
between different cores. We evaluated each spectrogram against
a first-order autoregressive red noise test (Ghil et al., 2002), with
thresholds at the 95% and 99% confidence intervals. Finally, we
manually examined each mean spectrogram and extracted the
highest power peaks from each record.
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4. Results
4.1. Synthetic signal experiment

We designed the synthetic spectral test to investigate whether
periodicity may be preserved in a proxy record, even in the pres-
ence of very high noise levels, lack of linearity, or lack of statio-
narity. The 100 year cycles are significant at the 99% level in the
Lomb-Scargle periodogram in all 24 cases. The shorter 25 year cy-
cle is significant at the 99% level in all except one of the 12 cases.
Peaks remain above the 99% significance level even for a signal to
noise ratio of 0.5, and with the invalidation of both the assumption
of linearity and stationarity. Operations which systematically affect
the amplitude of the signal period, such as smoothing (reduction of
the amplitude) and a non-linear relation between signal and cli-
matic variable (reduction or amplification of the amplitude
depending on the type of non-linearity) also affect the amplitude of
associated spectral peaks.

The addition of 10—50% red or white noise to the synthetic
proxy has a negligible effect on its spectrum. The addition of 200%
red or white noise slightly affects the relative shape and magnitude
of the spectral peaks, but both the 25 and 100 year period peaks
remain highly significant and distinct from the background (Fig. 3).
The long-term mean of the reconstructed synthetic proxy signal
remains identical to the original synthetic climate signal for white
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noise and close for red noise, although the uncertainties associated
with the reconstruction can be high (Fig. 3 f and h). In the case of
200% red noise addition, the magnitude and phase of the recon-
structed periodicity varies considerably between cycles (Fig. 3 f and
h). The addition of moderate amounts of noise to the synthetic
proxy signal, in the absence of other changes, does not affect the
preservation of spectral peaks.

Smoothing reduces the magnitude of the resulting synthetic
proxy signal relative to the original synthetic climatic variable, and
alters its phase. In the extreme case where the degree of smoothing
is equal to or longer than a given cycle's periodicity, the cycle may
be erased entirely (Fig. 4 h). Smoothing of the synthetic proxy over
two years has little to no effect on the 25 or 100 year spectral peaks.
Smoothing of the signal over 10 years also has little effect on the
100 year period spectral peak, but reduces the power of the 25 year
spectral peak by half (Fig. 4 b and d). It also shifts the phase of both
peaks by around 5 years. Smoothing of the signal over 50 years
erases the 25 year cycle entirely, with the resulting double-period
synthetic proxy reconstruction becoming near-identical to the
single-period case (Fig. 4 h). The 25 year spectral peak is absent, and
the power of the 100 year spectral peak is reduced by half. The
phase of the 100 year signal is shifted by 25 years, or one quarter
period.

A non-linear relationship between the synthetic climatic signal
and synthetic proxy results in a distorted signal. For the quadratic
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Fig. 3. Spectra (a, ¢, e, g) and synthetic climatic variable-proxy comparison (b, d, f, h) for the addition of 50% red noise (a—d) or 200% red noise (e—h). The resulting signal to noise

ratio of the proxy is 2 (a—d) or 0.5 (e—h). IQR = Interquartile range.
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Fig. 4. Spectra (a, ¢, e, g) and synthetic climatic variable-proxy comparison (b, d, f, h) for 10 (a—d) and 50 (e—h) year smoothing of the signal.

signal-proxy relationship used here, the amplitude of the cycle is
increased. This is particularly notable in the case with two super-
imposed period signals, as the amplitude of the shorter-period
(25 yr) signal becomes modulated by the longer-period (100 yr)
signal. The amplitude of the 25 year cycle is high when the 100 year
cycle is close to its maxima, and low when the 100 year cycle is near
its minima (Fig. 5 d). The power of the 25 year and 100 year spectral
peaks is greater than for the original synthetic climate signal, but
artifacts are also introduced into the signal (Fig. 5 a and c). The
single-cycle case (100 year) has two additional peaks significant at
the 99% level (81 and 132 years, Fig. 5 a), while the dual-cycle case
(25 and 100 year) has three additional peaks significant at the 99%
level (20, 34, and 132 years, Fig. 5 c¢). Non-linearity may therefore
preserve or even enhance the spectral peaks relative to the original
signal, but may also introduce apparently significant false spectral
peaks as a result of changes to the signal shape.

A non-stationary relationship between the synthetic proxy and
synthetic climatic variable has very little effect on the spectral
properties of the signal. The position and magnitude of both the
100 year and 25 year peaks are largely unchanged relative to the
case where the relationship between the synthetic proxy and
synthetic climatic variable is stationary. The linear shift in the
relationship between the synthetic proxy and synthetic climatic
variable introduces errors into the proxy reconstruction, which
grow larger through time (Fig. 5 f and h).

Our results highlight how modifications to the original climatic

signal affect the spectra and proxy reconstruction in different ways
(Fig. 6). The addition of noise increases the uncertainty of proxy
reconstructions, but has little direct effect on their spectra.
Smoothing modifies the magnitude and phase of proxy re-
constructions, and reduces the power of spectral peaks. If the
timescale of smoothing is equal or greater than the period of a
cycle, the cycle is erased entirely as expected. Breakdown of the
assumption of linearity results in a failure to accurately reconstruct
the variance of the original climatic signal, while breakdown of the
assumption of stationarity results in a failure to accurately recon-
struct the magnitude of the original climatic signal. While these
render records unsuitable for use as paleoclimatic proxies using
standard techniques, they only have a minor effect on the spectral
properties of signals. Therefore, the periodicity in the original cli-
matic forcing may be recovered from sedimentary records even
where they cannot be used to quantitatively reconstruct the orig-
inal climatic forcing itself.

4.2. Spectral analysis of mass accumulation rate and pixel intensity
time series

Composite dynamic-time-warping aligned time series show the
variations in rMAR and PxI through time. All four groups, main
basin piston (Kullenberg) cores, the brazos piston cores, the main
basin gravity cores, and the brazos gravity cores, show a decreasing
sedimentation trend over the past few decades. The two gravity
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Fig. 5. Spectra (3, ¢, e, g) and synthetic climatic variable-proxy comparison (b, d, f, h) for a breakdown of the assumption of linearity (a—d) and a breakdown of the assumption of

stationarity (e—h).

core groups do not exhibit any clear long-term trends, but extend at
most 600 years. The two piston core groups are longer, with their
records covering the past ~1800 years for the brazos and ~5000
years for the main basin. They both exhibit similar temporal pat-
terns in sedimentation, with higher than average sedimentation
over the past 300 years, 600—1000 years ago, and around 1500
years ago (Fig. 7). Correspondingly lower than average rMARs are
found centered on 400 years ago and 1200 years ago in both re-
cords. rTMAR at Lago Argentino has varied within ~25% of the
present-day value over the past 5000 years.

Spectral analysis of individual core time series provides infor-
mation about the dominant periodicities within their sedimentary
record. Both the rMAR time series and PxI time series exhibit sta-
tistically significant peaks in their spectrograms, although these are
more common for the rMAR data. The highest power peak in most
piston core spectrograms has a very long period, between 300 and
2500 years. This peak does not exhibit any consistency in its period
between different cores, varying across almost an order of magni-
tude. A number of other significant shorter period spectral power
peaks are, however, found in multiple cores: one at 200 + 20 year
period, another at 150 + 16 year period, and a third at 85 + 9 year
period (e.g., Fig. 8).

We first assess the presence and significance of the 200 + 20,
150 + 16, and 85 + 9 year period spectral power peaks in the rMAR

time series for all 28 cores. The 200 + 20 year period spectral power
peak is present and statistically significant at the 95% level in 61% of
all cores (17), and in 78% of the longer Kullengerg piston cores (14
out of 18). The peak remains significant at the 99% level in 54% of all
cores (15) and 67% of the piston cores (12). The 150 =+ 16 year period
spectral power peak is present and statistically significant in 57% of
all cores (16), and in 78% of the longer Kullenberg piston cores (14).
The peak remains significant at the 99% level in 54% of all cores (15)
and 72% of the piston cores (13). The 85 + 9 year period spectral
power peak is present and statistically significant in 61% of all cores
(17). The peak remains significant at the 99% level in 46% of all cores
(13) and 60% of the surface gravity cores (6). A further 35 + 4 year
period spectral power peak is present and significant at the 95% level
in 32% of all cores (9), but is only significant at the 99% level in 2
cores. The 200, 150, and 85 yr spectral power peaks are significant at
the 99% level in the rMAR time series across much of Lago Argentino.

Next, we assess the presence and significance of the same 3
spectral power peaks in the PxI time series for all 28 cores. The
200 + 20 year period spectral power peak is present and statisti-
cally significant in 36% of all cores (10), and in 67% of the brazos
Kullenberg piston cores (6). The spectral power peak remains sig-
nificant at the 99% level in 25% of all cores (7). The 150 + 16 year
period spectral power peak is present and statistically significant in
36% of all cores (10), and in 56% of the brazos Kullenberg piston
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cores (5). The peak remains significant at the 99% level in 29% of all
cores (8). The 85 + 9 year period spectral power peak is present and
statistically significant in 18% of all cores (5), and in 67% of the
brazos surface gravity cores (4). The peak remains significant at the
99% level in 14% of all cores (4). The three PxI spectral power peaks
are present in fewer cores than for the rMAR time series, but are
still present in all Lago Argentino's main depositional
environments.

10

5. Discussion

Our synthetic proxy test shows that periodicity is commonly
preserved even in very noisy or otherwise poorly preserved proxy
records. Three assumptions are necessary in order to use a dataset
as a paleoclimate proxy using the standard linear regression
approach: the relationship between the proxy and climatic variable
of interest must be linear (National Research Council, 2006), the
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statistical relationship between a given proxy and a given climatic
variable must remain constant throughout the entire study period
(National Research Council, 2006), and the noise level in the proxy
record must be low enough to not overwhelm the climatic signal.
These assumptions are commonly not met in natural systems. A
possible proxy record may be affected to a different extent by
different climatic variables through time: for example, a tree's
growth may be temperature-limited in some years and
precipitation-limited in others. Failure of these assumptions for any
proxy precludes quantitative reconstruction of the magnitude of
past climate. Our synthetic test results, however, show that it does
not prevent the reconstruction of the spectral properties of climatic
signals. Lago Argentino exhibits a complex sedimentary environ-
ment with multiple competing climatic controls on sedimentation
(Van Wyk de Vries et al., 2022), such as temperature (glacier melt)
and wind speed (lake mixing), and a high likelihood that the
relationship between sediment deposition and climate is not sta-
tionary at any given location. Therefore, we examine the spectral
properties of Lago Argentino's sediment with the objective of
recovering any dominant periodicities in the climatic drivers of
sedimentation.

We identify three main statistically significant periodicities
through spectral analysis of Lago Argentino's sedimentary record:
200 + 20, 150 + 16, and 85 + 9 years. We investigate the spectral
properties of 28 individual cores, and find that these three periods
remain significant across all of Lago Argentino's main depositional
environments. In addition, these three periods (200 + 20, 150 + 16,
and 85 + 9 years) are statistically significant in both of the different
sedimentary proxies which we use: rMAR and PxI. The peaks are
present most widely in the rMAR spectra (57—64% of all cores,
~three quarters of piston cores. The longer period peaks (200 + 20
and 150 + 16 years) are most commonly found in the piston core
spectra covering longer timescales, while the shorter period peak
(85 + 9 years) is most commonly found in the surface gravity cores
with shorter records. Other periodicities are statistically significant
in some cores, including very long periods (300—2500 years) and
shorter periods (35 + 4 years), although they are only significant
across a small fraction of our dataset. The lower abundance of
significant 200 + 20 and 150 + 16 year peaks in the gravity cores is
unsurprising, given that many gravity cores record fewer than one
period of data. The ability of gravity cores to resolve the recent past,
along with their high number of significant 85 + 9 year spectral
peaks, means they remain useful to include in this study. The
commonality of periodicities across Lago Argentino's basin leads us
to relate them to large-scale climatic forcings.

Detailed analysis of Lago Argentino's sedimentary record (Van
Wyk de Vries et al., 2022, 2021) and investigation of present-day
climate and lacustrine processes in the area (Garreaud et al,
2012; Richter et al., 2016; Sugiyama et al., 2016) provides insight
into the likely climatic controls on sediment deposition at Lago
Argentino. Sediment in Lago Argentino is primarily sourced from
glacial erosion, with a minor fluvial contribution (Van Wyk de Vries
etal., 2022). The timescales of sediment deposition are also affected
by the degree of lacustrine stratification, which is controlled by a
balance between wind-derived kinetic energy and thermal-
stratification-derived potential energy (Fischer et al., 1979; Van
Wyk de Vries et al., 2022). The timescales of Stokes' settling for
the micron-scale grain fraction which constitutes the majority of
Lago Argentino's sediment may be as high as several decades (Van
Wyk de Vries et al.,, 2022), but remains shorter than even the
shortest significant periodicity we identify (85 + 9 years) in both
the fully mixed and fully stratified endmember cases. Conse-
quently, the rate of glacial erosion is likely the major control on
sedimentation in Lago Argentino on centennial timescales.

The total volume of sediment eroded by a glacier over a given
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time period is controlled by two factors: the size of the glacier, and
its area-integrated erosion rate. As a glacier grows, it is in contact
with the bed over a larger area, and all else being equal, will erode a
larger volume of sediment. Glacier erosion rate at any point in space
is, on a first order, controlled by glacier sliding speed (Cook et al.,
2020). The deposition of glacially eroded sediment also di-
minishes away from the glacier front. This reduction in sedimen-
tation rate with distance has been approximated by either a single
or dual exponential decay function (Koppes and Hallet, 2002). The
accumulation rate of glacially-derived sediment at a given point in
a proglacial lake basin is therefore sensitive to three factors: the
total size of the contributing glacier, the sliding speed of this glacier,
and the distance between the point and the glacier's calving front.
Glaciers will generally grow when climatic variables positively in-
fluence their surface mass balance with a decrease in temperature
or an increase in precipitation (Cuffey and Paterson, 2010; Hock,
2005). Positive SAM phases are associated with warming and
drying across the Lago Argentino glacier catchment area, which is
located on the leeward side of the Andean cordillera (Garreaud
et al.,, 2009; Reynhout et al., 2019). Conversely, negative SAM
phases are associated with cooling and increases in precipitation.
Both the precipitation and temperature effects of the SAM have
complementary effects on glacier mass balance, promoting growth
during SAM-negative phases and recession during SAM-positive
phases (e.g., Reynhout et al., 2019). The coupled temperature and
precipitation effects of the SAM, driving periods of positive and
negative glacier mass balance, thus are a likely driver of centennial
scale variations in sediment properties at Lago Argentino.

While the SAM provides a plausible mechanism for centennial
scale sediment variability at Lago Argentino, other factors may also
influence sedimentation. Both lakes and glaciers may exhibit non-
climatically forced periodic or quasi-periodic fluctuations. Richter
et al. (2016) identified a periodic seiche current in Lago Argentino
using pressure tide gauges with a dominant period of 85 min and
secondary periodicities of 28—107 min, but no study has indicated
the presence of multidecadal internal lake periodicities. Glaciers
may exhibit two main types of internal variability: surges (Sevestre
and Benn, 2015) and the tidewater glacier cycle (Cuffey and
Paterson, 2010). Glacier surges have not been observed in Patago-
nia, with the possible exception of the multidecadal advance of
Glaciar Pio XI (Rivera and Casassa, 1999; Hata and Sugiyama, 2021).
A global survey of the conditions conducive to glacier surging
suggests that they are unfavorable in Patagonia due to the warm
temperatures (Sevestre and Benn, 2015). Non-linear retreat has also
been observed at Glaciar Upsala, the largest glacier in the Lago
Argentino catchment, but this has not been associated with a
tidewater cycle (Sakakibara et al., 2013). Glaciar Upsala's hypsom-
etry is similar to that of Glaciar San Rafael, where Warren (1993)
concluded that climate remained the primary driver of glacier
retreat over multidecadal timescales. Glacier surges are thus un-
likely at Lago Argentino, and any tidewater glacier processes may
distort any climatic signal but not overprint it with a non-climatic
periodicity. Overall, multidecadal to centennial internal periodic-
ities in Lago Argentino's glacio-lacustrine system are not likely, and
any such periodicity preserved in the sedimentary record reflects
periodicity in the climatic forcing.

On the balance of evidence, the SAM is the most likely cause for
the statistically significant 200 + 20, 150 + 16, and 85 + 9 year
periodicities in Lago Argentino. This is consistent with Moreno et al.
(2014)'s findings which ascribe 200 + 60 year long positive non-
arboreal pollen anomalies to positive SAM phases in Lago Cipr-
eses, 100 km south of Lago Argentino, and with Reynhout et al.
(2019)'s posit that the SAM has paced glacier advances and re-
treats across Patagonia. As our study only evaluates periodicities
over the entire core lengths, we cannot confirm Villalba et al.
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(2012)'s finding of an unusual SAM behaviour over the late 20th
century. However, our study provides valuable information about
the baseline state of the SAM in Southern Patagonia. Our study does
not attempt to correlate specific SAM-positive or SAM-negative
phases to episodes of glacier advance and retreat, but instead
provides a broader context for the understanding of their periodic
climatic drivers. The three spectral peaks are less common in the
PxI record than rMAR, which suggests that the processes affecting
sediment accumulation rate in Lago Argentino are more closely
coupled to larger-scale climate drivers than those controlling
sediment color. Detailed investigation of the present-day physical
processes operating in Lago Argentino may provide insight into the
exact source of these differences.

These multidecadal to centennial SAM periodicities have not
been previously identified in Patagonia. We consider three reasons
why the three 200 + 20, 150 + 16, and 85 + 9 year periodicities are
found for the first time in this study.

i) Only a very small number of prior studies have both an
annual resolution and millennial temporal extent. Most
annual resolution tree-ring studies extend only a few cen-
turies into the past (Villalba et al., 2012), while most longer
records have coarse temporal resolutions unsuited for the
spectral identification of 85—200 yr periodicities (Caniupan
et al., 2014; Massaferro and Larocque-Tobler, 2013).

ii) Lago Argentino's geographic location and sedimentary
properties are ideally suited for recording changes in the
SAM and SWW. With a glacierized basin at a latitude of 50°S,
close to the core of the SWW wind belt, Lago Argentino is
sensitive to the temperature and precipitation changes
associated with positive and negative SAM phases (Garreaud
et al, 2012; Kaplan et al,, 2016). Lago Argentino directly
preserves changes in glacial sediment yield with no

a. 85 year period signal
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modification from an intermediary fluvial system (Van Wyk
de Vries et al., 2022), as is the case with non ice-contact lakes
(Elbert et al., 2015, 2012). The presence of varves preserves
annual resolution sediment properties and allows for the
construction of a high resolution age-depth model.

iii) The methods applied in this study are well suited for the
identification of a significant periodicity in noisy data. Firstly,
we take care to use not a single record from Lago Argentino,
but all 28 suitable sediment cores. Secondly, we make use of
these multiple cores to create a composite time axis and age-
depth model, with greater confidence than for any individual
core. Finally, our choice of spectral analysis method, the
multitaper Lomb-Scargle periodogram (Springford et al.,
2020), is ideal for the recovery of weak periodicities in
noisy and unevenly sampled data.

Similarly to how the eccentricity, obliquity, and precession of
the Earth interfere to form a complex climatic signal, the 200 + 20,
150 + 16, and 85 + 9 year SAM periodicities can constructively and
destructively interfere to create irregularly spaced episodes of
strongly positive or negative glacier forcing (Fig. 9). This may result
in brief periods of extremely positive or strongly negative glacier
mass balance for Patagonian glaciers. Today, Patagonian glaciers are
rapidly losing mass (Abdel Jaber et al., 2019), with some estimates
placing their specific mass change rate as the most rapid on Earth
(Zemp et al.,, 2019). Assessments of future Patagonian ice loss
forecast that this rapid ice loss is likely to be maintained or even
accelerate in coming decades (Bravo et al., 2021). These studies do
not, however, account for possible SAM periodicity. If the current
negative glacier surface mass balance is amplified by the positive
SAM phase (Aravena and Luckman, 2009; Garreaud et al., 2012),
then a switch to a negative SAM phase may mitigate glacier mass
loss. This attenuating factor is, however, conditioned upon the SAM
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retaining its past periodic behavior into the future, which is un-
certain due to strong anthropogenic atmospheric forcing (Villalba
et al,, 2012; Abram et al., 2014; Fogt and Marshall, 2020).

6. Conclusions

We use the sedimentary record of a large lake, Lago Argentino,
to investigate the climatic drivers of sedimentation in Southern
Patagonia. Our key findings are as follows.

1. Tests using a synthetic climate and proxy signal show that
periodicity may be preserved even in cases where the proxy
record is not suitable for paleoclimate reconstruction.

2. Spectral analysis of the rMAR and PxI record from 28 cores
covering all of Lago Argentino's main depositional environ-
ments reveals three statistically significant periodicities:
200 + 20, 150 + 16, and 85 + 9 years.

3. We relate the three significant multidecadal to centennial pe-
riodicities to variations in the SAM and associated changes in
precipitation and temperature. Our results support the hy-
pothesis that positive SAM phases promote glacier recession
and negative SAM phases promote glacier advance.
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