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More humid interglacials in Ecuador during the past 500 kyr linked
to latitudinal shifts of the equatorial front and the Intertropical
Convergence Zone in the eastern tropical Pacific
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[11 Studying past changes in the eastern equatorial Pacific Ocean dynamics and their impact on precipitation on
land gives us insight into how the Intertropical Convergence Zone (ITCZ) movements and the El Nifio-Southern
Oscillation modulate regional and global climate. In this study we present a multiproxy record of terrigenous
input from marine sediments collected off the Ecuadorian coast spanning the last 500 kyr. In parallel we
estimate sea surface temperatures (SST) derived from alkenone paleothermometry for the sediments off the
Ecuadorian coast and complement them with alkenone-based SST data from the Panama Basin to the north in
order to investigate SST gradients across the equatorial front. Near the equator, today’s river runoff is tightly
linked to SST, reaching its maximum either during the austral summer when the ITCZ migrates southward or
during El Nifio events. Our multiproxy reconstruction of riverine runoff indicates that interglacial periods
experienced more humid conditions than the glacial periods. The north-south SST gradient is systematically
steeper during glacial times, suggesting a mean background climatic state with a vigorous oceanic cold tongue,
resembling modern La Nifa conditions. This enhanced north-south SST gradient would also imply a glacial
northward shift of the Intertropical Convergence Zone at least in vicinity of the cold tongue: a pattern that has
not yet been reproduced in climate models.
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(2010), More humid interglacials in Ecuador during the past 500 kyr linked to latitudinal shifts of the equatorial front and the Intertropical

Convergence Zone in the eastern tropical Pacific, Paleoceanography, 25, PA2210, doi:10.1029/2009PA001868.

1. Introduction

[2] Today the average state of the eastern equatorial
Pacific (EEP) is characterized by a pronounced north-south
sea surface temperature (SST) gradient, with warm and
stratified waters remaining north of the equator (Eastern
Pacific Warm Pool (EPWP)), while a cold tongue, associ-
ated with equatorial upwelling and advection of cold waters
from the Peru Current, is located south of the equator. On
interannual to decadal timescales these conditions are sig-
nificantly modified through atmosphere-ocean changes related
to El Nifio-Southern Oscillation (ENSO) dynamics. During
the warm (El Nifio) phase of ENSO, warm waters spread
eastward from the western Pacific warm pool, and SSTs in
the cold tongue are substantially warm. Conversely, during
the cold (La Nifia) phase, the cold tongue strengthens, and the
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cross-equatorial SST gradient in the EEP is substantially
larger [McPhaden et al., 2006, Wang and Fiedler, 2006].

[3] Long-term ENSO changes on millennial, orbital, or
even tectonic timescales throughout the Plio-Pleistocene
and their role for global climate have been intensively dis-
cussed [Markgraf and Diaz, 2000; Cane, 2004; Fedorov et
al., 2006]. On glacial-interglacial timescales, some authors
suggest that the average glacial state of the EEP was more
similar to that occurring during modern El Nifio years
[Koutavas et al., 2002; Koutavas and Lynch-Stieglitz,
2003], while others consider a mean glacial state similar
to the cold La Niha phase [Andreasen and Ravelo, 1997,
Andreasen et al., 2001; Martinez et al., 2003]. Low-latitude
orbital forcing has been suggested to exert control on the
mean state of ENSO as well [Clement et al., 1999; Pena et
al., 2008]. Other authors again link SST changes in the EEP
to high-latitude climate variability in the Southern Hemi-
sphere without invoking ENSO changes [Pisias and Mix,
1997; Lea et al., 2000; Feldberg and Mix, 2003; Spero et
al., 2003; Lea et al., 2006].

[4] Hence, the scenarios drawn from these studies are
diverse. Most studies focus on paleoceanographic features
such as SST, paleoproductivity, or water stratification, whereas
continental climate changes are rarely considered [e.g., Pahnke
et al., 2007]. Yet, modern atmosphere-ocean reorganizations
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related to ENSO strongly impact onshore precipitation, par-
ticularly in northern Peru and coastal Ecuador. During El Nifio
phases, unusually warm EEP waters promote convection of the
overlying atmosphere, while the Intertropical Convergence
Zone (ITCZ) and associated precipitation anomalies shift far-
ther south than during the regular seasonal cycle [Horel and
Cornejo-Garrido, 1986; Bendix, 2000; Bendix and Bendix,
2006].

[5] Here, we present a combined analysis of proxy data
that allude to paleoceanographic changes in the EEP and
concomitant continental paleoclimate variations onshore
during the past 500 kyr. The proxy profiles are derived from
samples obtained from sediment cores off the coast of
Ecuador and in the Panama Basin. A systematic pattern of
changes in the terrigenous sediment input during glacial-
interglacial periods can be linked to tropical rainfall changes
over coastal Ecuador. These glacial-interglacial rainfall
changes are paralleled by latitudinal shifts of the equatorial
front (EF) moving southward during interglacials as is
indicated by higher SST, enhanced surface water stratifica-
tion, higher abundances of the foraminifera species Glo-
borotalia cultrata relative to Neogloboquadrina dutertrei,
and increases in mangrove biomarker accumulation rates. A
comparison of our SST record with the EPWP SST record
from Site MD02-2529 covering the past ~300 kyr indicates
that fluctuations in the latitudinal SST gradients during
glacial-interglacial periods across the EF in the EEP played
a pivotal role in past precipitation changes in the region.

2. Modern Climatology and Oceanography
at Studied Sites

[6] Our study is based on two sites in the EEP (Figure 1),
the first of which is Ocean Drilling Program (ODP) Site
1239 (0°40.32'S, 82°4.86'W, 1414 m water depth) located at
the northern margin of the eastern Pacific cold tongue close
to the EF and ~120 km off the Ecuadorian coast. The area is
characterized by a thermocline shoaling and local wind-
driven upwelling that supplies nutrient-rich waters from the
Equatorial Undercurrent (EUC) to the surface, creating
highstanding stocks of phytoplankton and enhanced primary
productivity rates [Lukas, 1986; Fiedler et al., 1991;
Pennington et al., 2006]. The second site, MD02-2529 (08°
12.33'N, 84°07.32'W, 1619 m water depth), is situated close
to the Costa Rica margin of the Panama Basin within the
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EPWP, where SSTs are above 27°C and sea surface sali-
nities are below 33.2 practical salinity unit (psu) throughout
the year [Leduc et al., 2007].

2.1. EEP Oceanography

[7] A striking feature of the west coast of South America
is the presence of unusually cool and highly saline (7'<25°C,
§> 34 psu) surface waters extending westward slightly south
of the equator. This cold tongue is fed by seasonal advection
of cold waters from the Peru Current (PC) and by equatorial
upwelling [Pak and Zaneveld, 1974; Fiedler and Talley,
2006]. The cold tongue is bounded by the EF, a narrow
band located around the equator between the Peruvian coast
and the Galapagos Islands (Figure 1). North of the EF, warm,
low-salinity waters (7' < 25°C, S > 34 psu) of the Panama
Basin occur because of a large net heat flux, weak wind
mixing, and intense rainfall beneath the ITCZ [Pak and
Zaneveld, 1974; Fiedler and Talley, 2006].

[8] The cold tongue and associated frontal zone are per-
sistent features, but their strength varies both seasonally and
interannually. During austral winter, solar heating reinforces
the meridional SST gradient, strengthening the southeasterly
trade winds and the equatorial cold tongue and shifting the
EF to its northernmost position. From January to April, SST
increases south of the equator because of the subsidence of
the southeast trades, resulting in a diffused southern position
of the EF [Pak and Zaneveld, 1974; Raymond et al., 2004;
de Szoeke et al., 2007]. The quasiperiodic El Niflo-Southern
Oscillation (ENSO) dominates the interannual variability in
this region. The El Nifio warm phase is related to anomalous
eastward advection of warm water in the eastern Pacific cold
tongue, associated with a weaker EF [Pak and Zaneveld,
1974; Kessler, 2006; McPhaden et al., 2006; Wang and
Fiedler, 2006]. At this time, variations in the water trans-
ports of the South Equatorial Current (SEC) and EUC induce
adeepening of the thermocline, causing positive SST anomalies
[Kessler, 2006]. The opposite conditions occur during the
cool La Nifia phase.

2.2. EEP Atmospheric Circulation

[v] The EEP atmospheric convection and its associated
continental precipitation are mostly linked to the ITCZ and
occur preferentially over the EPWP waters. This pattern is
maintained most of the year by several positive feedbacks.
First, the temperature asymmetry along the equator reinforces

Figure 1. (a) Schematic (sub)surface circulation in the eastern equatorial Pacific (modified after Kessler [2006]). Locations
of ODP Site 1239, Site TR163-19, Site MD02-2529, and the Guayas and Esmeraldas river mouths and precipitation
patterns over northern South America (modified after Bendix and Lauer [1992] ). Upper layer currents (black arrows) are the
SEC, South Equatorial Current; CC, Colombia Current; and PC, Peru or Humboldt Current. Subsurface currents (dashed
arrows) are NSSCC, Northern Subsurface Countercurrent; SSSCC, Southern Subsurface Countercurrent; and EUC,
Equatorial Undercurrent. (b) Mean monthly precipitation at Guayaquil (2.20°S, 79.90°W, 6 m above sea level (asl); Guayas
Basin) and La Concordia (0.1°N, 79.30°W, 300 m asl; Esmeraldas Basin) metereological stations. (¢) Mean monthly fluvial
discharge of the Daule River (1.69°S, 79.99°W, 20 m asl; at La Capilla hydrological station), one of the main tributaries of
the Guayas River, and the Esmeraldas River (0.52°N, 79.41°W, 50 m asl; at Esmeraldas hydrological station). (d) Poly-
nomial fit between monthly SST at El Nifio 1 + 2 region (0°S—10°S, 90°W-80°W) and monthly precipitation at Guayaquil
meteorological station. SST data are generated from the World Ocean Atlas database [Conkright et al., 2002]; precipitation
[Peterson and Russell, 1997] and river discharges are from R-HydroNET (available at http://www.r-hydronet.sr.unh.edu/).
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surface winds over the cold tongue, which further cools the
water through evaporation and upwelling [Xie and Philander,
1994; Xie, 2004]. Second, the combination of cold surface
waters with warm, dry air aloft results in large and persistent
subtropical stratocumulus decks, which reflect much of the
incoming solar radiation and help to maintain the cool SST
of the “cold tongue” [Klein and Hartmann, 1993; Raymond
et al., 2004]. In addition, the northwest-southeast orienta-
tion of the coastline of South America combined with the
topographic barrier of the Andes constrains winds to blow
along the Peruvian coastline and induces coastal upwelling
there [Philander et al., 1996; Xie, 2004].

[10] During late austral summer, the north-south SST con-
trast is relaxed, the EF is weakest, and the ITCZ and associated
precipitation migrate southward along the Colombian and
Ecuadorian coasts [Horel and Cornejo-Garrido, 1986;
Bendix and Lauer, 1992; Hastenrath, 2002; Amador et al.,
2006; Poveda et al., 2006]. Conversely, a northward dis-
placement of the ITCZ occurs during late austral winter, when
the cold tongue is intensified and the advection of the Peru-
Chile current is strongest [Hastenrath, 2002; Amador et al.,
2006; Poveda et al., 2006; de Szoeke et al., 2007].

[11] During an El Nifio event the trade winds weaken
along the equator, as atmospheric pressure rises in the
western Pacific and falls in the eastern Pacific, and permit an
eastward expansion of warm waters from the central Pacific
[McPhaden et al., 2006; Wang and Fiedler, 2006]. This
phenomenon acts to weaken the Humboldt Current and the
equatorial and coastal upwelling systems. Atmospheric con-
vection cells and the associated precipitation of the ITCZ shift
to the south, causing heavy rainfall over the northern Peruvian
desert and coastal Ecuador [Horel and Cornejo-Garrido,
1986; Neill and Jorgensen, 1999; Hastenrath, 2002; Waylen
and Poveda, 2002; Poveda et al., 2006].

2.3. Guayas and Esmeraldas Drainage Systems,
Precipitation, and Fluvial Runoff

[12] The Guayas and the Esmeraldas basins are the largest
drainage systems in western Ecuador, both in terms of area
(32,674 km* and 21,418 km?, respectively) and water vol-
ume drained per area unit. Annual precipitation and river
discharges in both basins, including the Coastal Mountain
Range and the western slopes of the Andes at altitudes
<1800 m above sea level, experience a unimodal pattern that
is characterized by a rainy season from December to April.
Precipitation and river runoff maxima occur in March and
broadly coincide with the southernmost seasonal excursion
of the ITCZ in the EEP and with the seasonal SST maxi-
mum at ODP Site 1239 (Figures 1b—1d). The rest of the
year, precipitation is limited by the combined effects of low
SST, atmospheric subsidence of dry air, and reduced inso-
lation due to persistent low-level stratus decks [Horel and
Cornejo-Garrido, 1986; Bendix and Lauer, 1992].

[13] Heavy precipitation and severe floods also affect the
coastal area of Ecuador during El Nifio events, with rainfall
differences between normal years and El Nifio events as
large as 200% for Guayaquil (Guayas Basin). Extensive
precipitation during El Nifio years occurs during the normal
rainy season when the Hadley circulation is increased, and the
ITCZ is displaced southward because of the strong warming
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ofthe Nifio 1 +2 region (0°S—10°S, 90°W-80°W (Figure 1d))
[Rossel et al., 1996; Bendix and Bendix, 2006].

3. Methods

3.1. Stratigraphic Framework (ODP Site 1239 and Site
MD02-2529)

[14] Sampling of Site 1239 followed the meters composite
depth scale that was developed for the multiple offset cores
[Shipboard Scientific Party, 2003]. The age model of the
uppermost ~17.4 m, representing the past ~500 kyr, is based
on oxygen isotope stratigraphy. We correlated the §'%0
record of the benthic foraminifera Cibicidoides wuellerstorfi
to the chronology of the LR04 stack [Lisiecki and Raymo,
2005] using the AnalySeries software [Paillard et al.,
1996] (Figure 2). Sedimentation rates range from ~2 to
~5 cm kyr ', with higher values occurring during inter-
glacials (Figure 2). Stratigraphy at Site MD02-2529 over the
past three climatic cycles is based on the benthic 6'*O record
performed on C. wuellerstorfi and on a previously published
chronostratigraphy for the last 90 kyr [Leduc et al., 2007].

3.2. Paleoceanographic Proxies

3.2.1. Foraminifera Oxygen Isotopes

[15] We measured the stable oxygen isotope composition
of the epibenthic foraminifer Cibicidoides wuellerstorfi,
as well as of two planktonic foraminiferal species, the surface
dweller Globigerinoides ruber, and the deep-dwelling
Globorotalia tumida. Approximately 4 individuals of C.
wullerstorfi and 10 individuals of each planktonic species
were selected from the 315-355 pum and 355-400 um frac-
tions, respectively. Measurements of §' 80 were performed on
a Finnigan 253 MS with a Kiel CARBO device at the Alfred-
Wegener-Institut (AWI) (Bremerhaven, Germany) with an
analytical reproducibility of ~0.08%o for 6'0. The oxygen
isotope composition values were calibrated using the NBS-19
standard and are reported relative to the International Atomic
Energy Agency Vienna Pee Dee Belemnite standard. The
resolution of sampling was defined on the basis of a prelim-
inary age model from biostratigraphy in order to obtain
intervals of 1000 years or less for benthic foraminifera and of
3000 years for planktonic foraminifera. The 6'*0 difference
between G. ruber ss and G. tumida is used as a proxy for
water column thermal stratification (D. Rincon-Martinez et al.,
Tracking the equatorial front in the eastern equatorial Pacific
Ocean by the isotopic and faunal composition of planktonic
foraminifera, submitted to Marine Micropaleontology,2010).
3.2.2. Alkenones

[16] Alkenones are a series of long-chain (Cs7, Csg, and
C39) unsaturated methyl and ethyl ketones synthesized
mainly by Emiliania huxleyi and some other species of the
class Prymnesiophyceae that live in the uppermost meters of
the euphotic zone. To obtain the total lipid extract, freeze-
dried sediments (~1 g) from ODP Site 1239 were solvent
extracted with 25 mL dichloromethane at 75°C at a pressure
of 80 bars on an accelerated solvent extractor (Dionex ASE
200) at the Christian Albrecht University of Kiel. An internal
standard (cholestane [C,7H4g] and hexatriacontane [C3gH74])
was added and used to quantify organic compounds. Aliquots
(1%—5%) of the total lipid fractions were separated using a
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Figure 2. Oxygen isotope stratigraphy for the ODP Site 1239. (a) Benthic oxygen isotope stack [Lisiecki

and Raymo, 2005]. (b) The §'%0 (%) record of the

benthic foraminifera Cibicidoides wuellerstorfi from

ODP Site 1239. (c) Linear sedimentation rates (cm kyr ') of the uppermost ~17.4 m (past ~500 kyr) from
ODP Site 1239. Shading highlights glacial marine isotopic stages.

double-column multidimensional gas chromatograph with
two Agilent 6890 gas chromatographs for C;7, and Cs7.3
alkenone identification and quantification. The procedure
used at Centre Européen de Recherche et d’Enseignement des
Géosciences de I’Environnement (Aix-Marseille Université)
to extract and quantify C;;, and Cs7.; alkenones from
MD02-2529 is fully described by Sonzogni et al. [1997] and
Pailler and Bard [2002]. Alkenone-derived temperatures
from MD02-2529 for the last 90 kyr have been previously
published and discussed by Leduc et al. [2007]. The alkenone
unsaturation index (Uy) was calculated with the peak areas of
the diunsaturated and triunsaturated C;; methyl alkenones
using the ratio (C37.,)/(Cz7.2 + C37.3). To reconstruct the SST,
we used the alkenone unsaturation and the global calibration
derived by Miiller et al. [1998]:

UK = (0.033 x SST) + 0.044.

3.2.3. Foraminiferal Assemblage (R /)

[17] The abundance ratio between Globorotalia menardii
cultrata and Neogloboquadrina dutertrei (right coiling) has
been used as an index for the influence of the Panama-Costa
Rica Dome and the cold tongue upwelling systems and
therefore is of value for locating the EF in the EEP [i.e.,
Martinez and Bedoya, 2001; Martinez et al., 2006; Rincon-
Martinez et al., submitted manuscript, 2010]. In this study

we counted >300 specimens from the 355-400 pum size
fraction, and the ratios were calculated according to Rincén-
Martinez et al. (submitted manuscript, 2010):

R./q = number of specimens of G. cultrata
/(number of specimens of G. cultrata + N. dutertrei)

3.3. Terrigenous Sediment Input

3.3.1. Siliciclastic Content

[18] The lithogenic record for ODP 1239 represents the
residual sediment percentage obtained after subtraction of
carbonate, opal, and organic matter:

siliciclastic (wt %) = 100 — %CaCO3; — %biogenic opal — %TOC.

The determination of total organic carbon (TOC) was per-
formed with the LECO technique (LECO Carbon-Sulfur
Analyzer CS-125), and previous dissolution of the calcium
carbonates was performed by adding 1 M solution of HCL
to the dry sediment. Total carbon (TC) and total nitrogen
(TN) were measured on the same TOC samples using a CNS
elemental analyzer (Elementar Vario EL III). The carbonate
content (wt %) was determined by the difference between
TC and TOC:

CaCOs(wt %) = (%TC — %TOC) x 8.33.
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The concentration of biogenic silica (wt %) was quantified
by using the automated leaching method according to
Miiller and Schneider [1993]. Biogenic opal was extracted
from dry bulk sediment by using sodium hydroxide at
~85°C for ~45 min. The leaching solution was continu-
ously analyzed for dissolved silicon by molybdenum-blue
spectrophotometry. DeMaster’s [1981] mineral correction
was consequently applied.
3.3.2. X-Ray Fluorescence Scanning and Inductively
Coupled Plasma-Optical Emission Spectrometry
Elemental Concentrations

[19] Elemental concentrations (unit is total elemental
counts) were measured using an Avaatech™ X-Ray Flour-
escence (XRF) Core Scanner (AWI, Bremerhaven) and a
nondestructive measuring technique that allows rapid semi-
quantitative geochemical analysis of split sediment cores
[Richter et al., 2006]. Sampling intervals ranged from 1 to
5 cm, resulting in a time resolution of 200 and 400 years
for the upper ~350 kyr of the XRF records and 1000 to
1500 years for the oldest part. Iron (Fe) and titanium (Ti)
XRF counts were calibrated to absolute elemental concen-
tration by using Inductively Coupled Plasma-Optical Emis-
sion Spectrometry. Previous to analysis, all samples were
freeze-dried, and 34 discrete sediment samples were digested
using HF (23 M), HNO; (15 M), and HCI (12 M). Measure-
ments were carried out in a TJA-IRIS-Intrepid spectrometer
at the geochemistry laboratories of AWI, and the results were
used to convert XRF counts to element concentrations in
mg g ' of sediment by means of linear regressions (+* = 0.83,
n =132 for Fe and * = 0.63, n = 33 for Ti).
3.3.3. Taraxerol

[20] Taraxerol has been reported to dominate the free and
bound lipid composition inside Rhizophora mangle leaves
and has been used to track past changes in mangrove eco-
systems [Versteegh et al., 2004; Grosjean et al., 2007]. Total
lipid extracts (see section 3.2.2) were methylated with dia-
zomethane and silylated with N, O-bis (trimethylsilyl) tri-
fluoroacetamide in pyridine and then analyzed by GC-MS
(Trace GC-MS, Thermo Finnigan) at the Max-Planck-Institute
for Marine Microbiology in Bremen. The relative abundance
of taraxerol was estimated by peak integration in the mass
chromatograms using a characteristic m/z value of 204
[Killops and Frewin, 1994; Versteegh et al., 2004].
3.3.4. Mass Accumulation Rates

[21] Linear sedimentation rates (LSR; cm kyr ') and mass
accumulation rates (AR) are derived from the calculated
ages of individual samples along with the high-resolution-
corrected bulk density (HROM; g cm ) based on borehole
logging at Site 1239 [Shipboard Scientific Party, 2003]:

AR ¢omponent = concentration component x LSR x HROM,

where AR is in ng cm > kyr ' for the taraxerol, mg cm ~ kyr '
for the iron and titanium, and g cm 2 kyr ' for the bulk sili-
ciclastic fraction.

4. Results and Discussion

4.1. Terrigenous Sediment Supply to the ODP Site 1239

[22] Terrigenous sedimentation supply at Site 1239 (Figure 3)
is reconstructed from three independent proxy data sets:
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(1) AR of siliciclastic material, (2) high-resolution XRF core
scanning (Fe, Ti), and (3) lipid biomarker taraxerol, indica-
tive of the supply of plant debris from mangroves at the
Ecuadorian coast.

[23] The terrigenous records at Site 1239 exhibit a con-
sistent glacial-interglacial pattern over the past 500 kyr
(Figures 3 and 4f). Sediments are predominantly terrigenous
during interglacials, with siliciclastic contents generally
above 50% and reaching maximum values of up to 80%
during marine isotope stage (MIS) 7 (Figure 3b). Glacial
siliciclastic contents are substantially lower, within the range
of 20% to 40% with lowest values during MIS 2 and MIS
12. As siliciclastic contents may be substantially affected by
productivity changes and carbonate dissolution, we calcu-
lated siliciclastic AR (Figure 3c) as a more reliable proxy for
terrigenous supply changes. In line with higher sedimenta-
tion rates during interglacials (Figure 2c), the siliciclastic
AR record reveals pronounced interglacial maxima with
values 3 to 5 times higher than that found during glacials.
Highest AR are found in MIS 7 and MIS 11, whereas MIS 5
values are relatively low, and minimum AR occur in MIS 10.
Similar results are recorded in Fe and Ti AR records
(Figures 3d—3g). The strong similarity between the Fe and
Ti records suggests that diagenetic alteration potentially
affecting Fe has not been a critical factor at Site 1239.
Moreover, when log ratios of Fe and Ti over calcium (Ca) are
computed to account for dilution by carbonates and non-
linearities between XRF counts and elemental concentrations
[Weltje and Tjallingii, 2008], the first-order sign of changes in
terrigenous supply on glacial-interglacial timescales remains
unchanged (data not shown). Low AR of terrigenous com-
ponents during MIS 5 indicate variable glacial-interglacial
amplitudes in terrigenous supply to Site 1239. However, total
siliciclastic, Fe, and Ti contents during MIS 5 are similar to
other interglacials (Figures 3b, 3d, and 3f), and the low sili-
ciclastic AR during MIS 5 are solely the result of low sedi-
mentation rates.

[24] Glacial-interglacial siliciclastic AR variations at Site
1239 are unlikely due to postdepositional processes such as
horizontal focusing or winnowing. According to Lyle et al.
[2005], sediment focusing preferentially increases from
elevated regions to the deeper parts of the basins, and in the
Panama and Peru basins, the bulk sediment burial matches
surface water patterns. Moreover, the observed glacial-
interglacial pattern in local sediment supply to ODP Site
1239 demonstrates that continental rainfall rather than
glacioeustatic sea level variations was the main factor
controlling the basinward terrestrial transport off Ecuador.
For example, during glacial times when the global sea level
was at lowstand, one would expect an oceanward migration
of fluvial depocenters and widespread fluvial incision of the
subaerially exposed continental shelf producing increased
siliciclastic AR at ODP Site 1239. In contrast, our records
show higher concentrations and AR of terrigenous material
during interglacials that overcompensated any potential sea
level influence on fluvial sediment supply.

[25] High terrigenous AR during interglacial periods also
contradict the concept that in the equatorial Pacific, trans-
port of terrigenous material was increased during glacial
periods [Anderson et al., 2006; McGee et al., 2007; Winckler
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Figure 3. Records of changes in terrigenous sediment input to ODP Site 1239 over the last 500 kyr.
(a) Benthic oxygen isotope stack [Lisiecki and Raymo, 2005] for stratigraphic reference. (b) Content
(wt %) and (c) accumulation rates (AR, g cm 2 kyr ') of siliciclastics. (d) Iron contents (mg g ). (e) Iron
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Figure 4. EEP paleoceanographic changes as reconstructed at ODP Site 1239. (a) Benthic oxygen iso-
tope stack [Lisiecki and Raymo, 2005] for stratigraphic reference. (b) Alkenone sea surface temperature
(SST) record. (c) Aé'O between Globorotalia tumida and Globigerinoides ruber. High values are
indicative of strongly stratified waters north of the equatorial front. (d) Abundance ratio (R.q) between
planktonic foraminifera Globorotalia cultrata and Neogloboquadrina dutertrei. High values are indica-
tive of warm waters north of the equatorial front. (e) Iron AR (mg cm 2 kyr ). (f) Taraxerol AR (ng cm >
kyr ). High values are interpreted as enhanced fluvial runoff as a result of increased continental rainfall.

et al., 2008]. We attribute the contrasting results to the fact
that far from shore, the terrigenous component of deep-sea
sediments consists of eolian dust and that these fluxes were
generally greater during glacial periods than during inter-
glacials [Mahowald et al., 1999; Kohfeld and Harrison,
2001]. Hence, the rather nearshore location of Site 1239

suggests that fluvial input from the Guayas and/or Esmer-
aldas drainage systems was increased during interglacial
periods relative to glacial periods.

[26] Our third proxy for terrigenous input is taraxerol AR,
which was used as a proxy for sedimentation of mangrove
leaf remains (Rhizophora) that were washed offshore by
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riverine runoff [ Versteegh et al., 2004; Grosjean et al., 2007].
The Rhizophora genus is the dominant mangrove along
the Colombian and Ecuadorian coasts. and its distribution is
associated with the presence of warm waters and humid
coastal conditions north of the EF [Heusser and Shackleton,
1994; Neill, 1999]. Compared to glacials, taraxerol AR are
higher during the Holocene and MIS 5 and reach extremely
high values during MIS 7 (Figure 4f). These higher inter-
glacial AR are consistent with our interpretation of predom-
inantly fluvial terrigenous input induced by enhanced tropical
rainfall. However, the supply of mangrove material may also
be affected by sea level changes. For instance, in the nearby
Angola Bight, Kim et al. [2005] showed that high taraxerol
contents during terminations I and II were controlled by
global sea level rise resulting in strong shelf erosion sup-
plying preexisting deposits of mangrove material. Additional
support for deglacial sea level control on EEP mangrove input
into marine sediments comes from pollen analyses [Heusser
and Shackleton, 1994; Gonzalez et al., 2006] and Mn/Ca of
planktonic foraminifera [Klinkhammer et al., 2009], which
display maxima in mangrove pollen and dissolved terrestrial
input to coastal surface waters during the last deglaciation.
Our record shows early maxima in taraxerol AR during ter-
minations I, I, and particularly III (Figure 4f) while taraxerol
levels remain high during the whole interglacial period. Hence,
we suggest that increased taraxerol sedimentary fluxes during
interglacials are driven to some extent by increased riverine
runoff.

4.2. SST, EF Latitudinal Position, and Their
Relationship to Continental Precipitation

[27] Global compilations of SST estimations from modern
sediments indicate that alkenones unsaturation, UL, is
almost linearly related to annual mean SST from 0 to 10 m
water depth [Miiller et al., 1998; Conte et al., 2006; Prahl et
al., 2006]. US; sensitivity to temperature has been assessed
in laboratory cultures [Prahl and Wakeham., 1987], and
second-order mechanisms such as salinity and alkenones
synthesized by thermocline-dwelling coccolithophorids or
diagenetic alterations are known to play a minor role on the
alkenone-SST signal (see review by Conte et al. [2006]). It
is unclear, however, why alkenones that are produced dur-
ing an often discrete and short period of the annual cycle are
representative of annual mean SST [Prahl et al., 2000].

[28] Alkenone-derived SST at Site 1239 reveals pro-
nounced glacial-interglacial cycles, with temperatures
ranging from ~22.8 during MIS 2 to ~27°C during MIS 9
(Figure 4b). We find SST amplitudes of up to 3.5°C for
the oldest glacial-interglacial cycles (MIS 8-13), ~2.5°C
for the MIS 8-7 transition, only ~2°C for termination II
(MIS 6-5), and again higher amplitudes of ~3°C for ter-
mination [ (MIS 2—1). The magnitude of the deglacial SST
increase during termination I is consistent with previous
studies conducted in the eastern tropical Pacific that
used Mg/Ca ratios and faunal assemblages [Lea et al., 2000;
Pena et al.,2008; MARGO Project Members, 2009]. Glacial-
interglacial SST amplitudes in other U%; estimations from
the region are, however, somewhat lower (~1°C to ~2°C)
[Horikawa et al., 2006; Pahnke et al., 2007; Koutavas and
Sachs, 2008; Dubois et al., 2009]. Sea surface temperature
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values at Site MD02-2529 range from minima of ~25°C
during MIS 2 and 8 to maxima of ~28°C during the Holocene
(Figure 5b). Glacial-interglacial SST amplitudes are gener-
ally smaller than at Site 1239, on the order of 2°C for termi-
nations I (MIS 2—1) and III (MIS 8—7) and less than 1°C for
termination II (MIS 6-5).

[20] Comparison of the global benthic §'*0 record (LR04
stack) with the Site 1239 SST estimates reveals several
interesting features: (1) an early warming is recorded prior
to terminations I, III, and IV; (2) SSTs during MIS 6 are
warmer than those recorded during the other glacial periods;
(3) an abrupt cooling occurs during early MIS 3 and is
followed by a warming of the same magnitude at the end of
MIS 3; and (4) SST estimates recorded during the Holocene
reveal ~1°C lower SST when compared to other interglacial
periods (Figure 4b). The early warming during the glacial
terminations is also observed in other tropical records (see
review by Schneider et al. [1999]) and has been suggested
to be linked with low-latitude insolation forcing. Elevated
glacial SSTs during MIS 6 are also found at Site MDO02-
2529 (Figure 5b) in the eastern Pacific cold tongue [Calvo et
al., 2001] and in many other Indian and Atlantic equatorial
records (see review by Schneider et al. [1999]). In contrast,
EEP 6'®0 and Mg/Ca records of planktonic foraminifera
suggest a colder MIS 6 in comparison with alkenone-based
SSTs with a cooling of similar magnitude to those found on
the preceding and following glacial periods [e.g., Lea et al.,
2000; Pena et al., 2008].

[30] Given the importance of tropical SST patterns in
determining present-day Ecuadorian rainfall formation and
associated fluvial discharges [i.e., Rossel et al., 1996; Bendix
and Bendix, 2006] (Figures 1b—1d), past SST changes off-
shore Ecuador likely impacted the terrigenous material fluxes
at ODP Site 1239. On the basis of this modern SST-rainfall
correlation (Figure 1d), the range of glacial-interglacial SSTs
plausibly resulted in substantial precipitation changes in
coastal Ecuador (e.g., more than doubling of rainfall for the
glacial-interglacial increase from 23.5°C to 26.5°C). Thus,
we infer that higher accumulation of lithogenic sediments at
Site 1239 generally reflects higher fluvial input and a wetter
Ecuadorian coast, most likely coupled to warmer SSTs in
combination with southward shifts of the EF-ITCZ system as
observed today during austral summer or during El Niflio
years. Lower lithogenic accumulations during glacial periods
indicate decreased fluvial input and arid conditions on the
continent.

[31] Further support for EF-ITCZ southward excursions
during interglacials comes from the §'%0 gradient between
planktonic foraminifera living at different depths (hereafter
referred to as A§'®0) (Figure 4c) and the R4 index
(Figure 4d). Planktonic foraminifera A§'®0 is indicative
of water column stratification in the EEP (Rincon-Martinez
et al., submitted manuscript, 2010). High interglacial
A80G ruber—G. tumida Values (Figure 4c) indicate stratified
waters north of the EF, where a strong thermal gradient
occurs in the upper 100 m. Low glacial A8"30¢ ruperG. umida
values reflect intensified upwelling linked to a stronger
Peru Current and a northward location of the EF-ITCZ
complex. With the exception of MIS 7, glacial-interglacial
patterns are also evident in the R 4 record (Figure 4d),

9 of 15



PA2210 RINCON-MARTINEZ ET AL.: WETTER INTERGLACIALS IN ECUADOR PA2210

12 34 5 6 7 8 9 10 11 12 13
30 | ] I 1 1 1 I 4 1 1 1 I
& 354 a
o |
S 4.0
£
C
4.5
8 L 29
% [
- 50— _28
B [ 70
'_
I 26 B
2
| 25 2
L 24 %
9 [ 23
=
k5
©
©
O-) I
0
()]
\
< L 30
D L 289
%
on
_zeg
= =
[ 04
54
| 22

N
]

N
1

W-E SST gradient (°C)
w

-
|

— 7T 1 1 T "~ T 1 1T 1 "~ 17
0 50 100 150 200 250 300 350 400 450 500
Age (kyr)

Figure 5. Comparison of eastern and western equatorial Pacific SST records. (a) Benthic oxygen isotope
stack [Lisiecki and Raymo, 2005] for stratigraphic reference. (b) Alkenone-derived SST records from the
two eastern equatorial Pacific sites. MD02-2529 (top line, this study) data represent the eastern Pacific
warm pool; ODP Site 1239 data (bottom line, this study) represent the northernmost reach of the cold
tongue. (c) SST gradient between the northern Site MD02-2529 (08°12.33'N) and the southern Site 1239
(0°40.32'S). Increased SST difference between the equator and the eastern Pacific warm pool represents
La Nifia-like mean conditions. (d) Mg/Ca SST record from ODP Site 806B (0°19.1'N, 159°21.7'E;
top line) in the western Pacific warm pool [Medina-Elizalde and Lea, 2005] and Site TR163-19 (2°15'S,
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mean conditions.

10 of 15



PA2210

which exhibits higher values during interglacials, indicat-
ing southward shifts of the EF-ITCZ. Low and minimum
R./q values recorded during MIS 5 and 7, respectively, are
attributed to potential changes on ecologic factors such as
food web or nutrient supply that might also exert control on
the abundance of G. cultrata [i.e., Martinez and Bedoya,
2001; Martinez et al., 2006; Rincon-Martinez et al., sub-
mitted manuscript, 2010].

[32] Glacial-interglacial relation of enhanced fluvial input
patterns and thus tropical precipitation of coastal Ecuador to
warmer offshore SSTs appears to be a robust feature. But
low siliciclastic AR during MIS 5 (Figures 4b and 4e) and
low A8"™0¢. juberG. numida and Req values during MIS 7
beg the question of whether there is a consistent signature of
rainfall response to the SST forcing. The specific mecha-
nism behind the disproportion in the magnitude of litho-
genic supply among interglacials is unknown. Differences
in atmospheric CO, concentrations, astronomical forcing,
and glacial ice volume [see Tzedakis et al., 2009] plausibly
fostered variations in moisture advection to the ITCZ and to
the continent, stimulating variations in precipitation, vege-
tation cover, and fluvial suspended loads that are reflected in
the variable magnitude between the different interglacials of
terrestrial input to the EEP.

4.3. Changes of Equatorial Pacific Mean States During
the Last 300,000 Years

[33] Tropical Pacific SST patterns translate into transe-
quatorial and cross-equatorial equatorial pressure gradients
that control the position and intensities of atmospheric
convection over the Pacific Ocean. We apply this concept
and investigate past changes in zonal and meridional SST
gradients (Figures Sc and 5¢) as indication of changes in the
large-scale tropical atmospheric circulation, notably, the
Walker and Hadley cells. The zonal SST gradient was
estimated using published Globigerinoides ruber Mg/Ca
measured at ODP Site 806B from the Ontong Java Pla-
teau (0°19.1'N, 159°21.7'E, 2520 m water depth) [Medina-
Elizalde and Lea, 2005] and at Site TR163-19 (2°15'S,
90°57'W, 2348 m water depth) just north of the EEP cold
tongue [Lea et al., 2000]. The meridional gradient was
calculated using alkenone-derived SST from ODP Site
1239 and Site MD02-2529 (this study). Here we use the
terms “El Nifio-like” and “La Nifia-like” to describe mean
changes in the zonal and meridional SST gradients across
the equatorial Pacific, either in the form of decreased
(El Nifio) or increased (La Nifa) gradients without specifi-
cally implying changes in frequency or amplitude of ENSO
variability.

[34] Previous studies comparing SST derived from alke-
nones and Mg/Ca in the EEP have reported contrasting
results. For example, on millennial-scale alkenones and
Mg/Ca SST, changes that have punctuated the last deglaci-
ation are known to be out of phase [i.e., Mix, 2006; Koutavas
and Sachs, 2008]. Other studies based on compilations of
Holocene SST data have revealed divergent SST trends over
the last 10 kyr, with warming versus cooling recorded by
alkenone- versus Mg/Ca-based SST, respectively [i.e., Leduc
et al., 2010; Sachs, 2008; Sachs et al., 2000]. These dis-
similarities suggest that coccolithophorids and foraminifera
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do not record the same paleoceanographic features. For this
reason we avoided using different proxies when we compiled
the zonal and meridional SST gradients across the equatorial
Pacific, and we assumed that these gradients best represent
past changes in the equatorial SST mean state. Reported error
bars in alkenone and Mg/Ca temperature estimates are £1.5°C
and £0.6°C, respectively [Miiller et al., 1998; Lea et al.,
2000].

[35] The zonal SST gradient shows a distinct glacial-
interglacial pattern, with minima during the interglacials and
maxima during glacials (Figure 5e). For instance, during
MIS Se, MIS 7e, and MIS 9e the west-east SST gradient
was ~1.5°C, while for MIS 2 and MIS 8 it was ~3°C and
~3.5°C, respectively. This suggests a weakened Walker
circulation (El Nifio-like conditions) during interglacials and
intensified Walker circulation (La Nifa-like conditions)
during glacial periods. Such a scenario is consistent with
reduced upwelling activity or intensity, an anomalous warming
in the easternmost Pacific, an EF-ITCZ southward migration,
and heavy rainfall on the Guayas and Esmeraldas basins during
interglacials (Figure 3) [i.e., Horel and Cornejo-Garrido,
1986; Hastenrath, 2002; Rossel et al., 1996; Bendix and
Bendix, 2006].

[36] Systematic glacial-interglacial patterns are also re-
corded in the meridional SST gradient record (Figures 5b
and 5c¢). Low meridional SST gradients occur during MIS 5
(0.8°C t01.4°C) and MIS 7 (1.4°C to 1.8°C) while MIS 2,
4, 6, and 8 were characterized by a steeper SST gradient
(2.2°C to 2.6°C). Today, the annual mean position of the
eastern Pacific ITCZ is located in the vicinity of 10°N and
remains north of the equator because of a strong cross-
equatorial SST gradient. During El Nifio years, mainly during
the months of March and April, the meridional gradient is
weakened, leading to extensive precipitation over coastal
Ecuador linked to an equatorward shift of the meridional
position of the ITCZ. Taken together, the co-occurrence of
weaker meridional and zonal SST gradients suggests an
El Nifo-like state during interglacial periods contrasting
with La Nifia-like conditions recorded during glacial periods.
This result is consistent with reconstructions of the ENSO,
suggesting reduced ENSO activity during the Last Glacial
Maximum (LGM) [Leduc et al., 2009]. Sea surface temper-
ature reconstructions from the southeastern Pacific margin
suggest that remote advection of cold waters from high lati-
tudes is a valid mechanism for explaining the observed glacial
La Nifia-like state [Kaiser et al., 2005].

[37] The zonal SST gradient is particularly well expressed
during peak interglacials (i.e., MIS Se, MIS 7e, and MIS 9e),
while it does not show much change between late inter-
glacials and glacials. In contrast, the meridional SST gradient
clearly mimics glacial-interglacial patterns. One explanation
for the disparate pattern of zonal and meridional SST gra-
dients is that the zonal SST gradient was estimated from
G. ruber Mg/Ca measurements, while the meridional SST
gradient was calculated from alkenone ratios. The signal
offset between both SST gradients might reflect contrasting
sensitivities to different seasonal/interannual variations or
depth distribution of proxy carriers [i.e., Mix, 2006; Leduc
et al., 2010], rather than disentanglement of the Hadley
and Walker circulations. Alternatively, possible long-term
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modifications of the tropical Pacific mean state, such as
migration of the main centers of deep convection, could
explain the divergent patterns of SST gradients, plausibly in
conjunction with nonconventional El Nifio, namely, the
El Nifio-modoki or pseudo-El Nifio [i.e., Yeh et al., 2009].
During such anomalous conditions, the maximum SST
anomaly persists in the central Pacific, sandwiched between
anomalous cooling in the east and west, modifying the
atmospheric circulation and resulting in distinctly different
global impacts than conventional El Nifio conditions.

4.4. Comparison to Previous Paleoceanographic and
Paleoclimatic Studies From the EEP and Adjacent South
American Continent

[38] Our findings contradict the common view that during
glacial times, the location of tropical rainfall zones experi-
enced a southward displacement globally. Modeling studies
simulate a southward displacement of the marine ITCZ in
response to changes in continental ice volume at high lati-
tudes [Yin and Battisti, 2001; Chiang et al., 2003; Chiang
and Bitz, 2005; Broccoli et al., 2006]. However, today’s
climatology and variability of the eastern tropical Pacific
SST have proven difficult to reproduce, even with current
state-of-the-art coupled ocean-atmosphere general circulation
models [Mechoso et al., 1995; Wang et al., 2005; Wittenberg et
al., 2006]. For instance, in simulations of the seasonal cycle,
the modeled ITCZ tends to move across the equator following
the seasonal movement of the Sun rather than remaining in
the Northern Hemisphere as is suggested by monthly moni-
toring (i.e., http://trmm.gsfc.nasa.gov/). Moreover, in the
current models, the ITCZ persists too long at a southern
position compared to observations, causing a double ITCZ
in the annual mean. Therefore, numerical models appear to
overestimate the control of Northern Hemisphere ice sheets
on the ITCZ and do not adequately implement low latitude
air-sea interactions.

[39] Our results also challenge previous suggestions that a
glacial relaxation of the SST asymmetry across the equator
and a southward displacement of the marine ITCZ in the
eastern Pacific were likely reflecting an El Nifio-like pattern
[Koutavas et al., 2002; Koutavas and Lynch-Stieglitz,
2003]. Alternatively, the LGM reduction in the meridional
880 gradient reconstructed by Koutavas and Lynch-Stieglitz
[2003] can be interpreted in terms of a northward migration
of the EF-ITCZ system because their records are located
primarily on the seasonal path of the EF-ITCZ system. Thus,
a glacial northward shift of the EF would cause weaker
meridional 6'*0 gradients because of minimum changes in
SST and salinity within the cold tongue. Other eastern Pacific
alkenone-SST reconstructions [i.e., Calvo et al., 2001; Liu
and Herbert, 2004; Horikawa et al., 2006; Pahnke et al.,
2007; Koutavas and Sachs, 2008; Dubois et al., 2009],
together with previous SST estimates based on marine
microfossils [i.e., Pisias and Mix, 1997; Feldberg and Mix,
2003; Martinez et al., 2003], support this view by demon-
strating that sites located south of the EF experienced stronger
cooling during the LGM and stronger warming during the last
deglaciation compared to sites located north of the EF.

[40] Paleoclimate records from South America indicate
southward ITCZ displacements during Northern Hemisphere
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ice sheet expansions (i.e., Amazon Basin [Wang et al., 2004;
Jacob et al., 2007], Bolivian Altiplano [Baker et al., 2001],
Venezuela [Rull, 1996], ice cores [Thompson et al., 1998;
Bradley et al., 2003], and glaciers [Heine, 2000]). This is in
opposition to what is indicated by our marine data. The
divergent behavior of the ITCZ in the continent plausibly
relates to differences in heat flux patterns over the relatively
dry continent as compared to the ocean where meridional
temperature gradients were more prominent. This results in
latitudinal ITCZ migrations over the continent that are much
larger over the Amazon Basin and the Altiplano, while at the
same time the ITCZ position over the EEP is defined by the
geometry of the cold tongue-EF complex and the subtropical
gyre circulation [i.e., Horel et al., 1989; Poveda et al., 2006;
Garreaud et al., 2009].

5. Summary and Conclusions

[41] We find prominent glacial-interglacial changes of
fluvial sediment input that reflects more humid conditions
along the Ecuadorian coast during interglacials. A warmer
interglacial EEP cold tongue and a southward shift of the
EF-ITCZ system likely control these humid interglacial
conditions. Conversely, reduced fluvial input during glacials
suggests more arid conditions coinciding with larger tropical
Pacific SST gradients and a more northward location of
the EF-ITCZ system. Despite this general tight coupling
of rainfall changes in Ecuador to offshore oceanographic
conditions, there are distinct differences between the indi-
vidual interglacials, plausibly reflecting offsets in precipi-
tation as well as duration and variability of interglacial
climates of the past 500,000 years. Numerical modeling is
required to test the sensitivity of past interglacial conditions
and, notably, the distribution and intensity of tropical rain-
fall to variable atmospheric CO, concentrations, glacial ice
volume, and orbital forcing.

[42] Zonal SST gradients in the eastern Pacific are reduced
throughout interglacials and enhanced during glacials. With
regards to long-term changes in the mean climate state, our
data suggest a predominance of El Nifio-like conditions off
Ecuador during interglacials, while glacial conditions seem to
more closely mimic La Nifia-like conditions.

[43] Contrary to climate models our data indicate a
northern EF-ITCZ position during glacials in the EEP. This
was plausibly favored by the facts that (1) the cross-equatorial
SST asymmetry was enhanced with stronger cooling south of
the EF, which would drive the southeasterly trade winds
across the equator, displacing the ITCZ to a northerly position
[i.e., Calvo et al., 2001; Liu and Herbert, 2004; Horikawa et
al., 2006; Dekens et al., 2007; Pahnke et al., 2007; Koutavas
and Sachs, 2008; Dubois et al., 2009; this study]; (2) the
southeast-to-northwest tilted coastal geometry has not
changed during the last 500 kyr, promoting coastal upwelling
predominantly active south of the equator; and (3) the influ-
ence of the Andes and the South Pacific subtropical anti-
cyclone on the regional atmospheric circulation remained
reasonably stable during the entire time span, keeping the
ocean surface cool through evaporation and suppressing
deep convection in the Southern Hemisphere [e.g., Takahashi
and Battisti, 2007].
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[44] The glacial-interglacial latitudinal shifts of the EF-
ITCZ system suggested by our data may be restricted to the
EEP and the coastal area of northwest South America.
Glacial cooling is particularly pronounced in the southeast
Pacific [e.g., Kaiser et al., 2005], which suggests a possi-
bility that ITCZ migration in the region may be controlled by
the northward advection of cold waters with the Humboldt
Current system. Conversely, in the central and western Pacific,
the magnitude of the cross-equatorial pressure gradient
diminishes because the broad western Pacific warm pool
dominates the SST pattern, leading to a potentially wider
latitudinal range for ITCZ migrations during glacial times.
Over the South American continent, away from the coast, the
Andes and Amazon Basin impact atmospheric circulation
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patterns, allowing larger southward migrations of the ITCZ
during glacial periods.
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