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Abstract High-resolution sediment records from the eastern tropical North Pacific (ETNP) spanning the
last ~240 ka B.P. were studied to document the nature of millennial-scale climatic events in the tropical
Pacific and to investigate teleconnection mechanisms. We present organic carbon (%OC) and diffuse spectral
reflectivity records as indicative of upwelling and productivity changes off NWMexico over the middle to late
Pleistocene. The new productivity records document the persistence of abrupt millennial-scale changes over
the last two glacial cycles. Detailed spectral and wavelet time series analyses show the predominance of
longer climatic cycles (2–6 ka) during the last and the penultimate glacial periods. The persistence of millennial
variability during the penultimate glacial, in absence of large ice rafted debris events in the North Atlantic,
suggests that freshwater input through ice sheet dynamics is not essential for millennial-scale climate
variability. Given the worldwide emerging picture of remarkable similar millennial-scale records over long time
periods, we suggest that the pacing of this climate variability may represent a natural resonance in the climate
system, amplified by a tightly coupled oceanic and atmospheric teleconnection processes. We present a
schematic scenario of millennial-scale climate change depicting the role of the tropical Pacific in this global
teleconnection system by linking productivity and upwelling changes in the ETNP with shifts in the position of
the Intertropical Convergence Zone and the strength of the subtropical North Pacific High.

1. Introduction

Millennial-scale variations recorded in Greenland ice cores [Dansgaard et al., 1993] and North Atlantic
sedimentary records [Bond et al., 1993] have shown abrupt transitions, from cold stadial states to warm
interstadial states (i.e., Dansgaard/Oeschger or D/O events) during the last glacial period (~10–70 ka B.P.;
i.e., marine isotope stages (MIS) 2–4). The sharp temperature increase between cold and warm phases in
ice core records was about 10°C, occurring within a few decades [Bond et al., 1993; Dansgaard et al., 1984].
The disruption of the Atlantic Meridional Overturning Circulation (AMOC) caused by freshwater inputs
through ice sheet calving, as marked by ice rafted debris (IRD) layers, was first assumed to be responsible
for the abrupt temperature variations over the North Atlantic [McManus et al., 1999]. Thus, freshwater
inputs from such large ice armadas are associated with abrupt cooling in the North Atlantic (Heinrich
events) [Heinrich, 1988; MacAyeal, 1993]. In addition, comparison of ice core temperature records from
Greenland and Antarctica during the last glacial period revealed that cold events in the Northern
Hemisphere (NH) were matched by progressive warming in Antarctica [Blunier et al., 1998]. Such
interhemispheric antiphasing is explained by the bipolar seesaw mechanism where disruption in the North
Atlantic AMOC and the buildup of heat in the surface ocean leads to warming in southern latitudes
[Crowley, 1992; MacAyeal, 1993]. These highlighted the global footprint of these abrupt climate swings
revealing the susceptibility of the Earth to undergo large and abrupt climate changes relevant to human
scale [Blunier et al., 1998].

Although first reported in North Atlantic high-latitude records over the last glacial period, concomitant
millennial-scale variations in the Earth’s climate system were unearthed in midlatitude and low-latitude
archives as well [Behl and Kennett, 1996; Ivanochko et al., 2005]. In the NE Pacific, millennial-scale variations
were first reported as changes in intermediate water oxygenation in laminated Santa Barbara Basin
sediment sequences [Kennett and Ingram, 1995]. These sediments showed 17 distinct laminated intervals
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that occurred frequently between 60 and 12 ka B.P. [Behl and Kennett, 1996], which were subsequently
identified using benthic foraminifera assemblages as representing near anoxic conditions [Cannariato
et al., 1999] corresponding with warmer interstadial periods recorded in Greenland ice cores while
bioturbated sequences deposited during stadial periods [Dansgaard et al., 1984]. Subsequent studies in
the NE Pacific (e.g., off Oregon, Santa Monica and Santa Barbara, the Baja California Peninsula, and the Gulf
of California) identified millennial-scale variations. They are recorded in oxygen isotopes of planktonic
foraminifera [Hendy and Kennett, 1999; Hendy et al., 2004], sediment chemical composition [Hendy et al.,
2004; Hendy and Pedersen, 2005], and nitrogen isotopes [Emmer and Thunell, 2000; Hendy and Pedersen,
2005] recording a range of environmental changes including the strength of the oxygen minimum zone
[Cannariato et al., 1999], sea surface temperatures and thermocline depths [Hendy and Kennett, 1999],
intermediate water masses [Stott et al., 2000], sediment redox conditions [Hendy and Pedersen, 2005; van
Geen et al., 2003], subsurface denitrification [Emmer and Thunell, 2000], upwelling strength, and marine
productivity [Ortiz et al., 2004].

Millennial-scale variations are now thought to be pervasive in the tropical hydrological cycle [Overpeck and
Cole, 2006], as changes in monsoon intensity and/or in the latitudinal position of Intertropical
Convergence Zone (ITCZ) in the Atlantic, Pacific, and Indian Oceans [Hendy and Kennett, 1999; Hendy et al.,
2002; Ivanochko et al., 2005; Ortiz et al., 2004; Peterson et al., 2000]. These studies have drawn a link
between temperature changes in Greenland and the North Atlantic with the latitudinal migration of the
ITCZ in the tropics [e.g., Bond et al., 1993; Dansgaard et al., 1993; Keigwin and Jones, 1994]. The Earth’s
hydrological cycle perturbations are suggested to have caused large-scale redistribution of heat and
moisture on the surface with global consequences. Another diagnostic feature of the millennial-scale
climate variability is the abrupt variations in atmospheric greenhouse gas (GHG) concentrations (i.e., water
vapor, carbon dioxide, methane, and nitrous oxide) recorded in ice cores [Intergovernmental Panel on
Climate Change, 2007]. For instance, interstadial increases of CH4 production, thought to derive mainly
from low-latitude wetlands, occurred in tandem with the northern migration of ITCZ and enhanced
monsoon intensity recorded in marine and terrestrial records [Flückiger et al., 1999; Flückiger et al., 2004;
Ivanochko et al., 2005]. These abrupt shifts in the position of the ITCZ and GHG emission point to the
tropics as an amplifier of the millennial-scale climate changes, if not the trigger. However, teleconnection
mechanisms (atmospheric and/or oceanic) between low and high latitudes at millennial scales are still
unclear [Chiang, 2009].

Because abrupt climate changes were first observed in the NH high latitudes and the North Atlantic,
variations in the strength of the AMOC were first assumed to be responsible for the large variations in
temperature over the North Atlantic [Bond et al., 1993]. However, with the discovery that the tropics have
undergoing similar variations, and given the size of the tropical ocean compared to the North Atlantic and
its ability to trigger global climatic perturbations today [Cane, 1998; Clement et al., 1999; Siddall et al.,
2006], it was subsequently proposed that abrupt climate changes were originated and propagated from
low latitudes via a range of atmospheric and oceanic processes [Clement et al., 1999; Haug et al., 2001;
Koutavas et al., 2002; Leduc et al., 2009; Stott et al., 2002]. For instance, perturbations such as El Niño–
Southern Oscillation (ENSO) originate in the equatorial Pacific and have global climatic repercussions.
However, recent modeling studies reveal that abrupt AMOC slowdown has climatic impacts that can
extend globally. Such models show that the resultant cooling in the NH causes an interhemispheric
thermal gradient which in turn gives rise to a southward shift of the ITCZ in the Atlantic [Stouffer et al.,
2006; Vellinga and Wood, 2002].

Most of the NH records with sedimentation rates high enough to resolve millennial-scale events do not
extend beyond the penultimate interglacial period (~123 ka B.P.; i.e., MIS 5), besides it also marks the
termination of the Greenland ice cores [Broecker, 1992; Curry and Oppo, 1997]. On the other hand,
millennial-scale sea surface temperature (SST) records extending beyond MIS 7 have been reconstructed
in marine sediments from the Iberian Margin, in North Atlantic midlatitudes [Martrat et al., 2007], but
equivalent records from the tropical Pacific Ocean are scarce despite its recognized sensitivity to record
global climatic perturbations [Cane, 1998; Clement et al., 1999]. This represents a major gap in our
knowledge for understanding the nature of these abrupt climate variations. In this study, we present new,
high-resolution sediment core records from the eastern Tropical North Pacific (ETNP) spanning the last two
climatic cycles (i) to document and understand the nature of the millennial-scale climatic events in the
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tropical Pacific, and (ii) to investigate the relationship between low- and high-latitude records beyond the last
climatic cycle extending to ~240 ka B.P., covering the penultimate glaciation (marine isotope stage 6).

1.1. Study Area

Today, along the NE Pacific margins off California and NW Mexico, the climate is influenced by the
location and seasonal migration of the ITCZ, subtropical North Pacific High, and the Aleutian Low
[Bakun and Nelson, 1991; Barry and Chorley, 2003]. The study area is in boundary of the California
Current System to the north, which is a typical eastern boundary current system with equatorward
surface flow of cold California Current (CC) and subsurface (100–300m) poleward flow of California
Undercurrent, and the tropical waters of the Costa Rica Coastal Current (CRCC) to the south. In winter,
the study area is under the influence of the CC. During boreal summer and fall, the CC moves north by
10° controlled by the migration of the ITCZ, bringing the study area under the influence of the Costa
Rica Coastal Current (CRCC) which expands to the tip of the Baja California Peninsula [Badan-Dangon,
1998; Kessler, 2006].

Locally, the southward shore-parallel winds caused by air pressure differences between the North Pacific
High pressure system (subtropical High, hereinafter), and the thermal Low centered on the continent drive
coastal upwelling in winter and early spring off NW Mexico [Badan-Dangon, 1998; Kessler, 2006; Lavin et al.,
1995; Reyes and Lavin, 1997; Wyrtki, 1965]. Past changes in coastal upwelling off NW Mexico is thought to
be sensitive to myriad of factors including meridional temperature gradients, the north-south migration of
the ITCZ, ENSO oscillations, the mean position and the intensity of the subtropical High, the relative
position of the jet stream, and the presence of Laurentide ice sheet on land [Cheshire et al., 2005;
Ganeshram and Pedersen, 1998; Hendy and Kennett, 1999, 2003; Kutzbach et al., 1998; McClymont et al.,
2012] In the modern, shore-parallel winds and upwelling off Southern California and NW Mexico occur
when ITCZ and the subtropical High are in the southern position in winter and early spring; but they wane
in summer, when ITCZ shifts north and the subtropical High intensifies and expands to temperate
latitudes. This seasonal pattern is profoundly altered during glacial periods. Climate model simulation
shows that the presence of the Laurentide ice sheet and the semipermanent glacial anticyclonic High over
the ice sheet had a profound influence of the wind patterns during glacial periods [Ganeshram and
Pedersen, 1998; McClymont et al., 2012].

In the ETNP (NW Mexico), coastal upwelling fuels high biological productivity and high carbon exports
through the water column and sediments. Consequently, the sediments are organic rich and often
laminated typifying upwelling sedimentary facies [Ganeshram et al., 1999]. The Oxygen Minimum Zone off
NW Mexico is particularly intense with near-zero oxygen levels extending between 200 and 800m water
depth supporting water column denitrification [Brandes et al., 1998; Ganeshram et al., 2000], thus
suggesting that surface productivity, driven by the local upwelling, exerts an important control on the
oxygenation of the water column [Ganeshram et al., 1995, 2000].

2. Material and Methods

The piston cores MD02-2518 (latitude 22°40.39′N; longitude 106°29.19′W; 450m water depth) and MD02-
2519 (latitude 22°30.89′N; longitude 106°39.00′W; 955m water depth) were retrieved from the continental
slope off Mazatlan, Mexico (Figure 1), during the IMAGES IV (International Marine Global Past Change
Studies) MONA (Marges Ouest Nord-Américaines) oceanographic expedition [Beaufort, 2002]. The total
length of cores MD02-2518 and MD02-2519 is 4000 and 3600 cm, respectively. The sediment sequences
consist of massive to laminated intervals, and none of the cores show disturbance or hiatuses in the
stratigraphic description. The laminations range from fine (0.5–2mm) to thicker banding (5–20mm) that
sometimes alternate with faintly bioturbated intervals. The cores sites are located in the ETNP within an
intense oxygen-minimum zone (OMZ) that extends from ~150 to 800m depth with almost undetectable
O2 concentrations between 150 and 600m water depth ([O2]< 10μM) [Ganeshram et al., 1999]. At the
surface, the region experiences intense winter upwelling in response to the intensification shore-parallel
winds, high levels of biological productivity, and elevated export production [Bakun and Nelson, 1991;
Roden, 1962]. In turn, the sediment sequences reflect these conditions, being extremely rich in organic
carbon (%OC> 7%) and other biogenic components [Ganeshram and Pedersen, 1998].
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2.1. Paleoceanographic Proxies

Sample analyses of bulk organic carbon (OC) from marine sediments and oxygen isotopes of benthic
foraminifera (δ18O-BF) were performed in the Wolfson Laboratory at the School of Geosciences, the
University of Edinburgh. To perform the carbon-nitrogen (C-N) analyses, the cores were subsampled at every
1–2 cm for the Core MD02-2518 and every 2 cm for the Core MD02-2519. The sediments were freeze dried,
ground, and homogenized in an agate mortar. To remove all traces of carbonates, the samples were
acidified with HCl (5%) on a hot plate at 70°C. The percentage of organic carbon (%OC) was analyzed using a
Carlo Ebra NA2500 C-N elemental analyzer in line with a VG PRISM III isotope ratio mass spectrometer. An
acetanilide standard was used for elemental compositions, where its values are carbon 71.09% and nitrogen
10.36%. The PRISM III elemental analysis software uses the K-Factor method to calculate sample elemental
composition by comparison with the acetanilide standard. The elemental analysis error was ±1.3% for carbon.

Analyses of δ18O in the Core MD02-2519 were performed in sediment samples chosen every 2–5 cm in the
first half of the core (0–1800 cm) and every ~10–20 cm in the second half (1800–3600 cm), depending on
the foraminifera abundances. All sediment samples were routinely washed with running water through a
65μmmesh size to eliminate the finer fraction. About 10 shells of Uvigerina spp. were carefully picked,
rinsed, and sonicated for few seconds in double-distilled water for isotopic analyses. The handpicked
carbonate sample was reacted with 100% orthophosphoric acid at 75°C in a “Kiel Carbonate III”
preparation device. The resulting CO2 was analyzed on a Thermo Electron Delta+ Advantage stable isotope
ratio mass spectrometer. The laboratory standard marble powder (MAB2B) run as a sample between
November 2006 and April 2008 was δ18OPDB = 19.40 ± 0.07‰. All isotopic values are quoted relative to
standard Pee Dee belemnite.

The diffuse spectral reflectivity (DSR) was measured on board the ship at every 2 cm with a Minolta-2022
spectrophotometer [Beaufort, 2002]. The parameter a* (the red/green attribute) was calculated
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Figure 1. Map of the study area showing a generalized illustration of the modern large-scale atmospheric circulation, the
coastal upwelling, and the ITCZ average position during summer and winter (www.opc.ncep.noaa.gov). Inset: location of
the cores MD02-2518 (latitude 22°40.39′N; longitude 106°29.19′W; 450mwater depth) andMD02-2519 (latitude 22°30.89′N;
longitude 106°39.00′W; 955m water depth).
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Table 1. Age Controls Used to Construct the Age Model of Cores MD02-2518 and MD02-2519a

Age Model: Core MD02-2518

Source MD02-2518 Depth (cm) Age (Cal ka B.P.) Source (Symbol)

AMS 14C 10 1.2 x
AMS 14C 140 6.7 x
AMS 14C 230 11.2 x
AMS 14C 260 13.8 x
AMS 14C 284 18.9 x
AMS 14C 340 33.2 x
AMS 14C 372 36.2 x
AMS 14C 422 44.0 x
GISP2-D/O 12 490 45.3 ◊

GISP2-D/O 14 590 51.9 ◊

GISP2-D/O 17 664 57.5 ◊

GISP2-D/O 19 954 68.4 ◊

GISP2-D/O 21 1250 83.6 ◊

GISP2-D/O 23 1534 101.0 ◊

GISP2-D/O 25 1712 108.1 ◊

ODP 977A-(MIS 5e) 26 1906 121.6 ◊

ODP 977A-(MIS 6.0) S1′ 1990 130.0 ◊

ODP 977A-(MIS 6.4) S4′ 2376 150.3 ◊

ODP 977A-(MIS 6.6) 9′ 2930 180.8 ◊

ODP 977A-(MIS 7a) 11′ 3146 193.4 ◊

ODP 977A-(MIS 7c) 12′ 3560 215.5 ◊

ODP 977A-(MIS 7d) 13′ 3836 224.5 ◊

Age Model: Core MD02-2519
Source MD02-2519 Depth (cm) Age (Cal ka B.P.) Source (Symbol)
AMS 14C 1 2.4 +
AMS 14C 74 3.8 +
AMS 14C 140 6.3 +
AMS 14C 194 9.1 +
AMS 14C 216 10.2 +
AMS 14C 230 11.1 +
AMS 14C 284 13.9 +
AMS 14C 290 14.1 +
AMS 14C 332 16.1 +
AMS 14C 370 18.5 +
AMS 14C 424 21.4 +
AMS 14C 466 23.2 +
AMS 14C 500 25.7 +
AMS 14C 558 28.2 +
AMS 14C 576 28.8 +
AMS 14C 606 30.5 +
AMS 14C 636 32.5 +
AMS 14C 676 34.5 +
AMS 14C 758 39.5 +
GISP2-D/O 12 870 45.3 °
GISP2-D/O 14 956 51.9 °
GISP2-D/O 17 1044 57.5 °
GISP2-D/O 18 1138 61.9 °
GISP2-D/O 19 1272 68.4 °
GISP2-D/O 20 1316 72.8 °
GISP2-D/O 21 1428 83.6 °
GISP2-D/O 23 1630 101.1 °
GISP2-D/O 25 1744 108.1 °
ODP 977A-(MIS 6.0) S1′ 2070 130.0 °
ODP 977A-(MIS 6.2) 1′ 2156 137.0 °
ODP 977A-(MIS 6.4) S4′ 2458 151.3 °
ODP 977A-(MIS 6.5) 8′ 2824 175.1 °
ODP 977A-(MIS 6.6) 9′ 3040 180.8 °

aAMS 14C dates are detailed in the supporting information Table S1 (crosses and plus signs as in Figure 2). Identified
D/O events correspond to the classification of GISP2 and ODP-977A (diamond and circle symbols as in Figure 2). D/O,
Dansgaard/Oeschger, S, Stadial, and MIS, Marine.
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automatically with the spectrophotometer.
The DSR is a nondestructive technique used
to obtain a rapid assessment of the
geochemical composition [Ortiz et al., 1999]
and provides a semiquantitative assessment
of the sediment components [Mix et al.,
1992]. The method has shown to be
particularly useful in regions with organic-
rich sediments in the NE Pacific margin,
where different color attributes have been
successfully linked to %OC and other present
components (e.g., %CaCO3 or terrigenous
sediments) [Ortiz et al., 1999, 2004].
Following these studies, we used the DSRa*
as a semiquantitative indicator of %OC
based on (1) the similarity between the
DSRa* and the %OC records in the cores
MD02-2518 and MD02-2519, over the
last 120 ka B.P., (2) the high-correlation
coefficients calculated between the %OC
and the DSRa* (i.e., 0.76 in Core MD02-2518
and 0.60 in Core MD02-2519). On this basis,
the DSRa* curve is used as a proxy of %OC in
older intervals.

2.2. Age Model Construction and
Sedimentation Rates

The age models constructed for the cores
MD02-2518 and MD02-2519 (Table 1) denote
regular sedimentation rates (SR) and linear age
versus depth relationships (R2 =0.86 to 0.99)

(Figure 2). For %OC analysis, the Core MD02-2518 was subsampled every 1–2 cm, thus showing average
sampling resolutions of ~80–250years/sample; whereas the Core MD02-2519 was subsampled every 2 cm,
thus showing ~60–150years/sample. Although an inflection point on the slope is identified at 50 ka B.P. in
Figure 2a (i.e., Core MD02-2518), it cannot be explained as an artifact of the age model based on radiocarbon,
but to a slight change in the sedimentation rate. This is demonstrated through the construction of an age
model completely tuned to GISP2 (Greenland Ice Sheet Project 2) (see supporting information), which shows
a similar inflection point at this time. Furthermore, the average SR between 12–20 cm/ka and ~19 cm/ka of the
cores MD02-2518 and MD02-2519 (respectively) largely agree with previous studies in sediment records off
NW Mexico [Ganeshram and Pedersen, 1998]. Based on the graphic correlations to Greenland and the North
Atlantic, Core MD02-2519 extends back to MIS 6.6 and the Core MD02-2518 up to MIS 7d. Further, the
δ18O-Uvigerina record independently verified this (see supporting information).

2.3. Spectral and Wavelets Analyses

Spectral analyses were performed using the software Analyseries 2.0.8 [Paillard et al., 1996] to extract the
major time frequencies present in the records. To further validate the results, they were independently
extracted with SPECTRUM 2.2 [Schulz and Stattegger, 1997]. The results obtained by using the two different
software packages were similar. Comparisons were made on the results of spectral analyses between cores
from low and high latitudes, between the last glacial period (MIS 2–4), the last interglacial period (MIS 5),
and the penultimate glacial period MIS 6.

Time series analyses were applied to the DSRa* records of both cores. The orbital trend was removed (by
applying a 7000 years running average, similar to Barker et al. [2011]) to show a much clearer
correspondence of the millennial-scale events. The last two glacial periods (MIS 2–4 and 6) as well as the
last interglacial (MIS 5) were independently analyzed to obtain specific periodicities. The first glacial
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interval is centered between 15 and 70 ka B.P. (corresponding to MIS 2–4), and the second between 130 and
185 ka B.P. (corresponding to MIS 6). The interglacial interval MIS 5 spans 75–125 ka B.P. The spectral analyses
performed with Analyseries followed two classical methods, Blackman Tukey (B Tukey) and Maximum Entropy
(MEM). The “input” data set for each spectral analysis was “resampled” to obtain an even time resolution (every
100 years) by applying cubic spline simple interpolation. The linear trend of the series was removed and
“default” prewhitening was applied. The B Tukey method (based on standard Fourier transform) was used to
obtain the linear power spectrum and to identify the main linear oscillations (Tukey window function with
bandwidth of 0.23 cycles/ka, explaining 50% of series). In addition, the MEM method was applied to increase
the resolution of the spectral peaks (explaining 30% of series). To determine the statistical significance of the
frequencies obtained (i.e., not noise signals), F tests were performed using a MTM (Multitaper Method). Only
frequencies with >90% confidence level were accepted (i.e., F test> 0.90 in the output frequencies between
5×10�5–1×10�3 cycles/ka) and compared with the SPECTRUM results.

The harmonic analyses performed with SPECTRUM (analogous to that of autospectral analysis) did not
require resampled input data as the software is designed for unevenly spaced time series (based on Lomb-
Scargle Fourier transform and Welch overlapped segment averaging procedure [Schulz and Stattegger,
1997]). The default oversampling factor and the highest frequency were used in all analyses; they were
tested for two to three harmonic components using a significance level of 0.05, the linear trend was
removed. After we verified and selected the major spectral peaks of each time interval (15–70 ka, 75–125,
and 130–185 ka), we cleaned the series with a band-pass Gaussian filter centered at the frequencies
obtained with MEM. The combined sum of Gaussian filters (bandwidth = 0.2 × 10�4) was used to identify
the pacing and principal features of the series. The two time series analysis methods produced
comparable results. Finally, the DSRa* records were examined with wavelet analysis to determine the
nonstationary periodicities of the time series. Such a property is identified by the change in the slope of
the spectral curve, as an indicative of phase variations in the low frequencies that represent groups of
stationary and nonstationary waves. The Morlet method was applied to the wavelet analysis as it is
commonly used to locate variations of power within the time series. The Morlet method consists of a
plane wave modulated by a Gaussian function, which decomposes the series into time-frequency spaces
to determine both, the dominant modes of variability (phase changes) and how those modes change in
time. We applied this method using the default settings of the online software developed by Torrence and
Compo [1998]. Only values inside the 90% cone of influence (COI) were considered significant.

3. Results
3.1. A 240 ka Reconstruction of Paleoproductivity Variations in the ETNP

We present two continuous records of paleoproductivity changes spanning the last ~240 ka B.P. based on
high-resolution %OC measurements combined with DSRa* data (Figure 3). As previously shown in the
Magdalena margin of Baja California (Mexico) by Ortiz et al. [2004], the color attribute of the sediments
displays similarity to the %OC in these highly productive organic-rich sediment sequences. Therefore, this
parameter represents a continuous, semiquantitative record of organic carbon content, which we used
here to extend our reconstructions beyond MIS 5. At present, the ETNP experiences high levels of primary
productivity when cold, nutrient-rich water is brought to the surface by Ekman transport. Here the
upwelling is predominantly wind driven, thus coupled to prevailing atmospheric patterns and hence
sensitive to climate change [Hendy et al., 2004; Ortiz et al., 2004]. In upwelling-dominated settings such as
the ETNP, high levels of organic matter are exported from the surface in the form of organic debris. This
intensifies oxygen depletion in the water column (via organic carbon oxidation) and induces the
development of reducing conditions in the sediments, as well as enhanced preservation of sedimentary
organic carbon. Thus, organic matter production and sedimentary preservation are highly coupled to
upwelling in the ETNP margin [Ganeshram et al., 1999]. Previous studies off the coast of NW Mexico and
California have shown that %OC behave similarly to other productivity proxies such as bio-barium,
sedimentary trace elements, carbonate concentrations, planktonic foraminifera assemblages, and,
therefore, can be considered a faithful marker of upwelling-induced paleoproductivity in our study area
[Ganeshram and Pedersen, 1998; Hendy et al., 2004; Hendy and Pedersen, 2005]. Hence, we interpret %OC
(and DSRa*) in the cores collected off NW Mexico as proxies for productivity variations linked to
upwelling intensity.
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The marine sediment cores MD02-2518 and MD02-2519 display frequent and large shifts in %OC and DSRa*
(Figures 3 and 4). The OC varies between 1–8.9% and 2.7–12% in each core, respectively. Higher values of
organic carbon are seen during interglacials and Greenland interstadials (i.e., warm periods), while 2–3
times lower values are seen during glacials and stadials, including Heinrich events (i.e., cold periods).
Maximum values (OCMD02-2518> 6%; OCMD02-2519> 8%) in OC records are observed during MIS 5 and the
Holocene. Both cores have the lowest values (<2–3%) over MIS 2, 4, and 5b. The patterns of OC-MAR
variation are similar to the %OC record, given the linear sedimentation rates in Core MD02-2519 and most
part of MD02-2518 (Figure 2); therefore, they are not shown.
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Figure 3. Records spanning the last two glacial cycles (0–240 ka). Band on top shows glacial-interglacial MIS 1–7d. (a) %OC and (b) DSRa* records of Core
MD02-2518 (black line, five-point moving average). The ash layers are placed at 173.4 and 205.0 ka B.P. (c) %OC record and (d) DSRa* records of Core MD02-2519
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when doubtful.
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The OC and DSRa* records both show well-defined millennial-scale oscillations that can be easily matched
with events identified in Greenland and North Atlantic temperatures. Therefore, the OC and DSRa* records
are used to construct the age model of Core MD02-2519 and extend the chronology up to the
penultimate glacial cycle (~240 ka B.P.). The millennial-scale events identified in the %OC and DSRa*
records are numbered following the GISP2 and the Ocean Drilling Program (ODP)-977A terminology. The
26 events of the last climate cycle (0–130 ka B.P.) correspond to interstadial Dansgaard/Oeschger events
(D/O 1–26) [Dansgaard et al., 1993] (Figure 4). The 15 events beyond D/O 26 correspond to interstadial
events (I-1′ to 15′) during the penultimate glacial period (~130–240 ka B.P.) [Martrat et al., 2004]. In the
course of MIS 2, MIS 4, and MIS 5b, some of the millennial-scale events are better resolved in the %OC
record of Core MD02-2519 than in the Core MD02-2518 during D/O 2, 3, 4, 15, 17, 18, and 22, possibly
aided by the higher-glacial sedimentation rate in this core. However, the resolution of the color reflectivity
record of both cores is high enough to reveal all D/O events; thus, the DSRa* record enables us to extend
the records age model up to I-9′ in Core MD02-2519 and up to I-25′ in Core MD02-2518.
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Figure 4. Comparison between records over the last glacial cycle (0–120 ka). Band on top shows MIS 1–5d. (a) %OC and (b) DSRa* records of Core MD02-2518 (black
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are the YD and Heinrich events H1–H6 [Bond et al., 1999].
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Both the timing and intensity of the observed millennial-scale changes in %OC closely match the
temperature variations recorded in the high latitudes, with high-productivity episodes occurring during
interstadial events (Figures 3 and 4). As suggested by previous studies in the NE Pacific, such synchronicity
between records reveals that an intimate relationship exists between NH distant regions via atmospheric
and/or oceanic processes [Hendy et al., 2002]. In the following sections, we further explore the
synchronicity between the millennial-scale changes recorded in the low-latitude upwelling/productivity
and the midlatitude to high-latitude temperature records, in order to tease out the teleconnection
mechanisms in the ocean-atmosphere climate system over the last and the penultimate glacial cycles. For
that purpose, we apply spectral and wavelets analyses to thoroughly compare the pacing of these abrupt
events in low latitude, midlatitude, and high latitude during the last and the penultimate glacial (i.e., MIS
2–4 and MIS 6, respectively), and the penultimate interglacial (MIS 5). Finally, we compare our ETNP
records with CH4 and N2O records from ice cores (i.e., GISP2 and Byrd-EPICA) to illustrate the relationship
between these climate records.

In Figure 3, records from the ETNP cores are compared with alkenone (Uk′37)-based SST records from Core
ODP-977A from the Iberian Margin (North Atlantic). During MIS 6 and 7, the millennial-scale variations in %
OC seen in our records correspond to SST changes recorded in Core ODP-977A, very much similar to the
last glacial period (Figure 3). On longer time scale, DSRa* show a gradual reduction in the red/green
attributes down core due to organic decomposition (e.g., photosynthetic pigments) and/or compaction
in Core MD02-2519. Although this represents a disadvantage for using the sediment color properties
to quantify %OC down core, it does not obscure the existence of millennial-scale events during MIS 6
and MIS 7.

The first finding that can be drawn from our new records is that the ETNP experienced abrupt climatic,
atmospheric, and/or hydrological reorganization during the penultimate glacial period at millennial-scale
scales, similar to the last glacial cycle. This suggests that millennial-scale variations are persistent
throughout MIS 6–MIS 7 similar to those documented over the midlatitude to high latitude as previously
shown [Altabet et al., 2002; Martrat et al., 2004, 2007; Oppo et al., 1998; Pahnke and Zahn, 2005].
Documentations of millennial-scale events in the low latitudes such as the ETNP beyond the last glacial
period are rare, due to the scarcity of long and high-resolution records that usually do not extend beyond
MIS 5 [Bar-Matthews et al., 2003; Cartapanis et al., 2014; Yuan et al., 2004]. Therefore, our new records from
the NW Mexican margin (MD02-2518 and MD02-2519 DSRa*) are particularly valuable as they give us the
opportunity to investigate in detail high- to low-latitude teleconnections in the Earth climate system over
the last two glacial cycles (as opposed to the sole MIS 2–4) in addition to comparing records from the
Atlantic with tropical Pacific.

3.2. Pacing of the Low-Latitude Millennial-Scale Events

In records from Greenland and the North Atlantic, the millennial-scale events show a dominant periodicity of
the 1–2 ka cycle during glacial times with asymmetrical shapes between the warm and the cold phases [Bond
et al., 1999; Grootes and Stuiver, 1997; Oppo et al., 1998; van Kreveld et al., 2000]. In the records from NW
Mexico, the spectral and wavelet analyses indicate similar periodicities (Figures 5 and 6). This is expected
considering that the records were tuned to the GISP2 chronology. However, some differences also emerge.
Although the 1–2 ka/cycle is identified in the cores MD02-2518 and MD02-2519 during the last glacial
period, this periodicity is not dominant as in the high-latitude records [e.g., Bond et al., 1999]. Instead,
periodicities of ~5.4, 4.1, and 2.9 ka/cycle are stronger in the spectral and wavelets analyses during the last
glacial (Figures 5c, 5d, and 6). Thus, given the >90% confidence associated with these cycles, they cannot
be statistically dismissed as stochastically forced variations. In Figure 5e, the sum of three Gaussian band-
pass filters is compared to the DSRa* record of Core MD02-2519. It shows that the combination of the
periodical events every ~5.4, 4.1, and 2.9 ka/cycle can explain most of the changes in the records from the
ETNP during the last glacial. The results of the spectral and wavelets analysis on the penultimate glacial
period (MIS 6) also display some differences when compared to the last glacial period. Here the most
consistent cycles occur every 6.7, 3.8, and 2.9 ka/cycle (Figure 5g). Although the periodicities at 3.8 and
2.9 ka cycle could be compared to those centered at 4.1 and 2.9 ka cycle during MIS 2–4, the dominant
periodicity centered at 6.7 ka suggests less frequent millennial events in MIS 6 relative to the last glacial
cycle (Figure 6).
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The spectral analyses for MIS 5 (Figure 5f) show dominant periodicities at 6.5, 4.5, and 3.8 ka cycle for both
cores. Although the 1–2 ka/cycle is also present, it is not dominant. It is notable that the significance of the
1–2 ka cycle in the Greenland δ18Ο records also decreases drastically during MIS 5 [Bond et al., 1999]. In
summary, our analysis reveals that low-frequency bands are more predominant, particularly in the older
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part of the records (6.5 ka and 6.7 ka/cycle in MIS 5 and MIS 6, respectively), suggesting a possible increase in
frequency of millennial-scale events approaching the last glacial period (MIS 2).

4. Discussion

Our records suggest that millennial-scale climate variability has been persistent in the ETNP over the last two
glacial-interglacial cycles. Detailed time series and wavelet analyses further reveal subtle differences during
the penultimate glacial period (MIS 6) relative to the last glacial cycle (MIS 2–4). The key result of this study
is the dominance of the low-frequency events in the older part of the record and the reduced significance
of the 1–2 ka cycle in the ETNP climatic records over the last 240 ka B.P. Comparing these results from the
tropical Pacific with other millennial-scale records spanning the middle to late Pleistocene period sheds
further light on the nature of millennial-scale climate variability. Table 2 summarizes the dominant
periodicity bands in these high and low-latitude records.

4.1. The Nature of Millennial-Scale Climate Variability During the Middle to Late Pleistocene

The reduced significance of the 1–2 ka/cycle documented in our records during the last glacial interval relative
to the North Atlantic could be caused by the “symmetric pattern” displayed in the %OC and DSRa* records. In
other words, the symmetrical shape could “smooth” two smaller periods into “one”more significant. Although
this possibility cannot be completely eliminated, the reduced significance of the 1–2 ka/cycle has been reported
in other millennial-scale records including the very high resolution Chinese speleothem record. Studies from
midlatitude records off California and Oregon during the last glacial period have reported equivalent results
to those found off NW Mexico, where periodicities longer than 3 ka are prominent over shorter ones [Pisias
et al., 2001]. Although these observations were originally interpreted as changes in the northward flow of
the California Countercurrent [Pisias, 1978], of further significance was the suggestion that the NE Pacific
reflects the response of the variability in the tropical Pacific [Pisias et al., 2001]. Spectral and wavelet analyses
from tropical records worldwide clearly denote the dominance of longer periodicities during the last glacial
period. Data from stalagmites in Southern Africa report the strongest variability centered on periodicities
between 2.5 and 4 ka [Holmgrena et al., 2003]. Lake records from Tanzania indicate dominant periodicities at
3.6, 7.6, and 11.3 ka [Garcin et al., 2006], similar to terrestrial reconstructions of surface moisture in NE
Australia [Turney et al., 2004]. Furthermore, results from the Cariaco Basin (Venezuela) and the SE Pacific (off
Chile) show main periodicity bands centered at 4.5 and 3.1 ka, even though weaker periodicities (1–2 ka) are
also present [Kaiser et al., 2007]. Periodicities> 5 ka have been recognized in the glacial North Atlantic
records, although they have been related to Heinrich events occurring every 5 to 10 ka (~7.0± 2.4 ka)
[MacAyeal, 1993; McManus et al., 1999]. Hence, it is likely that the predominance of the longer periodicity
bands (5.3, 4.1 and 2.9 ka cycle) relative to shorter ones is an essential feature of tropical climate variability at
millennial scale worldwide (Table 2).

Figure 6. Wavelet analyses applied toDSRa* records between 15 and 185 ka B.P. (orbital trend removed) of cores (a)MD02-2518
and (b) MD02-2519. The wavelet power spectra analyses use the Morlet method (nondimensional frequency = 6). Contour
levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level. Black contour is the 10%
significance level, using a white noise background spectrum. The crosshatched region is the cone of influence (COI), where
zero padding reduced the variance. The COI is the region of the wavelet spectrum defined as the e-folding time for the
autocorrelation at each scale of the wavelet power. The e-folding time is chosen such that the wavelet power for a disconti-
nuity at the edge drops by a factor of e�2 and ensures that edge effects are negligible beyond that point. The global wavelet
power spectrum is shown in black line. The dashed line is the significance (variance) for the global wavelet spectrum,
assuming the same significance level and background spectrum as in the contour plot [Torrence and Compo, 1998].

Table 2. Comparison of the Dominant Periodicities (years/cycle) Over Different Time Slices (MIS), AmongMillennial-Scale
Records From High and Low Latitudes (See Main Text for References)

Record MIS 2–4 MIS 5 MIS 6

MD02-2519 DSRa* 2900, 4100, 5300 3600, 4500, 6300 2900, 3800, 6700
Chinese speleothem δ18O 3300, 5000, 7700 3600, 5100, 7700 3000, 4900, 9000
EDC CH4 record 2900, 4800, 6500 4400, 5400, 7100 3030, 5100, 8000
Greenland synthetic record 2900, 4900, 6600 3200, 4800, 6500 2400, 4300, 8000
ODP977A δ18O Iberian Margin 1500, 3100, 5130 2500, 4600, 7400 2500, 3030, 4400
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Moreover, the less frequent millennial-scale variability over MIS 6 relative to MIS 2–4 has been previously
noted in both the Northern and Southern Hemispheres. Martrat et al. [2004] documented the weaken of
the 1–2 ka cycle in North Atlantic midlatitude records (i.e., Iberian Margin) and suggested that this
frequency cycle is not a persistent characteristic of the climate system beyond the glacial period (Table 2).
Indeed, IRD-events are reported to be less frequent during MIS 6 in the North Atlantic high latitudes
[McManus et al., 1999], indicating less frequent variability in the internal dynamics of the ice sheets
(relative to MIS 2–4) in agreement with δ18O-PF records (i.e., ODP-980) [McManus et al., 1999]. Furthermore,
this finding extends to records from Antarctica, where periods of ~10.0, 6.0, and 3.3 are dominant in
Vostok δD, and CH4 records during MIS 6 [Siddall et al., 2006]. Thus, it seems that the preponderance of the
1–2 ka variability has only a limited expression confined the North Atlantic during the last glacial period.
Therefore, this mode of variability cannot be regarded as a ubiquitous characteristic of millennial-scale
climate system. In contrast, the increased predominance of low-frequency variability during MIS 5 and MIS
6 relative the last glacial period (MIS 2–4) seems to be a common characteristic of the climate records.

The persistence of millennial variability during MIS 6 in our records, when typical Heinrich events are less
common in the North Atlantic [e.g., Hemming, 2004; McManus et al., 1999], suggests that the millennial-
scale climate variability is less dependent of ice sheet dynamics and the influx of ice armadas into the
North Atlantic as previously thought [Clark et al., 2002]. In contrast, the AMOC variability, which is thought
to be the main trigger for the bipolar seesaw mechanism, persisted throughout the penultimate glacial
period [Margari et al., 2010], albeit with low-frequency events being more dominant [e.g., Martrat et al.,
2004]. Recent evidence from foraminiferal isotope and pollen records suggests wetter conditions in the
North Atlantic stadial periods during MIS 6 which could have provided continuous freshwater discharge
and effectively trigger the gradual deterioration of climate by slowly pushing the ocean circulation in the
North Atlantic toward a threshold shutting of the AMOC [Margari et al., 2010; Martrat et al., 2007].
Additionally, wetter conditions also require less ice input to cause disruption in AMOC (i.e., smaller
disruption threshold). AMOC can also equally respond to other factors such as variations of the Indo-
Atlantic salinity exchange via the Agulhas salt leakage, for instance [Marino et al., 2013]. Therefore,
freshwater input from ice sheet calving may not be the essential prerequisite for AMOC changes and the
global propagation of this climate signal at millennial scales. This conclusion is in line with recent studies,
where ice sheet calving in the North Atlantic is thought as a response of DO stadials, rather than the
trigger operating only during climatic transitions and periods of intermediate ice volume [Barker et al.,
2011; Siddall et al., 2010].

Finally, Figure 7 and Table 2 provide a comparative summary of the climate records discussed in this study
covering the last two glacial cycles. The reconstructed high-latitude Greenland temperature records
(Figure 7a) [Barker et al., 2011] show an increase during interstadials and decrease during stadials, a
pattern similar to midlatitudes North Atlantic SST reflecting AMOC perturbation and bipolar seesaw
(Figure 7b) [Martrat et al., 2007]. The frequency of variability seen in the ETNP (Figures 7e and 7f) also
appears to be remarkably similar to those found in the atmospheric concentration records CH4, which is
mainly emitted from NH tropical wetlands, suggesting large-scale changes in the hydrological cycle
[Loulergue et al., 2008], and possibly influenced by the position of the ITCZ over Northern Hemisphere
continental land masses. Changes in monsoon intensity (Figures 7c and 7d) [e.g., Wang et al., 2008b; Wang
et al., 2001] shows comparable pattern to the ETNP changes in export productivity driven by upwelling.
Table 2 summarizes the dominant frequency band in high and low-latitude records. Interestingly, the
summary reveals that the decrease in frequency of millennial cycles in the older part of the records is
common feature while 1–2 ka/cycle is not significant with the exception of the last glacial period in the
Iberian Margin MIS 2–4. This suggests a global expression of this mode of climate variability with relatively
uniform pacing worldwide. Changes in the millennial-scale climate variability over time showing frequency
increases approaching last climate cycle are also a common feature in middle to late Pliocene period,
suggesting the ubiquitous nature of this trend. These considerations strongly suggest that the myriad of
changes such as the AMOC, the atmospheric circulation, the bipolar seesaw, the latitudinal heat
distribution, the position of the ITCZ, the hydrological cycle, and the GHG concentrations are highly
coupled oceanic and atmospheric processes, playing a pivotal role in amplifying millennial-scale
oscillations on a global scale. Thus, the most pertinent question in this regard is how the variability
recorded in the tropical Pacific records fits in the picture of global teleconnections.
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4.2. Millennial-Scale Oscillation in the Tropical Pacific as Part of the Global Teleconnections

In the ETNP records, the pattern of increase in %OC and its proxy record DSRa* during interstadials, and the
decrease during stadials, has been found along the NE Pacific using a range of other productivity proxies.
Thus, suggesting that these changes are related to upwelling and productivity in the California Current
region during the Pleistocene [Arellano-Torres et al., 2011; Cartapanis et al., 2014; Hendy et al., 2004;
McClymont et al., 2012; White et al., 2013]. Denitrification and oxygen depletion in intermediate waters
[Cartapanis et al., 2011; Chang et al., 2008; Pichevin et al., 2010] have decreased/increased in parallel during
stadials/interstadials along the entire western American margin from Canada to Costa Rica. This implies a
unified or comparable response of the various upwelling cells and ventilation of intermediate waters
distributed along the margin at millennial scale. This pattern can be explained through AMOC perturbations
causing changes in latitudinal thermal gradients (the bipolar seesaw), which in turn causes latitudinal shifts
in the ITCZ/monsoon systems and in the surface circulation. The mean position and the strength of
Subtropical High are sensitive to latitudinal shifts ITCZ. A northward shift in the ITCZ should increase the
meridional temperature gradients and strengthen the Subtropical High. Such changes in turn cause parallel
changes in the upwelling strength, the biological production, and the intermediate water oxygen
consumption [Chiang, 2009]. Globally, several studies indeed show evidences for a southward (northward)
shift of the Pacific ITCZ during cold stadial (warm interstadial) episodes [Koutavas and Lynch-Stieglitz, 2004;
Leduc et al., 2009; Peterson et al., 2000; Wang et al., 2007]. Along the eastern Pacific, it consequently affects
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the intensity of the OMZ via varying oxidant demand in the subsurface, with impacts on GHG concentrations
and global temperatures [Hendy et al., 2002; Hendy and Kennett, 2003; Ivanochko et al., 2005; Vellinga and
Wood, 2002]. Independently, modeling studies imply that abrupt climate changes in the eastern Pacific can
be forced directly from changes in AMOC and merely transported to the low latitudes via thermocline
waters. In this scenario, more/less oxygen and nutrient-rich/poor conditions in the thermocline waters could
cause both productivity and intermediate water oxygenation changes [Schmittner and Galbraith, 2008].

Although many of the scenarios outlined above regard AMOC changes as the underlying mechanism that
globally amplifies millennial-scale variability through numerous atmospheric and oceanic teleconnection
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processes, AMOC changes itself require concomitant changes in the hydrological cycle [Chiang, 2009]. This is
particularly relevant to the penultimate glacial period, when typical Heinrich ice sheet calving events appear
to be absent in the North Atlantic records [Hemming, 2004;Margari et al., 2010;Martrat et al., 2007]. We argue
that this highlights the tight coupling between the teleconnection processes that amplify the climate system
at millennial scale.

In Figure 8, we propose a schematic reconstruction that illustrates the atmospheric reorganization, reflecting
the contrasting condition in the ETNP during both stadial and interstadial periods (Figures 8a and 8b). This
takes into account evidence from proxy records as well as climate model results [Hendy and Kennett, 1999,
2000; Metcalfe et al., 2002, 2000; Ortega-Guerrero et al., 1999; Peltier, 1994; Peterson et al., 2000; Stott et al.,
2002; van Meerbeeck et al., 2009]. Relative to the modern scenario (see Figure 1), the presence of the
Laurentide ice sheet leads to a semipermanent glacial anticyclonic High on land and restricts the seasonal
latitudinal migration of the subtropical High; however, its intensity is sensitive to the meridional
temperature gradients generated by the seasonal migration of the ITCZ. We propose that during
interstadials, when productivity and thermocline oxygen depletion were high in the ETNP, the ITCZ was
shifted to a northward position. This increased the subtropical temperature gradients resulting in a more
intense subtropical High associated with a weaker Aleutian Low and the onshore location of Mexican Low
on the NW Mexican mainland [Ganeshram and Pedersen, 1998]. Such atmospheric configuration is
conducive for shore-parallel winds driving strong upwelling in the California Current region. According to
coupled climate model simulations, a stronger subtropical High of this configuration could enhance
summer wind-driven upwelling during the interstadials [McClymont et al., 2012]. Conversely, during
stadials the southward retreat of the ITCZ in response to changes in interhemispheric thermal gradients
[Peterson et al., 2000] reduced the strength of the subtropical High. This decreased the shore-parallel winds
[McClymont et al., 2012], reducing upwelling and productivity and increasing water column oxygenation
along the NE Pacific [Cheshire et al., 2005; Hendy and Kennett, 1999, 2000]. This scenario depicted in
Figure 8 also takes into account changes in wet/dry conditions in response to the position of ITCZ and the
resultant changes in moisture sources, as recorded on Mexican mainland reconstructions [Metcalfe et al.,
2002, 2000; Ortega-Guerrero et al., 1999] This is consistent with uniform and large-scale millennial-scale
variations in the ETNP upwelling strength and the California Current region associated with millennial-
scale climate variability [Arellano-Torres et al., 2011; McClymont et al., 2012].

5. Conclusions

1. Two continuous records of paleoproductivity changes from the ETNP spanning the last ~ 240 ka B.P. show
the persistence millennial-scale changes in productivity over the last two glacial-interglacial cycles in the
tropical Pacific spanning the middle to late Pleistocene.

2. The spectral and wavelet analysis reveal the predominance of low-frequency events and an increase in
the frequency of millennial-scale events from MIS 6 approaching the last glacial period (MIS 2).

3. The persistence of millennial-scale variations during the penultimate glacial period in the absence of typi-
cal Heinrich ice rafting events suggests that the ice sheet calving may not be an essential prerequisite for
millennial-scale climate variability.

4. Given the remarkable similarity in the pacing of millennial-scale recordworldwide over long time periods, we
suggest that the pacing of themillennial-scale climate variability may represent a natural resonance inherent
to the climate system, amplified by tightly coupled oceanic and atmospheric teleconnection processes.

5. We use schematic reconstruction to argue that atmospheric reorganization in the NE Pacific climate during
millennial stadial and interstadial periods is consistent with scenarios of tightly coupled global teleconnec-
tion processes involving AMOC perturbations, changes in interhemispheric thermal gradients, the shift in
ITCZ position, and the strength of the subtropical North Pacific High.
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