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1. General Introduction

The response of the Peruvian Upwelling System (PUS) to future global warming
IS uncertain. Since high productivity in the PUS supports one of the most abundant
fisheries in the world, the anchovy fishery (Pauly and Christensen, 1995), how the wind
and upwelling dynamic in PUS would respond to climate change is of great interest to a
wide range of scientists and stakeholders. Bakun (1990) proposed an increase in
alongshore wind stress and coastal upwelling in EBUSs, including the PUS, due to an
enhanced pressure gradient between the coast and the adjacent ocean due to global
warming. In fact, Gutiérrez et al. (2011) found a negative sea surface temperature (SST)
trend in central-southern Peru during 1950-2010 possibly explained by an increase in
coastal upwelling. A recent study using a high-resolution regional model indicates that
summer winds decrease weakly (0-5%) while winter wind increase weakly (0-10%) under
IPCC RCP 8.5 scenario (Chamorro et al., 2021). However, this increase is driven by the
alongshore pressure gradient and intensification of the South Pacific Subtropical High
(SPSH) (Chamorro et al., 2021) and not by the pressure gradient between land and ocean
as proposed by Bakun. (1990).

Additional uncertainties are related to the response of ElI Nifio Southern
Oscillation (ENSO) to global warming and its possible impacts through teleconnections
in PUS. During EIl Nifio events, especially those with high SST anomalies in the Eastern
Pacific (EP), strong thunderstorms and precipitation occur on the coast of Peru (Lagos et
al., 2008; Lavado-Casimiro y Espinoza, 2014; Sanabria et al 2018, Sulca et al 2018).
These events produce catastrophic flash floods and large discharge of sediments during a
few days (Morera et al., 2017; Takahashi and Martinez, 2017; Guzman et al., 2020). How
increasing greenhouse gases influence ENSO is still unclear. While CMIP5 and CMIP6
models together tend to suggest an increased ENSO variability with increasing
atmospheric CO2 concentrations (Cai et al., 2014, 2015, 2018), two recent studies found
that ENSO is weakening with increasing CO2 when using simulations on millennial time
scales that reduce the noise due to the internal variability of the system (Callahan et al.,
2021) or when model biases are minimized with an ultra-high-resolution model (Wengel
etal., 2021).

Paleoceanographic studies allow to estimate the influence of past climatic

variations and provide a better understanding of the mechanisms involved, favoring a



better assessment of future changes. The Peruvian margin is a region with favorable
conditions for the preservation of paleoceanographic records, due to the presence of an
Oxygen Minimum Zone (OMZ), high sedimentation rates and favorable topographic
conditions (e.g., Reinhardt et al., 2002; Rein et al., 2005; Gutiéerrez et al., 2006, 2009;
Sifeddine et al., 2008; Mollier-Vogel et al., 2013; Salvatteci et al., 2014, 2016, 2019;
Fleury et al., 2015,2016; Bricefio-Zuluaga et al., 2016). The last deglaciation (18-11 kyr
BP) and Mid-Holocene (8-4 kyr BP) were periods of rapid global warming (Wanner et
al., 2008; Clark et al., 2012; Shakun et al., 2012; Fischer et al., 2018; Kaufman et al.,
2020) and offer natural experimental conditions to observe the behavior of wind and
upwelling dynamic in PUS and ENSO in a context of global warming.

The objectives of this thesis are: 1) To reconstruct the millennial variability of
fluvial and aeolian inputs and to infer the changes in precipitation and winds during the
last deglaciation in the central-southern Peruvian margin. 2) To reconstruct the
interannual variability of fluvial inputs and precipitation and infer ENSO variability
during the last deglaciation in the central-southern Peruvian margin and 3) To reconstruct
the millennial variability of aeolian inputs and winds during the Holocene in southern
Peru. For this reason, grain-size distribution and X-Ray Fluorescence analysis were
performed in sediments core collected in central-southern Peruvian margin (M77/2-005-
3, Callao, 12°05 S, 77°40,07 W, 214 m water depth; G14, Pisco, 14.38°S, 76.42°W, 390
m depth and M135-004-3, llo, 17°2 S, 71°4 W, 229 m water depth).

1.1. Regional setting

The PUS, located off Peru, is one of the most productive Eastern Boundary
Upwelling Systems (EBUSS) in terms of fisheries (Chavez et al., 2008) (Fig 1a and 1b).
High biological productivity is linked to the upwelling of subsurface nutrient-rich waters
driven by surface wind stress (Pennington et al., 2006). Another of the most important
particularities of this system is the presence of a ZMO product of the decomposition and
sinking of biological production and poor ventilation (Hellin and Levin, 2004). In PUS,
upwelling-favorable winds occur throughout the year, being more intense during the
austral winter, which is regionally linked to the seasonal movements of the Intertropical
Convergence Zone (ITCZ) and the South Pacific Subtropical High (SPSH) (Strub et al.,
1998; Karstensen and Ulloa, 2009). In addition, along the coast of Peru, semi-permanent

low-pressure zones associated with the arid regions located on the coast of the upwelling
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centers are found, especially at Pisco (14°S), which coincides with the Ica desert.
Enhanced winds resulting from the land-sea temperature gradient produce an upwelling

that reinforces the temperature and pressure difference along the coast.
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Figure 1. The four Eastern Boundary Upwelling Systems (a). The figure was adapted
from Messie and Chavez (2015). Fish catch vs. primary productivity between 1998 and
2005 in the four major EBUS (b). The figure was adapted from Chavez et al. (2008).

1.1.1. Present-day atmospheric and oceanographic conditions

The climate of the Eastern Tropical Pacific is closely linked to a regional
atmospheric circulation resulting from the connections between the SPSH, the ITCZ and
the Walker Circulation.

SPSH extends over the entire South Pacific Ocean basin and is the dominant
climatic forcing of the PUS (Strub et al., 1998). The limits of the south Pacific High are
the ITCZ in the north and the polar front in the south (Strub et al., 1998). At, seasonal
scale, the SPSH causes favorable-upwelling winds during the winter in PUS (Strub et al.,

1998; Karstensen and Ulloa, 2009) (Fig 2).



Figure 2. Climatologically wind during austral winter (a) and summer (b). The figure
was adapted from Strub et al. (1998).

The ITCZ is the region of the globe where the trade winds of the Northern
Hemisphere converge with the trade winds of the Southern Hemisphere. The ITCZ is a
belt of low pressure near the equator that shapes climate and society in the tropics and
shows an annual latitudinal shift from ~10°N during the austral winter to 2-5°N in austral
summer, producing a seasonality in the intensity and spatial distribution of precipitation
in the tropics (Strub et al., 1998) (Fig. 3).
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Figure 3. Position of the ITCZ in January and July (1998-2020) marked by intense
rainfalls on the oceans. Figures modified from the NASA/GSFC

The Walker Circulation is a major component of the global atmospheric
circulation. In the Pacific Ocean, the Walker cell generates a zonal sea surface
temperature gradient, with cold temperatures in the East and a heat accumulation in the
West Pacific, supported by a thermocline inclination of the Equatorial Pacific (Bjerknes
1969). Due to this East-West temperature gradient, warm air rises above through the West
Pacific Warm Pool, diverging in all directions in the upper troposphere and then
converging over the East Pacific Cold Tongue (Gill, 1980). This atmospheric circulation
is strongly affected by ENSO (Cane, 2005). During the warm phase of ENSO (EI Nifio),
the weakening of the trade winds causes a displacement of warm air and surface water
masses from the Western Pacific to the Central Pacific, causing an increase in
precipitation in northern Peru, which can generate coastal flooding. During the cold phase
(La Nifa), the trade winds strengthen, producing an increase in temperature and humidity
in the Western Pacific and an expansion of the Cold Tongue towards the Central Pacific,
along with drier conditions along the Peruvian coast (Fig. 4).

10



Menc Mendeley Desktop
a) b)

0 v |Oiv]| Q)| @ L 2 @ Qv Q| a < & ®
Mote Highlight Color Zoom Share Sync Help Color Toom Share Sync. Help
_ ATheoryforEINifoandt.. |  AnOrbitally Driven Tropica. | Orbitaandt.. |  AnOrbitallyDriven Tropica. |  Orbital controlsontheEl.. | 1
Show Showing match B of 38 Provious
Normal Cenditions Normal Conditions

f—"

?f;f?

LAY
’Jw%:‘;ﬁ?"‘}

Figure 4. Schematics of Normal Conditions (a) and El Nifio Conditions (b) in the
equatorial Pacific Ocean and atmosphere. Figure modified from Cane (2005).

The coastal currents in the PUS are similar as those observed in other EBUE and
iIs composed by two currents systems: The Equatorial Current System (ECS) and the
Peruvian Current System (PCS) (Fig. 5) (Ishida et al., 2005; Kessler 2006, Penven et al.,
2005; Montes et al., 2010; Chaigneau et al., 2013). The ECS is composed by the by the
Surface Equatorial Current (SEC), the subsurface Equatorial Undercurrent (EUC) and the
Southern Subsuperficial Countercurrents (SSCC).

At the surface, two equator currents dominate the PCS: The Peru Coastal Current
(PCC) and the Peru Oceanic Current (POC). The PCC is found within 100 km from the
coast and between surface and ~ 50 m and transports cold and nutrient- rich waters due
to coastal upwelling (Penven et al., 2005; Pietri et al., 2014). The PCC present a velocity
range from 5 to 15 cm.s ~ and the maximum PCC flow occurs in phase with the seasonal
cycle of the trade wind during austral winter (Strub et al., 1998). The offshore POC flows
northward, farther than 180 km from the coast and up to 500 m depth (Chaigneau et al.,
2013). At subsurface, the Peru-Chile Undercurrent (PCUC) flows poleward until 48°S
and dominates the subsuperficial circulation on the Peruvian shelf between 100 and 200
m depth (Brockman et al., 1980; Brinck et al., 1983). According to Chaigneau et al.
(2013), the PCUC intensifies from 8°S to 16°S and decreases south of 16°S. Finally, Last,
the poleward Peru-Chile Countercurrent (PCCC) is found further from the coast than the
PCUC and spans between 5°S — 35°S (Strub et al., 1998).
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Figure 5. Oceanic circulation scheme for the eastern tropical Pacific. Figure obtained
from Montes et al (2010).

1.1.2. Terrigenous material transport to the Peruvian margin

We focus on the central-southern part (12-17°S) of the Peruvian margin. Callao
(12°S), Pisco (14°S) and llo (17°S) are located onshore of the Lima Basin (Suess et al.,
1987). This basin exhibits high productivity and anoxic conditions favored by an intense
Oxygen Minimum Zone. Sediments are composed of fine grains, are rich in organic
matter and contain abundant diatoms. The general absence of bioturbation in some areas
and during some time periods due to the low oxygen level allows the preservation of
laminations and therefore the use of these sediments as palaeoceanographic records (e.g.,
Rein et al., 2005; Sifeddine et al., 2008; Gutiérrez et al., 2006, 2009, 2011; Bricefio-
Zuluaga et al., 2016; Salvatteci et al., 2014, 2016, 2019). In Callao, muddy laminated
areas are reported (Reinhardt et al., 2002), but sedimentary records collected in the OMZ
core, off Pisco and llo, show more continuous laminations than the records collected off
Callao (e.g., Salvatteci et al., 2016, 2019).

According to Scheidegger and Krissek (1982), he main transport of the detrital
fraction of coarse silt and sand to the hemipelagic sediments in the Peruvian margin is by
the action of winds. In contrast to Callao, Pisco and Ilo are characterized by the presence
of large coastal deserts, extreme aridity and dust storms (Fig. 6). During these sporadic

sand storms wind velocities can exceed 10-15 m/s (Bricefio-Zuluaga et al., 2017). These
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storms are produced by a local intensification of alongshore surface wind and by
alongshore pressure gradients (Bricefio-Zuluaga et al., 2017). Also, in Pisco, an intense
coastal upwelling linked to strong alongshore surface wind occurs (Dewitte et al., 2011,
Gutiérrez et al., 2011; Rahn and Garreaud, 2013). The intensity of alongshore surface
winds presents a seasonal variability, with stronger winds during winter and weaker
winds during summer. This seasonality is linked regionally to the displacements of the
ITCZ-SPSH system and locally to continental-oceanic and alongshore pressure gradients
(Strub et al., 1998; Gutiérrez et al., 2011; Chamorro et al., 2018).

In contrast to the fine sands transported by winds, quartz-rich silt and clays are
transported by rivers to the continental shelf (Scheidegger and Krissek, 1982). The
central-southern Peruvian coast is characterized by very low annual precipitations
(Callao,14 mm y%, Pisco, 2 mm y* and Ilo, 26 mm y!) and scarce flows of coastal rivers
(Lagos et al., 2008). However, during summer there is an increase in river discharges
associated with increased monsoon precipitation in the Andes (Garreaud et al., 2009;
Vuille et al., 2012). Occasional floods occur and higher sediment discharges are
associated with intense precipitation during extreme EI Nifio events (Bourrel et al., 2015;
Morera et al., 2017; Rau et al., 2016; Guzman et al., 2020).

Once in the water column, dispersion patterns of clays (<4 um) and fine silts (8-
11 um) coincide with the surface and subsurface currents, while the fine sands present
limited dispersion near the coast (Scheidegger and Krissek, 1982). Likewise, near-bottom
processes and bottom topography exert considerable control over the dispersal of
hemipelagic sediments on the Peruvian margin (Scheidegger and Krissek, 1982, Erdem
etal., 2016).

13
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Figure 6. Aridity map and main deserts in Peru. Figure obtained from Rau (2019).

1.2.  Summary of climatic changes in South America during the last

deglaciation and Mid-Holocene.

The last deglaciation, a period of global warming from the end of the Last Glacial
Maximum (LGM, ~ 19 kyr BP) to the early Holocene (11 kyr BP), is an outstanding
period in Earth’s history that allows us a better understanding of the mechanisms
regulating regional climatic conditions under rapid global warming (Clark et al., 2012;
Shakun et al., 2012). During the last deglaciation, the most important millennial-scale
events in the northern hemisphere are: Heinrich Stadial 1 (HS1, ~18-15 kyr BP) in which
two distinct stages of discharge of ice stream occurred (H1.1, ~16.2 kyr BP and H1.2,
~15.1 kyr BP) (Heinrich, 1988; Bard et al., 2020; Hodell et al., 2017), the Bglling-Allerad
warm period (BA, ~14.7-12.9 kyr BP) (Buizert et al., 2014; lvanovic et al., 2018) and the
Younger Dryas cold event (YD, ~12.9-11.5 kyr BP) (Alley, 2000). Whereas, in the
southern hemisphere, the most notorious event was the Antarctic Cold Reversal cold
period (ACR, ~15-13 kyr BP) (Pedro et al., 2015).

During HS1 (~18-15 kyr BP), a decrease in temperature is recorded in the

Greenland and other Northern Hemisphere records (Johnsen et al., 2001; Waelbroeck et
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al., 2001). During this period the Heinrich event occurred, this event was characterized
by an increase in freshwater flux due to iceberg collapse and evidenced by the presence
of ice drift debris in marine cores (Heinrich, 1998; Alvarez-Solas et al., 2011). The
decrease in temperature during Heinrich events in the Northern Hemisphere is explained
by a reduction in heat transport, due to the increase in freshwater flux in the North
Atlantic, producing changes in temperature, salinity and density of surface waters,
causing a weakening of the Atlantic Meridional Overturning Circulation (Stanford et al.,
2011; McManus et al., 2004; Ng et al., 2018). In South America, an increase in
terrigenous input is observed in Northern Peru (Mollier-Vogel et al., 2013) and wetter
conditions are recorded in the Southeast and Northeast of Brazil (Turcq et al., 1997; Arz
et al. 1998, Cruz et al., 2005; Montade et al., 2015; Strikis et al., 2015; Zhang et al 2015,
Novello et al., 2017; Mulitza et al., 2017). In addition, the highest lake level of Titicaca
lake has been recorded between 16.5 and 15 ka (Blard et al. 2011). On the other hand, a
decrease in terrigenous input in Cariaco Basin (Venezuela) was reported (Peterson et al.,
2000; Deplazes et al., 2013). Higher precipitations in Northeast Brazil and lower in
northern South America suggest a shift of the ITCZ and an intensification of the South
American Monsoon System during that period.

Subsequent to the HS1, a period characterized by a global temperature increase
called the Bglling-Allergd occurred (14.7-12.9 kyr BP) (Buizert et al., 2014; Ivanovic et
al., 2018). This temperature increment coincided with a very marked melt and marine
transgression event ("Meltwater pulse 1a") centered at ~14.6 ka, marking the termination
of the last glacial period (Weaver et al., 2003). In the southern hemisphere, a cold period
called the Antarctic Cold Reversal, is observed at the same time, in which the warming
trend is stopped. (Pedro et al., 2015). This period corresponds to a maximum of glacier
advance in the tropical Andes, which would be linked to cold SST in the southern
hemisphere (Jomelli et al., 2014). During the BA, a northern shift of the ITCZ is recorded
(Peterson et al., 2000; Haug et al., 2001; Deplazes et al., 2013), causing a reduction of
terrigenous input in northern Peru (Mollier-Vogel et al., 2013) and dry conditions in
southeastern and northeastern Brazil (Arz et al. 1998, Cruz et al., 2005; Montade et al.,
2015; Strikis et al., 2015; Zhang et al 2015, Novello et al., 2017, Mulitza et al., 2017).
However, this reduction in terrigenous input during the BA was not registered until now
in the center of the Peruvian margin (Rein et al., 2005).

Finally, subsequent to the BA and the ACR, a climatic cooling phase of millennial

duration occurs in the northern hemisphere, called the Younger Dryas Dryas (12.9-11.5
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kyr BP) (Alley, 2000). In the Peruvian margin, at the beginning of the YD, there were an
increase in primary productivity and minimum values of terrigenous content, which
increase towards the end of the period in central Peru (Rein et al., 2005). In northern Peru,
a slight increase in the terrigenous input (Mollier-Vogel et al., 2013) was recorded
coinciding with the increase in humidity in southeastern and northeastern Brazil Cruz et
al., 2005; Montade et al., 2015; Strikis et al., 2015; Zhang et al 2015; Novello et al., 2017),
in Titicaca lake (Baker et al., 2001; Blard et al., 2011) and in Andean ice cores (Thompson
et al., 2000). These results suggest a southern shift of the ITCZ and intensification of the
South American Monsoon in the Southeast region of Brazil during the YD.

The Early Holocene (11.5-8 kyr BP) is poorly represented in the Peruvian margin
cores, probably because of the occurrence of erosional events that may be due to an
enhancement of bottom currents (Peru-Chile Undercurrent) or internal waves (Erdem et
al., 2016; Salvatteci et al., 2016). On the continent it appears as a warmer and/or drier
period in ice cores, lakes and speleothems (Thomson, 2000; Van Broekelen et al., 2008,
Bird et al., 2011).

The Mid-Holocene (MH, ~8-4 ka BP) was a warm period in the Northern
Hemisphere due to orbital variations and insolation changes (Kaufman et al., 2004, 2020;
Renssen et al., 2009; Wanner et al., 2008; Fischer et al., 2018). The MH was characterized
by an increase (decrease) in summer insolation in the Northern Hemisphere (Southern
Hemisphere) in comparison with present-day conditions. The change in insolation was
due to the nearly 101° difference between the longitude of the MH and the current
perihelion longitude (Prado et al., 2013). Multiple evidences during the MH suggest a
strong SST Pacific zonal gradient and thus an intensified Walker Circulation (Koutavas
and Joanides, 2012) also known as La Nifia-type conditions in the tropical Pacific (Carré
et al., 2012). During this key period, a northern shift of the ITCZ (Haug et al., 2001;
McGee et al., 2014) is also recorded during boreal summer and autumn in response to
Northern Hemisphere summer insolation increase due to change in precession while in
boreal winter and spring the ITCZ was shifted to the south (Cruz et al. 2009; Silva Dias
et al., 2009). In addition, alkenone-derived temperature record (Salvatteci et al., 2019)
and isotopic data from fossil mollusk (Carré et al., 2012) suggest a strong cooling in PUS
during the MH maybe due to an increase of coastal upwelling linked to an intensification
of the SPSH (Carré et al., 2012; Salvatteci et al., 2019).
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Chapter | focuses on objective 1 of the thesis, which is to reconstruct millennial

variability of fluvial and aeolian transports and to infer changes in precipitation and winds
respectively in the central-southern Peruvian margin during the last deglaciation. The
grain-size distribution of Peruvian margin sediments is typically polymodal and for that
reason provides information on sediment transport mechanisms and/or sediment sources.
Grain-size distributions on surface sediments and sediments cores (M77/2-005-3, Callao
and G14, Pisco) were measured and end-member analysis was used to deconvolved them
into sub-populations. Using this methodology allows us to discriminate the different
sources of terrigenous input, reconstructing the variations of fluvial and aeolian inputs
dependent on changes in precipitation and winds intensity. This chapter was submitted to

Climate of the past on January 07 2022 and is now under revision.
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2.1. Abstract

Reconstructing precipitation and wind from the geological record could help to
understand the potential changes in precipitation and wind dynamics in response to
climate change in Peru. The last deglaciation offers natural experimental conditions to
test precipitation and wind dynamics response to high latitude forcing. While
considerable research has been done to reconstruct precipitation variability during the last
deglaciation in the Atlantic sector of South America, the Pacific sector of South America
has received little attention. This work aims to fill this gap by reconstructing types of
terrigenous transport to the central-southern Peruvian margin (12°S and 14°S) during the
last deglaciation (18-13 kyr BP). For this purpose, we used grain-size distribution in
sediments of marine core M77/2-005-3 (Callao, 12°S) and G14 (Pisco, 14°S). We
analyzed end-members (EM) to identify grain-size components and reconstruct potential
sources and transport processes of terrigenous material across time. We identified four
end-members for both Callao and Pisco sediments. In Callao, we propose that changes in
EM4 (101 um) and EM2 (58 um) contribution mainly reflect hydrodynamic energy and
diffuse sources, respectively, while EM3 (77 um) and EM1 (11 um) variations reflect
changes in aeolian and fluvial inputs, respectively. In Pisco, changes in the contribution
of EM1 (10 pum) reflect changes in river inputs while EM2 (52 um), EM3 (75 um) and
EM4 (94 pum) reflect an aeolian origin linked to surface winds. At millennial-scale, our
record shows an increase of the fluvial inputs during the last part of Heinrich Stadial 1 (~
16-14.7 kyr BP) at both locations. This increase was linked to higher precipitation in
Andes related to a reduction of the Atlantic Meridional Overturning Circulation and
meltwater discharge in North Atlantic. In contrast, during Belling-Allergd (~ 14.7-13 kyr
BP), there was an aeolian input increase, associated with stronger winds and lower
precipitation that indicate an expansion of the South Pacific Subtropical High. These
conditions would correspond to a northern displacement of the Intertropical Convergence
Zone-South Subtropical High system associated with a stronger Walker circulation. Our
results suggest that variations in river discharge and changes in surface wind intensity in
the western margin of South America during the last deglaciation were sensitive to
Atlantic Meridional Overturning Circulation variations and Walker circulation on
millennial timescales. In the context of global warming, large-scale precipitation and

fluvial discharge increases in the Andes related to Atlantic Meridional Overturning
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Circulation decline and southward displacement of the Intertropical Convergence Zone

should be considered.

2.2. Introduction

The last deglaciation, a period of global warming from the end of the Last Glacial
Maximum (LGM, ~ 19 kyr BP) to the early Holocene (11.7 kyr BP), is an outstanding
period in Earth’s history that allows us a better understanding of the mechanisms
regulating regional climatic conditions under global warming (Clark et al., 2012; Shakun
et al., 2012). During the last deglaciation, variations in meltwater discharge in the North
Atlantic and their consequent impact on the intensity of the Atlantic Meridional
Overturing Circulation (AMOC) generated abrupt climatic changes on a millennial-scale
(McManus et al., 2004; Mulitza et al., 2017; Ng et al., 2018). The latter resulted in
changes in the meridional-oceanic temperature gradient and a meridional shift of the
mean annual position of the Intertropical Convergence Zone (ITCZ) (Cheng et al., 2012;
Deplazes et al., 2013; Mcgee et al., 2014).

Numerous studies based on continental and marine records have evaluated the
effects of meltwater discharge and temperature variations in the North Atlantic on
precipitation in Tropical South America, TSA (e.g., Mollier-Vogel et al., 2013; Novello
et al., 2017; Mulitza et al., 2017; Strikis et al., 2015, Bahr et al., 2018). Most studies
suggest wetter conditions in this region during cold events in North Hemisphere such as
Heinrich Stadial 1 (HS1, ~ 18-14.7 kyr BP) and the Younger Dryas (YD, ~ 12.9-11 kyr
BP) linked to a southern displacement of the ITCZ (e.g., Mollier-Vogel et al., 2013;
Mulitza et al., 2017; Bahr et al., 2018) and an intensification of the South American
Monsoon in its southern domain (Novello et al., 2017; Strikis et al., 2015) in response to
the weakening of the AMOC and increased meltwater discharges into the North Atlantic.
Conversely, during the Bglling-Allergd (B-A, 14.7-12.9 kyr BP), a warm period in North
Hemisphere, dry conditions developed in TSA (e.g., Mollier-Vogel et al., 2013; Novello
et al., 2017; Mulitza et al., 2017) associated with a strong AMOC, a more northerly
position of the ITCZ and a weakening of the South American Monsoon.

However, most records covering the last deglaciation come from Eastern South
America (e.g., Cruz et al., 2005; Strikis et al., 2015; Montade et al., 2015; Zhang et al.,
2015; Bahr et al., 2018; Novello et al., 2017, Mulitza et al., 2017; Strikis et al., 2018),
while records from the western slope of the Andes (e.g., Baker et al., 2001a, 2001b) and
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the Peruvian margin are scarce (e.g., Rein et al., 2005; Mollier-Vogel et al., 2013).
Previous attempts to reconstruct changes in precipitation in the western flank of the Andes
using marine sediment records show contrasting results. In northern Peru (4°S), Mollier-
Vogel et al. (2013) based on Titanium (Ti) to Calcium (Ca) ratios, suggested an increase
in fluvial inputs during HS1 and YD and reduced precipitation during the B-A. However
off Callao (12°S), no difference in fluvial inputs, based on lithic content, between HS1
and BA was reported (Rein et al., 2005). The difference between both records could be
due to changes in sediment transport at the two sites and/or to the interpretation of proxies
used in these studies. In both studies, Ti/Ca at 4°S (Mollier-Vogel et al., 2013) and lithic
content at 12°S (Rein et al., 2005) are interpreted as indicators of fluvial inputs. The latter,
is generally true in northern Peru, 4°S, where rainfall can reach 466 mm y-1 (Lagos et al.,
2008). However, other processes can be invoked in more arid regions such as central-
southern Peru where rainfall is scarce (less than 20 mm y-1) (Lagos et al., 2008). Indeed,
Bricefio-Zuluaga et al. (2016) showed that, during the last millennium, part of the detrital
fraction of marine sediments collected off Pisco was also of aeolian origin. According to
Bricefio-Zuluaga et al. (2016) aeolian inputs off Pisco can contribute up to almost 50%
of the terrigenous fraction during some climatic periods (e.g., the Medieval Climatic
Anomaly). These results are based on the grain size distributions of terrigenous
components in the sediment.

The grain-size distribution of Peruvian margin sediments is typically polymodal
and for that reason provides information on sediment transport mechanisms and/or
sediment sources (Bricefio-Zuluaga et al., 2016). Aeolian particles diameters are
relatively coarser than fluvial ones and if wind intensification occurs, the aeolian flow
and the frequency of coarse particles (>36 um) would increase. Thus, the relative
abundance of fluvial particles (6-14 um) would reflect the precipitation and continental
runoff (e.g., Stuut et al., 2002; Stuut and Lamy 2004; Pichevin et al., 2005; Bricefio-
Zuluaga, et al., 2016; Beuscher et al., 2017). Mathematical methods are used to identify
grain-size components of polymodal sediments. For instance, End Member Analysis
(EMA) has been widely used to infer changes in fluvial and/or aeolian inputs (e.g., Stuut
etal., 2002, 2004, 2007, 2014; Weltje y Prins, 2003; 2007; Pichevin et al., 2005; Holz et
al., 2007; Just et al., 2012; Beuscher et al., 2017; Humphries et al., 2017; Jiang et al.,
2017).

The aim of this work is to reconstruct at millennial-scale the transport (fluvial and

aeolian) and sedimentation of the terrigenous inputs off central-southern Peru (Callao and
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Pisco) during the last deglaciation. For this purpose, grain size distributions on surface
sediments and sediments cores (M77/2-005-3, Callao and G14, Pisco) were measured and
EMA was used to deconvolved them into sub-populations. Using this methodology
allows us to discriminate the different sources of terrigenous input, reconstructing the
variations of fluvial and aeolian inputs dependent on changes in precipitation and winds
intensity. On other hand, surface sediments were collected for grain size analyses during
normal conditions and during the 2017 Coastal ElI Nifio (April 2017), the latter
characterized by increased river discharges (Guzman et al., 2020) and variations of
surface winds in Peru (Echevin et al., 2018). These observations allow us to understand
the effect of changes in precipitation and winds on grain-size distribution during periods
of different climatic conditions. In addition, we used as a proxy for fluvial vs aeolian
inputs the Titanium/Zirconium (Ti/Zr) record from X-Ray Fluorescence (XRF) analysis
of the 106KL core collected off Callao and described by Rein et al. (2005). We postulate
that changes in the AMOC intensity have modulated the variability of winds and
precipitation in the Western TSA, as inferred by changes in the grain size distribution of
marine sediment particles, at millennial time-scales. Our work provides new information
on sedimentation, types of transport and sources of terrigenous inputs on the Peruvian
margin during the last deglaciation, offering the possibility to better understand the

mechanisms modulating these processes during past periods of global warming.

2.2.1. Regional setting

We focus on the central-southern part (12-14°S) of the Peruvian margin. Callao
and Pisco are located onshore of the Lima Basin (Suess et al., 1987). This basin exhibits
high productivity and anoxic conditions favored by an intense Oxygen Minimum Zone;
hence sediments are composed of fine grains, are rich in organic matter and contain
abundant diatoms. The general absence of bioturbation in some areas and during some
time periods allows the preservation of laminations and therefore their use as
palaeoceanographic records (e.g., Rein et al., 2005; Sifeddine et al., 2008; Gutiérrez et
al., 2006, 2009, 2011; Bricefio-Zuluaga et al., 2016; Salvatteci et al., 20144, 2016, 2019).
In Callao, muddy laminated areas are reported (Reinhardt et al., 2002), but sedimentary
records collected in the OMZ core, off Pisco, show more continuous laminations than the
records collected off Callao (e.g., Salvatteci et al., 2016, 2019).
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The main transport of the detrital fraction of coarse silt and sand to the
hemipelagic sediments in the Peruvian margin is by the action of winds (Scheidegger and
Krissek, 1982). In contrast to Callao, Pisco is characterized by the presence of large
coastal deserts, extreme aridity and dust storms known as Paracas winds. During these
sporadic sand storms wind velocities can exceed 10-15 m/s (Bricefio-Zuluaga et al.,
2017). These storms are produced by a local intensification of alongshore surface wind
and by alongshore pressure gradients (Bricefio-Zuluaga et al., 2017). Also, in Pisco, an
intense coastal upwelling linked to strong alongshore surface wind occurs (Dewitte et al.,
2011; Gutiérrez et al., 2011; Rahn and Garreaud, 2013). The intensity of alongshore
surface winds presents a seasonal variability, with stronger winds during winter and
weaker winds during summer (Fig. 1). This seasonality is linked regionally to the
displacements of the ITCZ-South Pacific Subtropical High (SPSH) system and locally to
continental-oceanic and alongshore pressure gradients (Strub et al., 1998; Gutiérrez et al.,
2011; Chamorro et al., 2018). In contrast to the coarser particles transported by winds,
large quantities of quartz-rich silt and clays are transported by rivers to the continental
shelf (Scheidegger and Krissek, 1982). The central-southern Peruvian coast is
characterized by very low annual precipitations (Callao,14 mm y-1 and Pisco, 2 mm y-1)
and scarce flows of coastal rivers (Lagos et al., 2008). However, during summer there is
an increase in river discharges associated with increased monsoon precipitation in the
Andes (Garreaud et al., 2009; Vuille et al., 2012). Occasional floods occur and higher
sediment discharges are associated with intense precipitation during extreme EI Nifio
events (Bourrel et al., 2015; Morera et al., 2017; Rau et al., 2016; Guzman et al., 2020).

Aeolian clays and silts are transported offshore by trade winds (Saukel et al.,
2011), while coarser particles (e.g., > 40 um) settle in the ocean on the continental shelf
(Scheidegger and Krissek, 1982). Once in the water column, dispersion patterns of clays
(<4 pm) and fine silts (8-11 um) coincide with the surface and subsurface currents, while
the coarser fraction presents limited dispersion near the coast (Scheidegger and Krissek,
1982). Likewise, near-bottom processes and bottom topography exert considerable
control over the dispersal of hemipelagic sediments on the Peruvian margin (Scheidegger
and Krissek, 1982).
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2.3. Materials and methods

2.3.1. Surface sediments, marine core and age model

Surface sediments (0-0.5 cm) were collected in front of Callao and Pisco by the
Instituto del Mar del Peru during the years 2015 (December), 2016 (August and
December) and 2017 (February, April and August) along transects perpendicular to the
coast (Fig. S1). Details on the sampling sites are given in Table S1. Samples collected in
April 2017 coincided with the occurrence of a coastal EI Nifio event, and will be
considered as representative of “Coastal ElI Nifio” conditions hereafter. All the other
samples will represent “normal” conditions.

The core M77/2-005-3, was retrieved from the Southeast Pacific continental slope
(12°05 S, 77°40,07 W, 214 m water depth, 1336 cm long) during the M77-2 expedition
in 2008 (Fig. 1). Because we focus on the last deglaciation period, we worked with the
section from 0 to 700 cm core depth. A first depth-age model based on four C ages was
built in Salvatteci et al. (2019). In this study, we added twenty-two *C ages and
developed a new age depth-model (Table S2). Radiocarbon measurements were
performed on bulk sediment at the Laboratoire de Mesures du Carbone-14 (LMC14, Gif-
sur Yvette, France). Ortlieb et al. (2011) reported a regional reservoir effect (AR) of 511
+ 278 years for Early Holocene (10.4-6.8 kyr) and in the absence of AR data for older
period we use this value to calibrated the 1*C measurements for the last deglaciation as in
Salvatteci et al. (2016, 2019). In order to construct the age model, we used the maximum
probability ages obtained from the CALIB 8.1 software. The chronological model
indicates that the examined section (0-700 cm) of core M77/2-005-3 (Fig. S2) recorded
the LGM and the last deglaciation (22-13 kyr BP; 95-700 cm). Core M77/2-005-3
presents a hiatus at 94 cm and thus great part of the Holocene is missing.

Core G14 (14°S, 76°W, 390 m water depth) was retrieved during the Galathea-3
expedition in 2007 (Salvatteci et al., 2016). Radiocarbon dates of G14 were published in
Salvatteci et al. (2016). For this study, a new depth-age model was developed with an
updated calibration using the CALIB 8.1 software. The upper part of sediment layers was
not recovered in G14 which ranges from 13.4 to 24.6 kyr BP (Fig. S2).

The lithological description of M77/2-005-3 and G14 is available in Salvatteci et
al. (2016, 2019). M77/2-005-3 and G14 cores show laminated and banded sediments with

no evident signs of major discontinuities during the last deglaciation (Salvatteci et al.,
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2016, 2019). G14 core presents more continuous laminated packaged in comparison to
M72/2-005-3 core. (Salvatteci et al., 2016, 2019).

In order to compare our new data from cores M77/2-005-3 and G14 with
previously published records in the area we modified the age model of core 106 KL (Rein
et al., 2005). Core 106 KL (12°030S, 77°39.80W, 184 m water depth) was retrieved
during cruise SONNE 147 (Rein et al., 2004, 2005). Chronology model and lithology
were fully described in Rein et al. (2004, 2005). A new depth-age model was developed
with an updated calibration using the CALIB 8.1 software (Fig. S2) and we only used the

sections covering the last deglaciation.
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Figure 1. (A) Location of the sampling of the sediment cores M77/2-005-3, 106KI and
G14 core. Average wind speed (m/s) at 1000 hPa in January and August
(http://iridl.Ideo.columbia.edu).

2.3.2. Grain-size distribution and end-member analysis

In order to reduce the effect of resuspension of particles that can produce artificial
results, only laminated and banded sequences were subsampled for grain-size distribution
analysis. Reworked sediments are widespread in the marine sediment records off Peru
and can be distinguished from well-preserved sediments using X-ray images (Salvatteci
et al., 2014b). For both surface and core sediment samples, in order to isolate the
terrigenous fraction, we followed the procedure described in Bricefio-Zuluaga et al.
(2016). Organic matter, calcium carbonates and biogenic silica were successively
removed with hydrogen peroxide (H202 30% at 60°C for 3 to 4 days), hydrochloric acid
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(HCI 10% for 12h) and sodium carbonate (Na2COs, 1M at 90°C for 3h), respectively.
The grain size distribution was then measured using an automated image analysis system
(model FPIA3000, Malvern Instruments) with a measurement range of 0.5-200 pm.
Further details on the FPIA3000 are described in Flores-Aqueveque et al. (2014) and
Bricefio-Zuluaga et al. (2016). Given that only particles smaller than 200 um can be
measured under the analytical conditions applied in this work, all samples were sieved
with a 200 pm mesh before being analyzed. Particles larger than 200 um were not
recovered in any sample, thus we consider that our analysis covers the full range of grain
size present in the surface and cores sediments.

AnalySize modelling algorithm (Paterson and Heslop, 2015), which is based on
the unmixing performed in hyperspectral image analysis, was used to unmix the grain-
size distribution. The algorithm claims to establish a physical mixing model that
transforms the measured grain-size distribution to a limited number of unimodal grain-
size end members. The coefficient of determination (r?) which represents the proportion
of the variance of each grain size class is calculated to estimate the minimum number of
end members necessary. More specific details are available from Paterson and Heslop
(2015).

2.3.3. XRF analysis

The piston core KL 106 was analyzed with an Avaatech XRF Core Scanner at the
Marum Center (Bremen). Here XRF scanning was done for 19 elements at 2-mm
intervals. Ti is an aluminum/silicate-related element and is associated with clay minerals
transported from the continent to the ocean through river discharges (Jansen et al., 1998;
Yarincik et al., 2000). For this reason, Ti is employed as a proxy for river discharge (e.g.,
Haug et al., 2001). In contrast, Zr is predominantly enriched in heavy mineral species, in
particular zircon. The latter is broadly distributed in natural sediments and typically has
relatively coarse grain size (Pettijohn, 1941). Zr has been widely used in studies such
proxy of mean depositional grain-size variations (e.g., Dypvik and Harris, 2001; Wu et
al., 2020). Therefore, Zr-rich sand can be used as a potential proxy for aeolian input. As
a consequence of the above, we used the logarithm of the ratio of Ti to Zr intensity (counts

per second) as a potential proxy for fluvial versus aeolian input.
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2.4. Results

2.4.1. Grain-size distribution of the surface sediments

The grain-size distribution of all surface samples collected at the stations in Callao
and Pisco are shown in Figure 2. In Callao and Pisco, during normal conditions, the
abundance of fine particles (< 10 pm) is higher at the deepest and furthest off shore station
than at coastal stations, while, coarse particles (60-120 um) are more abundant close to
the coast (Fig. 2). Coarser particles are deposited mainly on the inner continental shelf
due to their weight. During the 2017 Coastal El Nifio, a strong increase in fine particles
(< 10 um) abundance was found only at station E2 (Fig. 2a) in Callao. On the other hand,
the abundance of the coarse fraction (50-100 um) in the sediments from the most distant
stations (E12 and E11) increased in Pisco (Fig. 2d and 2e).
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Figure 2. Grain-size distribution of surface sediments in Callao (a, b) and Pisco stations
(c,d,e).

2.4.2. Grain-size distribution of the marine core

The mean grain-size distribution per climatic period analyzed is shown in figure
3a and 3b. During the Late HS1 (16-14.7 kyr BP), the abundance of fine particles (< 10
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um) is higher than during the Early HS1 (18-16 kyr BP) and B-A in Callao and Pisco
(Fig. 3a and 3b). This increase is more marked in Callao (Fig. 3a). On the other hand,
during the B-A (14.7-13 kyr BP), the sediments are characterized by high abundance of

coarser particles (Fig 3a and 3b).
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Figure 3. Mean Grain-size distribution by climatic period in Callao (a) and Pisco (b).

2.4.3. End-member analysis

Based on a multiple correlation coefficient, a model with 4 end members was
chosen in Callao and Pisco, explaining 98% and 95% of the variance of the grain-size
distribution data set respectively (Fig. 4a and 4b). The measured and modeled grain size
distribution are highly correlated (R?: 0.86-0.99) for each analyzed sample, attesting that
the use of 4 end-members is appropriate for our interpretation. Although a model with 2
end-member model explains 95% of the variance of the data in Callao, the variability of
each end-members contribution is different (Fig. 5) suggesting that each end member
indicates different processes or sources (Fig. 5). Each of the 4 end members (EM) presents
a unimodal distribution, its median being respectively at 11 um (EM1), 58 um (EM2), 77
um (EM3) and 101 um (EM4) in Callao (Fig. 4¢). In Pisco, each EM is represented by a
unimodal distribution centered at 10 ym (EM1), 52 um (EM2), 75 um (EM3) and 94 pm
(EM4) (Fig. 4d).
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Figure 4. Coefficient of determination (r2) as a function of the number of end members
chosen to model the observed grain-size distribution in Callao (a) and Pisco (b). Grain
size distribution of the 4 end-members in Callao (c) and Pisco (d).

2.4.4. XRF analysis

In Callao, the Ti/Zr record from core 106KL indicate an increase of fluvial
discharge during the HS1 with higher fluvial discharge between ~15.5-14.9 kyr BP and
decrease of fluvial inputs afterwards, during the B-A (Fig. 6f).

2.5. Discussion

2.5.1. Assignment of end-members

The terrigenous materials deposited on the Peruvian margin are transported by
rivers and by wind activity, however, there are also other diffused sources, such as the
material produced by coastal erosion transported offshore by marine currents. The
terrigenous sediments in Callao and Pisco are multimodal which suggest that different
processes are involved in the transport and deposition of these sediments. In both cores,

we observed one end-member corresponding to a fine fraction (EM1) and three end-
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members to coarse fractions (EM2, EM3 and EM4). A previous study in Pisco used the
variations of fine (10 pm) and coarse (50 um and 100 pm) particles as proxies of river
discharge and aeolian inputs respectively for the last few centuries (Bricefio-Zuluaga et
al., 2016). However, the differences in the aeolian sources, shelf and slope morphology,
currents intensity and hydrodynamics between Callao and Pisco, may modify the
interpretation of the proxies described by Bricefio-Zuluaga et al. (2016).

EM1 shows a mode at 11 um and 10 pm in Callao and Pisco respectively that we
interpret as a proxy for fluvial source, based on our interpretations and the literature (e.g.,
Stuut and Lamy, 2004; Stuut et al., 2007; Bricefio-Zuluaga et al., 2016; Beuscher et al.,
2017). Previous studies in the Pisco area for the last few centuries suggest that abundance
of fine particles (~ 10 um) can be used as a proxy for fluvial inputs and precipitation
patterns (Bricefio-Zuluaga et al., 2016). The increase of fine particles (<10 um) and EM1
contribution in surface marine sediments (Fig. 2a and Fig. 5a) associated with local high
fluvial discharges in Callao during the 2017 Coastal ElI Nifio (Guzman et al., 2020)
corroborates the use of variations in the abundance of fine particles as an indicator of
fluvial inputs. These results are consistent with the grain size of fine particles (~ 6-14 um)
in marine cores associated with river inputs reported in different areas of the world (e.g.,
Stuut and Lamy, 2004; Stuut et al., 2007; Beuscher et al., 2017).

Previous studies in South Eastern Pacific used the abundance and fluxes of coarse
particles (~ 36-100 um) in marine sediments as a proxy for wind intensity linked to the
expansion/contraction of the SPSH (e.g., Flores-Aqueveque et al., 2015; Bricefio-Zuluaga
et al., 2016). Based on HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory) simulations, Bricefio-Zuluaga et al. (2017) showed that coarse particles (50-
90 um) can directly reach the continental shelf in Pisco during Paracas storms
(characterized by wind velocities surpassing 10-15 m/s).

The end members associated with the coarse fraction present similar modes in
Callao and Pisco sediments (EM2, ~ 55 um, EM3, ~ 75 um and EM4, ~ 90-100 pum).
Pisco is characterized by a large coastal desert and frequent dust storms. Also, since the
shelf at Pisco is narrow, the distance from terrestrial sources that can be transported by
winds did not vary significantly during the deglaciation compared to modern conditions.
Based on this, particles between 50-90 um (EM2, EM3 and EM4) are interpreted as
indicators of aeolian input, as proposed by Bricefio-Zuluaga et al. (2016). An increment
of the coarse particle abundance in Pisco’s surface sediments was recorded in the stations
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most distant from the coast E12 and E11 during April 2017 (Fig. 2d and 2e), when
alongshore wind stress was anomalously enhanced at the mature phase of the Coastal El
Nifo, particularly off central and southern Peru (Echevin et al., 2018). This observation
supports the hypothesis that these particles have an aeolian origin and the increase of their
contribution suggests that during events with stronger alongshore winds, these particles
can be transported to a greater distance than during normal conditions, modifying their
amplitude in the sediments. It is important to note that the number of surface sediment
samples in Pisco was small, however a change in the abundance of the coarse fraction
was recorded during April 2017 (Fig. 2d and 2e). Finally, although EM2, EM3 and EM4
reflect an aeolian source, their contributions variations during the last deglaciation were
different (Fig. 5b). This is possibly explained by changes in wind intensity. Periods with
stronger (weaker) winds result in an increase (decrease) in the amplitude of coarser
particles.

In Callao, the context is different, since there are no large deserts near the coast
and dust storms are rare, it is unlikely for ~ 100 pm particles (EM4) to be transported
directly to the sampling site. The presence of ~100 um particles is possibly linked to
bottom hydrodynamic processes. Indeed, during events of higher hydrodynamic energy,
resuspension of fine particles and increase in the relative frequency of coarser particles
are expected. EM4 (101 pm) does not show drastic changes during the last deglaciation,
suggesting that it does not influence the relative contribution of the other modes at
millennial-scale (Fig. 5a).

EM2 (58 um) is the dominant mode in Callao ranging from 40 to 80% (Fig. 5a).
Although these coarse sediments can be transported by winds (Bricefio-Zuluaga et al.,
2016, 2017), it is unlikely that this high percentage of coarse particles could be solely
transported by the wind directly to the sampling site off Callao. It is more likely that ~ 58
um particles derive from different sources (winds, coastal erosion) and are distributed on
the continental shelf by the Peru-Chile Undercurrent (Reinhardt et al., 2002).

During the Coastal Nifio April 2017 event, we observed that at the E5 station (55
km offshore from the coast line), only the contribution of ~ 77 um particles (EM3)
increased (Fig. 5a), probably as a result of more intense alongshore winds. On the other
hand, the relative stability of the EM2 (58 um) and EM4 (101 um) contributions show
that these modes are not sensitive to wind intensity and probably respond to other
processes (Fig. 5a). On the opposite, EM3 appears as the best proxy of a wind source. In
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summary, in Callao, we propose that changes in the contribution of EM3 suggest changes

in aeolian inputs and wind intensity, while changes in the contribution of EM2 and EM4

are associated with other processes associated with diffuse sources and hydrodynamic
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Figure 5. Variation in contribution of the grain size end-members from marine cores and
surface sediments in Callao (a) and Pisco (b). The Modern period is represented by the
mean end-member contribution of surface sediments collected during normal conditions
(black symbols) and Coastal El Nifio April 2017 event (red symbols).

2.5.2. Millennial variability of fluvial and aeolian inputs during the last

deglaciation

The analysis of end-members allows a quantification of the main granulometric

modes, however, as the sum of the contribution of the modes corresponds to 100%, it is

difficult to consider the modes individually since the increase of one may reduce the

others and influence their contribution variability. Thus, for a better visualization, a ratio

between end-members indicative of a fluvial (EM1 in Callao and Pisco) and aeolian (EM3

in Callao and the sum of EM2, EM3 and EM4 in Pisco) source will be used as a proxy of

the variations in the fluvial and aeolian inputs.

An increase in fluvial inputs based on the grain-size and end-member analysis was

observed during the Late HS1 (~16-14.7 kyr BP) with maximum values between ~15.5-
14.7 kyr BP in Callao (M77/2-005-3) and Pisco (G14) (Fig. 6g and 6h). Likewise, the Ti
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/Zr record in Callao (106KL) indicates an increase in fluvial input during HS1, with
maximum discharges between ~15.5-14.9 kyr BP. These observations support the idea
that Ti, linked to the fine fraction of marine sediments, is mainly transported by rivers to
the Peruvian margin and can be used as a proxy of river discharge and precipitation (e.g.,
Mollier-Vogel et al., 2013; Salvatteci et al., 2014; Fleury et al., 2015).

The contrasting differences between our record of fluvial input (based on grain
size and Ti/Zr) and the record of lithic content based on reflectance (Rein et al., 2005) in
Callao can be explained by the difference in methodology and interpretation of the
proxies. Rein et al. (2005) interpret the lithic content as a proxy for river discharges,
however, as observed in our data (Fig. 5) and the literature (Bricefio-Zuluaga et al., 2016),
the terrigenous material can be transported to the central-southern Peruvian margin by
different sources (e.g., fluvial and aeolian) and the variability of fluvial and aeolian
transport follow different patterns and therefore respond to different forcing.

Since heavy precipitation associated with the El Nifio events in Callao and Pisco
coastal regions are occasional, a larger average fluvial discharge in Callao and Pisco is
likely related to precipitation fluctuations at higher elevations in the watersheds, in the
Andes. Previous studies suggest a correlation between North Atlantic cooling and
massive meltwater discharges with increased precipitation in the Central Andes (Baker et
al., 2001a, 2001b; Blard et al., 2011, Martin et al., 2018; Gonzéalez-Pinilla et al., 2021).
During the last deglaciation, cooling in the North Atlantic and higher meltwater
discharges generated a weakening of the AMOC (MacManus et al., 2004; Mulitza et al.,
2017; Ng et al., 2018). The latter generated an interhemispheric temperature contrast and
an impact on precipitation in the central Andes associated with a southward shift of the
ITCZ and an intensification of the South American Monsoon in different regions: Central
Andes (Baker et al., 2001a, 2001b, Blard et al., 2011; Gonzalez-Pinilla et al. 2021),
southeast (Cruz et al. 2005; Strikis et al., 2015) and southwest Brazil (Novello et al., 2017)
and in western Amazonia (Sublette Mosblech et al., 2012; Cheng et al., 2013). Indeed,
the higher river discharges we evidenced in Callao and Pisco during Late HS1 (~16-14.7
kyr BP) occurred simultaneously with the well-dated highstand of the giant paleolake
Tauca (~16.6-14.5 kyr BP) (Martin et al., 2018). Therefore, the increase and decrease of
river discharges in central Peru during HS1 and B-A, respectively, would be explained
by changes in precipitation in the Andes in response to changes in the intensity of the
AMOC and meltwater pulses in the North Atlantic.
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During the last decades, the seasonal ITCZ have shifted poleward in South Pacific
and generally narrowed and strengthened (Zhou et al., 2020). A recent study suggests a
narrowing and southward shift of ITCZ in Eastern Pacific in response to the SSP3-7.0
scenario by 2100 (Mamalakis et al., 2021). Although there are uncertainties about the
effects of current global warming on AMOC intensity, there is evidence of AMOC
slowing over the last century (Rahmstorf et al., 2015; Caesar et al., 2018) and in climate
model simulations of future climate change, AMOC is projected to decline generating a
southward displacement of the ITCZ (Bellomo et al., 2021). In the context of global
warming, a large-scale precipitation and fluvial discharge increases in Peru related to
AMOC decline and southward displacement of the ITCZ should be considered.

Concerning the variations of the aeolian inputs and surface wind intensity in the
Peruvian margin, changes in the intensity of Walker Circulation and meridional
displacements of the ITCZ-SPSH system have been proposed as mechanisms to regulate
surface alongshore winds and upwelling dynamics in the Humboldt Current System at
multiple timescales (e.g., Gutiérrez et al., 2009; Bricefio-Zuluaga et al., 2016; Salvatteci
etal., 2014, 2019). On centennial timescales, a northern displacement of the SPSH-ITCZ,
in response to stronger Walker circulation produce an increase of alongshore winds and
upwelling in Central-South Peruvian margin (Salvatteci et al., 2014; Bricefio-Zuluaga et
al., 2016). SST proxies indicate an increase of the zonal SST gradient in the equatorial
Pacific suggesting a more intense Walker circulation in B-A than during HS1 (Fig. 7a)
(Koutavas and Joanides, 2012). Moreover, a northern displacement of the ITCZ was also
recorded during B-A. (Peterson et al., 2000; Deplazes et al., 2013). These conditions
should have provoked the increase of alongshore winds and aeolian supply in central Peru
during B-A. Indeed, in Callao and Pisco, the aeolian inputs was the main transport from
14.7 to 13 kyr BP suggesting, at regional-scale, an increase of alongshore wind and
upwelling in Central-South Peru and an expansion of the SPSH (Fig. 7d and 7e). Our
record of surface wind intensity variations and an alkenone-derived SST reconstruction
based on alkenones (Salvatteci et al., 2019) in the same core collected in Callao show
similar trends (Fig. 7c). During HS1, a short cooling between 16 and 15.5 kyr BP,
coincided with stronger alongshore winds (Fig. 7c and d). In addition, during the B-A, a
cooling at 14.7-13 kyr BP, stronger aeolian transport associated with more intense
alongshore winds occurred (Fig. 7c and 7d). These observations suggest that local
processes such as upwelling variations in response to changes in alongshore wind

intensity may control SST variations during the last deglaciation, in addition to other
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process like the advection of the Southern Ocean and Antarctic climate signals by the

Humboldt Current.
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Figure 6. (2) Composite 221Pa/2°Th record that reflect past changes in AMOC (Ng et al.,
2018). (b) Reflectance (%) from Cariaco Basin as a proxy for the latitudinal displacement
of the ITCZ (Deplazes et al., 2013). (c) Log (Ti/Ca) for core M77/2-059 from northern
Peru (4° S) (Mollier-Vogel et al., 2003). (d) Natural y-radiation as a proxy for effective
moisture in Tropical Andes (Baker et al., 2021Db). (e) Relative concentration of lithics for
core 106KI from Callao (Rein et al, 2005). (f) Ln (Ti/Zr) as a proxy for fluvial vs aeolian
inputs in core 106KL from Callao (this study). (g) EM1/EM2 ratio as a proxy for fluvial
and aeolian source in Callao (this study). (h) EM1/(EM2+EM3+EM4) ratio as a proxy
for fluvial and aeolian source in Callao (this study).
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Figure 7. (a) Zonal SST gradient anomaly during the last deglaciation calculated as the
difference between western and eastern Pacific averages (Koutavas and Joanides, 2012).
(b) Reflectance (%) from Cariaco Basin as a proxy for the latitudinal displacement of the
ITCZ (Deplazes et al., 2013). (c) Alkenone-derived near surface temperature from
M77/2-005-3 core, Callao (Salvatteci et al., 2019). (d) EM1/EM2 ratio (Reversal scale)
as a proxy for fluvial and aeolian source in Callao (this study). (e)
EM1/(EM2+EM3+EM4) ratio (Reversal scale) as a proxy for fluvial and aeolian source
in Pisco (this study).

2.6. Conclusion

The variability of the grain size distribution of marine sediments from the central-
southern Peruvian margin (12°S and 14°S) reveals millennial-scale changes in the
transport and sedimentation processes of the terrigenous material during the last
deglaciation (18-13 kyr BP). We identified four granulometric end-members for both
Callao and Pisco sediments, each of them reflecting different processes and sources and
whose interpretation must consider regional contexts. In the case of the Pisco core, located
within the range of the aeolian inputs, as it has been shown earlier, the modes (EM2 to

EM4) correspond to aeolian origin. In the case of Callao core, located further from the
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coast and where sources of eolian particles are scarce, the EM2 and EM4 modes are
interpreted as reflecting local hydrodynamics, while EM3 represents the eolian supply.
Our results support a tight relationship between high latitude forcing and precipitation in
the western flank of the Andes during the last deglaciation. During late HS1 (16-15 kyr
BP), enhanced fluvial inputs in Callao and Pisco occurred associated with higher
precipitation in Central Andes in response to the slowdown of AMOC and meltwater
discharge in North Atlantic. Finally, the increase in aeolian input during the B-A, could
be a result of stronger alongshore winds linked to a northern displacement of the ITCZ-
SPSH system in response to a strong gradient of the Walker circulation. There is still
uncertainty about the effects of current Climate Change, there is evidence of a slowing of
the AMOC over the past century and in future climate model simulations. In the latter,
the decline in AMOC is accompanied by a southward shift in the ITCZ. Thus, we can

probably expect an increase in precipitation and river flow in the future in Peru.
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2.8. Supplementary information

Supplementary Table 1

Location of surface sediment sampling stations

Site Station LONG LAT Depth (m) Coa[;t'fit::‘(ﬁm)
Callao E2 773 12,0 92 148
Callao E5 776 112.0 178 5.5
Pisco E13 76.4 -14.0 120 9.2
Pisco E12 76.4 141 182 20.3
Pisco E11 76.5 141 311 25.9
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Supplementary Table 2

Uncalibrated and calibrated '“C ages in core M772-005-3 used to elaborate the
chronological model. * Indicate the **C ages reported in Salvatteci et al., 2019.

Depth (cm) Uncalibrated Age Delta-R Age cal. BP (F?axhnum
BF (years) (years) probability}
13 1902420 367140 1092
52 2605+£30 367+40 1841
84 3160£30 226198 2692
*113 11646444 511+278 12650
134 12320460 511+278 13277
153 12690460 511+278 13678
159 12730470 511+278 13728
210 13150470 511+278 14125
244 13180470 511+278 14150
*303 13792453 511+278 15325
319 13810480 511+278 15346
349 13840470 511+278 15359
378 13790470 511+278 15316
385 13870470 511+278 15447
*403 14449468 511+278 16300
418 13990470 511+278 15725
452 14100470 511+278 15775
469 14410470 5114278 16265
503 14510480 511278 16313
522 14660480 5114278 16600
542 14780480 5114278 16825
590 14850480 511+278 16913
*¥623 15930466 5114278 18288
647 16530490 5114278 18838
672 17680110 511+278 20230
700 213904170 511+278 24663
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Supplementary Figure 1

Location of the sampling of the sediment cores M772-005-3 and G14 core and surface
sampling station (black stars) in the Peruvian margin.
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Supplementary Figure 2

Chronological model for Callao (M772-005-3 and 106KL) and Pisco (G-14) cores.
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3. Increased El Niflo amplitude during the last deglacial

warming

Marco Yseki", Bruno Turcg?, Dimitri Gutiérrez>3, Renato Salvatteci*, Dante Espinoza-
Morriberén>®, Hugues Boucher*, Philippe Martinez’ & Matthieu Carré*8

!LOCEAN-IPSL, Laboratoire d’Océanographie et du Climat: Expérimentation et
Approches Numériques, Sorbonne Université/CNRS/IRD/MNHN, Paris, France.
ZDireccion General de Investigaciones Oceanograficas y de Cambio Climatico, Instituto
del Mar del Peru, Callao, Peru.

3Laboratorio de Ciencias del Mar, Facultad de Ciencias y Filosofia, Universidad
Peruana Cayetano Heredia, Lima, Peru.

“Center for Ocean and Society, Kiel University, Kiel, Germany

5Instituto del Mar del Peru, Laboratorio de Modelado Oceanografico y de Cambio
Climaético, Callao, Peru.

SUniversidad Tecnoldgica del Peru (UTP), Facultad de Ingenieria, Lima, Peru.

"UMR 5805 EPOC, Université de Bordeaux-CNRS-EPHE. Pessac Cedex, France.
8Universidad Peruana Cayetano Heredia, Facultad de Ciencias y Filosofia, Centro de
Investigacion para el Desarrollo Integral y Sostenible, Laboratorios de Investigacion y
Desarrollo, Lima, Peru.

Chapter Il focuses on objective 2 of the thesis, which is to reconstruct interannual
variability of fluvial discharge in the central-southern Peruvian margin during the last
deglaciation and to infer ENSO variability. We present here a record of fluvial discharge
interannual variability derived from high-resolution X-ray fluorescence Titanium (Ti-
XRF) counts in two marine sediment cores collected on the Peruvian margin (M77/2-
005-3, Callao and G14, Pisco). Since Ti-XRF is related to river discharge and ENSO is
the primary driver of interannual variability of rainfall in Peru, on the coast as well as in
the Andes, the 2.5-8 year frequency band of Ti-XRF in sediment cores provide us with
an unprecedented 4000-year long record of ENSO-related rainfall interannual variability
during the last deglaciation. This chapter was submitted to Nature communications on
January 27 2022 and is now under review.
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3.1. Abstract

It is still unclear how EI Nifio Southern Oscillation (ENSO), the leading mode of
global-scale interannual climate variability, will respond to global warming. The last
deglaciation offers natural experimental conditions to observe the behavior of ENSO in a
period of abrupt warming and sea level rise. Here we present a record of ENSO-related
interannual variability of river discharge in Peru during the last deglaciation (17.5-13 kyr
BP) and the Late Holocene (2.7-1.4 kyr BP), based on high resolution records of Titanium
in marine sediments from the Peruvian margin (Callao, 12°S and Pisco 14°S). We find
that the amplitude of ENSO events was 50 to 190 % larger during the deglaciation
compared to the Late Holocene, which supports the hypothesis that ENSO in the Eastern
Pacific is strengthened by ice sheet meltwater discharge. A possible strengthening of

ENSO in response to future ice sheet melting should be considered.

3.2. Introduction

The El Nifio-Southern Oscillation (ENSO) is the main mode of interannual
climate variability in the world'? and especially affects South American precipitation
through atmospheric teleconnections®#*®. Large uncertainties in projections of ENSO
reflect important gaps in our understanding of ENSO natural variability and its
relationship with the mean climate state”°. Reconstructions of ENSO centennial to
millennial scale response to past natural climate change provide insights into the
sensitivity of ENSO to changes in the background state and observational constraints to
climate models!®,

The last deglaciation (~19-11 kyr BP) was a period of rapid global warming
associated with a ~80 ppm increases in atmospheric CO2*. The deglacial climate was
also characterized by the melting of polar ice sheets®® causing a rapid sea level rise** and
a series of abrupt millennial-scale events'®. The behavior of ENSO during the last
deglaciation is still unclear. In the Eastern Equatorial Pacific (EEP), the spread of
individual foraminifera Mg/Ca and 520 values estimated in three deglacial snapshots
suggest a 16 to 60% increase in ENSO variability at 12.5, 15.1 and 17.9 kyr BP compared
to the Late Holocene (1.6 kyr BP)*¢, while no increase was found at 16.8 kyr BP using a
different foraminifera species!’. The lithic flux measured in the 106 KL marine core from

Callao, one of the few high-resolution records in the Eastern Tropical Pacific (ETP), was
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interpreted as a proxy for EI Nifio intensity'®. However, the lithic flux has a fluvial and
aeolian mixed origin in Callao'®, and the record's resolution for the last deglaciation did
not allow to resolve the ENSO frequency band in this core.

In paleoclimate model experiments, deglacial meltwater pulses in the North
Atlantic induce a weakening of the Atlantic Meridional Overturing Circulation (AMOC)
intensity, a southern shift of the Intertropical Convergence Zone (ITCZ) and an increase
in ENSO variability?®?1:2223 Meltwater forcing has been invoked to explain that ENSO
in the early Holocene was not as reduced as predicted by insolation forcing alone?*, but
still requires to be tested with records from the deglaciation, when the meltwater flux was
at its highest level. The last deglaciation is not equivalent to the current anthropogenic
global warming, but offers us the opportunity to assess how ENSO characteristics were

affected by this abrupt climate change.
3.3. Results and discussion

3.3.1. A high-resolution sediment record of ENSO variability

We present here a record of fluvial discharge interannual variability derived from
high-resolution X-ray fluorescence Titanium (Ti-XRF) counts in two marine sediment
cores collected on the Peruvian margin (Fig. 1). The core M77/2-005-3 (12°05 S, 77°40,07
W) was collected off Callao at 214 m depth, and core G14 (14.38°S, 76.42°W) was
collected off Pisco at 390 m depth. Despite sedimentation hiatus due to erosion, both
cores record the last deglaciation (17.5-13 kyr BP) and a Late Holocene section (2.7-1.3
kyr BP) is recorded in Callao®® (see depth-age models in supplementary Fig. 1). The
sedimentation rate in the deglacial period, determined by 19 radiocarbon dates in Callao
and 17 in Pisco is stable and high over the period (supplementary Fig. 1). The sections
analyzed show irregularly spaced but well-preserved laminae indicating minimized
sediment mixing (supplementary Fig. 2 and 3). The fast sedimentation (Late Holocene:
0.5 mm/yr in Callao; deglaciation: 1.2 mm/yr in Callao and 0.7 mm/yr in Pisco)®®
combined to the high resolution of the XRF measurements (1 mm) vyields an
unprecedented record of interannual climate variability in the ETP over thousands of

years.
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Figure 1. A) Location of the sampling of the sediment cores M77/2-005-3 (black circle)
and G14 (black triangle) in the Peruvian margin. B) Linear regression coefficients
between ENSO Eastern Pacific indices and precipitation (Figure adapted from Sulca et
al.).

Since Ti is relatively immobile during chemical weathering, Ti has been widely
used as an indicator of terrigenous detrital input to sediments®®. Ti-XRF variations in the
central-southern Peruvian margin has been shown to be related to the fluvial fraction of
terrestrial input'®and is therefore used here as a proxy for river discharge (see Methods).
The core M77/2-005-3 off Callao receives a Ti flux primarily from the discharge of the
rivers Chancay, Chillon, Rimac, and Lurin, while the G14 core off Pisco is influenced by
the Pisco and Ica rivers. Under the current climate, the flow of coastal rivers is usually
low and increases during austral summer because of the monsoon rainfall in the High
Andes®?"?8 During EIl Nifio events, especially those with high sea surface temperature
(SST) anomalies in the Eastern Pacific (EP), strong thunderstorms and precipitation occur
on the coast>?°2031:32 These events produce catastrophic flash floods and large discharge
of sediments during a few days®334%,

Since Ti is related to river discharge and ENSO is the primary driver of interannual
variability of rainfall in Peru, on the coast as well as in the Andes®, the 2.5-8 year
frequency band of Ti-XRF in Pisco and Callao sediment cores provide us with an
unprecedented 4000-year long record of ENSO-related rainfall interannual variability
during the last deglaciation. Ti-XRF counts records were normalized so that both cores

could be compared (supplementary Fig. 4). Changes in the amplitude of interannual
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variability were estimated by the standard deviation of the 2.5-8 years band-pass filtered

Ti-XRF series calculated over a 300-years long sliding window (see Methods).
3.3.2. Precipitation and ENSO in Peru during the last deglaciation

Strong similarity is observed in the variations of Ti-XRF in Callao and Pisco
during the last deglaciation, considering the chronological uncertainty (Fig. 2a). More
importantly, the amplitude of Ti-XRF interannual variability varies coherently on
millennial timescales in both sites (Fig. 2c). The regional scale reproducibility of the
records demonstrates that the dataset is not affected by analytic or local biases and that
Ti-XRF variations faithfully reflect regional scale climate variability.

Compared to the 1400-year long Late Holocene section, which can be considered
as representative of modern conditions based on multiple studies!®17:24253637.38 “higher
Ti-XRF is found during the deglacial period (Fig. 2a). Lower sea level during the
deglaciation might be partly responsible for the higher Ti-XRF off Callao and Pisco
because of the reduced distance to the river mouths. However, the sediment source was
only 20 km closer to the Callao core 18 kyr BP compared to today and at about the same
distance for the Pisco core. In addition, the sea level rose strongly from 18 to 13 kyr BP,
a trend that is not reflected in the Ti-XRF record, neither in Callao nor in Pisco. Hence,
the larger deglacial Ti-XRF is likely the result of increased river discharge in central-
southern Peru. A deglacial increase in sediment discharge with a marked maximum
during the Heinrich Stadial 1 cold spell was also recorded in a marine core from northern3®
and central-southern Peru®. Since coastal precipitation only occasionally occurs during
strong EI Nifio events, the larger average river flow was likely primarily caused by
increased precipitation in the Andes in agreement with records of strengthened south
American monsoon in the central Andes3%4%4142 and evidence of a southern shift of the
ITCZ mean position at that time*3444°,

We find a 50 to 190% increase in the amplitude of ENSO frequency band
variability during the deglacial climate (17.5-13 kyr BP) compared to the Late Holocene
(2.7-1.4 kyr BP) (Fig. 2c and 3g), when ENSO had similar to modern
characteristics!1724246 The record shows centennial to millennial scale modulation of
ENSO amplitude is consistent with evidence obtained from individual foraminifera in the
EEP (Fig. 3f). ENSO amplitude is known to be subject to large decadal to centennial

internal unforced variability®3"2>47 put is, during the deglaciation, consistently higher

58



during more than 4000 years, compared to its modern level. The length of these
interannual records (both of the Late Holocene and of the last deglaciation) yield an
exceptional statistical robustness to this reconstruction of ENSO (for comparison,
Holocene fossil corals and mollusks of the whole Pacific altogether record ~2500 years?).
A robust increase of ENSO amplitude over such a long period could not be caused by
stochastic internal variability. Therefore, the larger deglacial amplitude of ENSO must
have been the result of a dynamical response to different boundary conditions.
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Figure 2. A) Ti-XRF counts normalized record in Callao (red) and Pisco (blue). B) 2.5-8
years frequency band of the Ti-XRF record in Callao (red) and Pisco (blue). C) Standard
deviation (over 300 years moving windows) of the 2.5-8 years frequency band of the Ti-
XRF record in Callao (red) and Pisco (blue) as a proxy of ENSO variability.

3.3.3.  ENSO and forcing mechanism during the last deglaciation

During the deglacial time, ENSO could have been affected by a number of forcing
factors, including insolation, greenhouse gases, the presence of large polar ice sheets and
meltwater discharge. The change in the seasonal flux of solar energy related to the Earth's
orbital parameters has been shown to be a driver of ENSO in models #3490 and to account
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for Holocene ENSO minimum (6-3 kyr BP) in paleoclimate records®®. The damping effect
of this external forcing was, however, stronger during the deglaciation and could therefore
not explain the high variability recorded here (Fig 3a).

How increasing greenhouse gases influence ENSO is still unclear. While CMIP5
and CMIP6 models together tend to suggest an increased ENSO variability with
increasing atmospheric CO2 concentrations®°2°3 two recent studies found that ENSO is
weakening with increasing CO, when simulations last several millennia® or when model
biases are minimized with an ultra-high-resolution model®. The 80 ppm increase of CO>
during the deglaciation is slightly lower than the current 100 ppm anthropogenic CO>
increase that has not produced a clearly detectable impact on ENSO, and is much lower
than the x2 or x4 scenarios tested for the future that yields contradictory effects. Thus,
CO2> changes could arguably be considered as a minor forcing of ENSO during the
deglaciation.

In contrast to the Late Holocene, the deglaciation is mainly characterized by large
remnant continental ice sheets and massive meltwater discharge'®>®*°°°65"_ The presence
of a large ice sheet in the northern hemisphere strengthens the mid-latitude jet stream and
remotely affects the tropical Pacific through atmospheric bridges and had a slight
strengthening effect on ENSO in the EP in the IPSL-CM4 climate model?®. Conversely,
in the NCAR-CCSM3 transient simulation of the past 21,000 years forced uniquely by
continental ice sheet variations, an abrupt ENSO increase (25%) is found at 14 kyr BP in
response to a marked retreat of the Laurentide ice sheet®®. This effect disappeared when
all forcing were combined®®. On the other hand, a meltwater discharge into the northern
Atlantic consistently causes an increase of ENSO amplitude in multiple modeling
experiments?®?1:22 and an eastward shift of anomalies?>?%°, which would also result in
increased variability in Peru. The 120 m sea level rise during the deglaciation® gives a
measure of the magnitude of the corresponding meltwater flux into the North Atlantic and
the Southern Ocean. Despite variations and some abrupt discharge events®?, the sea level
never stopped rising from 20 to 7 kyr BP. The sustained meltwater flux during the whole
deglaciation period seems thus the most likely forcing of the multi-millennial increase in
ENSO strength recorded in Peru.

The AMOC is weakened by meltwater discharge in the North Atlantic and in the
Southern Ocean®?%3%4 The resulting change in the meridional-oceanic temperature

gradient induces a southward displacement of the mean annual position of ITCZ, a weaker
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zonal SST gradient across the equatorial Pacific and more symmetric annual mean climate
in the EEP resulting in an amplified ENSO?%21:22_ Although the underlying mechanisms
responsible for the change in ENSO amplitude is still not clearly understood, the chain of
response from the North Atlantic to the tropical Pacific is robust in model experiments.

Geochemical proxies of ocean circulation in marine sediments indicate a
slowdown of the AMOC during the deglaciation due to large meltwater flux®>%%57 (Fig.
3b). Records of tropical rainfall also point to a southern position of the mean annual
position of the ITCZ in the deglaciation compared to the Late Holocene*3#445, In addition,
reduced zonal and meridional SST gradients were reconstructed in the Tropical Pacific
(Fig. 3c) by Sadekov et al.*® who also showed a strong link with ENSO amplitude. The
deglacial climate, although rapidly changing, maintained an El Nifio-like mean state in
the tropical Pacific under the sustained influence of the meltwater flux weakening the
AMOC. Our 4000-year long record shows that this mean state was associated with a long-
term increase in El Nifio amplitude in the EP, and provides observational support for the
positive influence of meltwater flux on ENSO amplitude suggested by climate model
experiments. Very few model experiments have, however, explored the combined
influence of multiple external forcing on ENSO during the deglaciation. The behavior of
ENSO has been examined in the CCSM3 model TraCE-21ka transient simulation of the
past 21 thousand years forced by orbital parameters, greenhouse gases, continental ice
sheets and meltwater discharge, combined and separately®®. Although meltwater
discharge alone produces an increase in ENSO amplitude in the model, a compensation
by the dampening effects of atmospheric CO2 and insolation in TraCE-21ka results in a
reduced ENSO during the last deglaciation®® (Fig. 3e). Although TraCE-21ka reproduces
correctly large-scale features of the evolution of the global climate (e.g., AMOC intensity,
cross-Equator SST contrast, tropical Pacific SST)%8, the simulated deglacial reduction of
ENSO is at odd with the increased amplitude recorded in Peruvian sediments. This
disagreement indicates an overestimation of the dampening effect of CO and insolation
and/or an underestimation of the response to meltwater discharge in this model, an issue
that is possibly shared by other climate models.

An underestimation of the impact of meltwater discharge on the tropical climate
variability in climate models raises serious issues in the context of current global
warming. There is multiple evidence for a slowdown of AMOC in the 20th century,

possibly as a result of Greenland ice sheet melting®®%%7°7* which is accelerating with
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global warming’?. The future weakening of AMOC was considered as very likely in IPCC
AR5 The impact of AMOC slowdown on ENSO has been so far overlooked in
climate change projections, possibly because of uncertainties in icesheet melting rate, or
undetected for an underestimated response in projections. However, our record of ENSO
in the EP during the last great ice sheet melting period suggests that ENSO is more
sensitive to freshwater flux than previously thought, pointing to a potential strengthening
with future ice sheet melting in a greenhouse climate. Additional transient simulations of
the last deglaciation are urgently needed to better assess the ability of models to predict

ENSO response.
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Figure 3. A) December, January and February minus June, July and August (DJF-JJA)
insolation at 30°S76. B) Composite 22'Pa/?%°Th record that reflect past changes in
AMOC?’. C) Changes in zonal gradient across the equatorial Pacific®. D) Meltwater flux
forcing (m/kyr) in TraCE-21ka®®. E) ENSO variability in only meltwater flux experiment
(black) and ENSO variability in all forcing experiment in TraCE-21ka (green)®. F)
Individual foraminifera Mg/Ca variability!®. G) ENSO-related interannual variability of
river discharge in Callao (red) and Pisco (blue).
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3.4. Methods

3.4.1. Marine sediments core

The cores M77/2-005-3 and G14 were retrieved from the Southeast Pacific
continental slope during the M77-2 and Galathea-3 expedition respectively’”’®. The
lithology of both cores, previously described by Salvatteci et al.””® is here complemented
by X-Ray images and presented in supplementary Fig. 2 and 3. The Late Holocene and
deglacial sediments are mainly composed of “irregularly spaced laminae” and “isolated
laminae”, as defined by Brodie and Kemp’®. The “irregularly spaced laminae” are packets
of laminae (several centimeters to decimeters thick) separated by intervals of
homogeneous sediments (several centimeters to decimeters thick). These laminae
packages include alternations between diatom oozes and diatomaceous mud, the latter
with a higher content of clay minerals. The "isolated laminae™ are packets of millimetric
and sub-millimetric laminae (solitary diatom ooze) enclosed in homogeneous mud. The
G14 core is more finely laminated than the M77/2-005-3 core. Depth-age models based
on 26 C ages for the core M77/2-005-3 and 29 “C datings for G14 was built by Yseki
et al.!® and is presented for both cores in supplementary Fig. 1. The analyzed section (36-
588 cm) of core M77/2-005-3 included the last deglaciation (17-13 kyr BP; 102-588 cm),
and, above a sedimentation hiatus at 94 cm, part of the Late Holocene (2.7-1.4 kyr BP;
36-93 cm). Probably because of erosion, Holocene sediments were not recovered in G14.
The analyzed section (10-285 cm) of core G14 included the last deglaciation (17.5-13.5
kyr BP).

3.4.2. XRF Analysis

Ti was measured at high resolution (1 mm) in both cores using a XRF scanner
only in the laminated or banded sections of the sediment cores in order to guarantee that
the analyzed sections are a result of deposition from the water column and not from
reworking of upslope deposits’’. XRF analysis were performed on core M77/2-005-3 and
G14 at ALYSES facility (IRD-Sorbonne University, Bondy, France) and the University
of Bordeaux 1 respectively. Measurements were done every 1 mm at 25kV and 500 uA
during 10 s in core M772-005-3, and every 1 mm at 10kV and 400uA during 10 s in core
G14.
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Ti is present in marine sediments as titanium oxide resulting from soil pedogenesis
and transported by rivers to the ocean along with clay minerals®. Ti-XRF has therefore
been used as an indicator of river discharge, precipitation and ENSO variability?:82, XRF
counts of Ti as well as other elements do not only depend on the mass concentration of
Ti. Itis also influenced by sediment heterogeneity that creates irregularities of the scanned
core surface and mostly sediment inhomogeneity along the core such as variations in grain
size or water content®, It is also influenced by the presence of elements that cannot be
measured by this method, such as organic matter, causing a dilution effect, and more
generally by matrix effects which includes the interactions of other elements present in
the sediment on the XRF measurement of a given element®3. For these reasons, the ratio
or log ratio of XRF counts is frequently used in XRF core studies to correct for trends in
sediment properties®8485 However, in the context of this study, which focuses on the
high frequency variability of a sedimentary signal related to river inputs, considering the
XRF counts of Ti in relation to another element would introduce an unnecessary noise
that would disturb our analysis of the proxy fluctuation. Centennial to millennial scale
variations of fluvial and aeolian input during the last deglaciation were inferred from the
grain size distribution in sediments from cores M77/2-005 and G14°. Downcore Ti-XRF
variations in cores M77/2-005-3 and G14 covary with changes in fine particles of fluvial
origin’®. Maximum (minimum) Ti-XRF values occur when fluvial inputs increase
(decrease) (supplementary Fig. 6), suggesting that Ti-XRF is associated with particles of
fluvial origin and not of aeolian and can be considered a potential proxy for fluvial
discharges. To allow for the comparison of XRF data from different laboratories and
different cores, a normalization to the maximum value of titanium counts was performed

(supplementary Fig. 4).
3.4.3. Extracting ENSO amplitude

The XRF analyses with 1 mm steps yield a temporal resolution of 0.8 years in the
deglacial sections of core M77/2-005-3, and 2.2 years in the Late Holocene section (2.7-
1.3 kyr). The temporal resolution of the XRF record in the deglacial section of core G14
Is 1.3 years.

The records were resampled by linear interpolation at 0.5-year resolution in the
deglacial and Late Holocene sections (supplementary Fig. 5). A 2.5-8 years band pass

filter was then applied to all records to extract the ENSO frequency band. The ENSO
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band was calculated based on the difference of moving averages. The amplitude of

ENSO-related variability was estimated by the standard deviation of the filtered signal

over 300-years moving windows. The relative change of ENSO variability in Callao and

Pisco was calculated in reference to the Late Holocene record from Callao. The
reproducibility of the normalized Ti-XRF records and of the filtered Ti-XRF standard

deviation in Callao and Pisco allows us to use the Callao Late Holocene section as a

common modern reference.
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3.6.

Supplementary information

Supplementary Figure 1

Chronological model for Callao (M77/2-005-3 and Pisco (G-14) cores. Figure adapted
from Yseki et al. (2022)
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Supplementary Figure 2

X-ray images used to describe the sedimentary sequences observed in Callao (M77/2-005-3) core.
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Supplementary Figure 3

X-ray images used to describe the sedimentary sequences observed in Pisco (G-14) core.
Figure adapted from Salvatteci et al. (2016)
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Raw (black) and normalized titanium (red) from Callao (top) and Pisco (bottom) cores.
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Supplementary Figure 5

Normalized (black) and resampled 0.5 yr (red) titanium from Callao (top) and Pisco (bottom)
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Supplementary Figure 6

Ti normalized values (150-years moving average) in Callao (red) and Pisco (blue) and fluvial
vs aeolian inputs based in grain-sizes and end-member analysis in Callao (EM1/EM3) and

Fluvial

Pisco (EM1/EM2+EM3+EM4) (Yseki et al., 2022).
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4. Enhanced upwelling-favorable wind in the Peruvian

Upwelling System during the Mid-Holocene

Chapter 111 focuses on objective 3 of the thesis, which is to reconstruct the millennial
variability of aeolian inputs and winds during the Holocene in southern Peru (17°S). The grain-
size distribution of Peruvian margin sediments is typically polymodal and for that reason
provides information on sediment transport mechanisms and/or sediment sources. Grain-size
distributions on sediment core M135-004-3 were measured and end-member analysis was used
to deconvolved them into sub-populations. Using this methodology allows us to discriminate
the different sources of terrigenous input, reconstructing the variations of aeolian inputs
dependent on changes in wind intensity. Previous studies based on STT reconstruction indicate
a cooling due to increased upwelling on the Peruvian margin during the Mid-Holocene.

However, paleo-wind records are needed to confirm this hypothesis.
4.1. Introduction

The Peruvian Upwelling System (PUS) is one of the most productive Eastern Boundary
Upwelling Systems in terms of fisheries (Chavez et al., 2008). High biological productivity is
linked to the upwelling of subsurface nutrient-rich waters driven by surface wind stress
(Pennington et al., 2006). The response of upwelling and wind dynamic to climate change in
the PUS is uncertain. Bakun. (1990) proposed an increase in alongshore wind stress and coastal
upwelling in EBUSs including the PUS due to an enhanced pressure gradient between the coast
and the adjacent ocean during global warming. Gutiérrez et al. (2011) found a negative sea
surface temperature (SST) trend in central-southern Peru during 1950-2010 possibly explained
by an increase in coastal upwelling. A recent study using a high-resolution regional model
indicates that summer winds decrease weakly (0-5%) while winter wind increase weakly (0-
10%) under IPCC RCP 8.5 scenario (Chamorro et al., 2021). However, this increase is driven
by the alongshore pressure gradient and intensification of the South Pacific Subtropical High
(SPSH) (Chamorro et al., 2021) and not by pressure gradient between land and ocean as
proposed by Bakun. (1990).

Paleoclimatic records allow us to understand the response of wind and upwelling
dynamic in PUS during periods of global warming periods. The Mid-Holocene (MH, ~8-4 ka
BP), was a warm period in the Northern Hemisphere due to orbital variations and insolation
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changes (Kaufman et al., 2004, 2020; Renssen et al., 2009; Wanner et al., 2008; Fischer et al.,
2018). Alquenones-derived temperature record (Salvatteci et al., 2019) and isotopic data from
fossil mollusk (Carré et al., 2012) suggest a strong cooling in PUS during the MH due to an
increase of coastal upwelling linked to an intensification of the SPSH (Carré et al., 2012;
Salvatteci et al., 2019). However, paleo-wind records are needed to confirm this hypothesis.
Reconstructing wind intensity during the MH and assessing, through global climate models,
which forcing modulate its variability would provide information on the response of upwelling
and wind dynamics in PUS to current climate change.

In the present study, we reconstruct the variability of the aeolian transport of terrigenous
material dependent on wind intensity in southern Peru (17°S). For them, grain-size distribution
in laminated sediments was analyzed. In addition, the end-member analysis (EMA) was
performed for deconvolved grain-size distribution into sub-populations and reconstruct the
aeolian sources of terrigenous material (e.g., Beuscher et al., 2017; Humphries et al., 2017,
Yseki et al., 2022). Previous studies in PUS, indicate that end-members linked to the coarse
fraction (50-100 pum) can be used as indicators of aeolian transport dependent on surface wind
(Bricefio-Zuluaga et al., 2016; Yseki et al., 2022) Additionally, we used the output from two
transient simulations (ECHAM slo43 and IPSL TR6V) to assess the effects of changes in the
Intertropical Convergence Zone (ITCZ)-SPSH system on the wind dynamic during the MH.

4.1.1. Regional setting

The south of the PUS (14-18°S), is characterized by large aeolian sources and
sandstorms that reach velocities up to 10-15 m/s (Bricefio-Zuluaga et al., 2017). These storms
are produced by a local intensification of alongshore surface wind and by alongshore pressure
gradients (Bricefio-Zuluaga et al., 2017). In this area, wind transport coarse silt and sand to the
continental shelf and slope (Scheidegger and Krissek, 1982, Bricefio-Zuluaga et al., 2016,
2017). In the PUS, wind intensity presents a seasonal variability associated regionally with the
north shift of the ITCZ and SPSH with stronger wind during winter and locally to the land-
ocean and alongshore pressure gradient (Strub et al., 1998; Karstensen and Ulloa, 2009;
Gutiérrez et al., 2011; Chamorro et al., 2018).
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4.2. Materials and methods

4.2.1. Marine sediment core

M135-004-3 core was retrieved from the Southern Peruvian margin (17°2 S, 71°4 W,
229 m water depth) (Fig. 1) during the Meteor cruise M135 (Salvatteci et al., 2019). Chronology
and lithology were described extensively in Salvatteci et al. (2019). The age model was done
using a linear regression based on 10 *4C ages and M135-004-3 core cover the last 9 ka with a
sediment rate of 0.78 mm.y* (Salvatteci et al., 2019). In contrast to the cores that contain
Holocene sequences, M135-004-3 shows fewer disturbed and more laminated sequences, being
the most complete record during the Holocene (0-9 ka BP) recovered in the Peruvian margin
(Salvatteci et al., 2019).

4.2.2. Grain-size and end-member analysis

Grain-size analysis was performed only on the laminated sections in order to avoid the
effect of particle resuspension and guarantees that the analyzed sediments are a result of
deposition from the water column. To isolate the terrigenous fraction of the sediment, organic
matter, calcium carbonates and biogenic silica were removed using hydrogen peroxide (H20>
30% at 60°C for 3 to 4 days), hydrochloric acid (HCI 10% for 12h) and sodium carbonate
(Na2CO3, 1M at 90°C for 3h) respectively following the procedure described in Bricefio-
Zuluaga et al. (2016).

An automated image analysis system (model FPIA3000, Malvern Instruments) with a
measurement range of 0.5-200 um was used for grain-size distribution analysis. Detailed
descriptions of the FPIA3000 are described in Flores-Aqueveque et al. (2014) and Bricefio-
Zuluaga et al. (2016). All samples were sieved with a 200 um mesh before the analysis because
the analytical conditions applied in this work can only measure particles smaller than 200 um.
We considered that our analysis covers the entire grain-size range present in the sediment due
no particles larger than 200 pm were found.

The AnalySize modeling algorithm performed by Paterson and Heslop (2015) was used
to unmix the grain-size distribution. AnalySize is based on the unmixing performed in
hyperspectral image analysis (Paterson and Heslop, 2015). The objective of the algorithm is to
establish a physical mixing model that transforms the measured grain-size distribution to a finite

number of unimodal grain-size end-members. To estimate the minimum number of end-
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members, the coefficient of determination (r?), which represents the proportion of the variance
of each grain-size class, is calculated. More specific details are available from Paterson and
Heslop (2015).

Principal component analysis (PCA) in end-members contribution data set was carried

out using Factoextra package (Kassambara and Mundt, 2017) in R software.
4.2.3. Transient model simulation

We used ECHAM sol43 and IPSL TR6V transient simulation from climate models MPI-
ESMR and IPSL-CM6 respectively (Table 1). Both experiments were forced by orbital
parameters calculated according to Berger (1978), as suggested for PMIP4 transient simulations
(Otto-Bliesner et al., 2017). Greenhouse gas concentration is prescribed according updated ice
core data for the MPI-ESM simulation (Dallmeyer et al., 2020) and to the PMIP4 protocol
(Otto-Bliesner et al., 2017) in the IPSL-CM6 simulation. The ECHAM slo43 simulation
corresponds to the simulation with dynamic vegetation described in detail in Dallmeyer et al.
(2020) and the IPSL TR6V simulation was run with a version of the IPSLCM5-MR model
(Dufresne et al., 2013) in which land surface component was changed adding a new snow model
and dynamic vegetation. More specific model details are available from Braconnot et al. (2019).
In both transient simulations, the SST and near-coastal wind outputs at 17°S (Fig. 1) were
calculated.

Table 1. Main characteristic of transient simulations

MPI-ESMR IPSL-CM6
Atmosphere grid (lat,lon) 1.875°x1.875° 1.25°x 2.5°
Atmosphere vertical levels 47 39
Ocean grid 1.5° 20
Ocean vertical levels 40 31
Carbon cycle interactive interactive
Vegetation dynamic dynamic
Time period (years BP) 7950-100 6000-0
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Figure 1. Location of the sampling of the sediment core M135-004-3. Average wind speed (m/s)
at 1000 hPa in January and August during 1991-2020. (http://iridl.ldeo.columbia.edu). Red
square indicates the area of SST and near-coastal wind in the transient simulations.

4.3. Results

4.3.1. Grain-size distribution and end-member analysis

Sediments of a core M135-005-4 display a polymodal distribution. For the EMA, a

model with 4 end-members was chosen based on multiple correlation coefficient (r?) and it

explain 98% of the grain-size distribution data set variance (Fig. 2a). Each of the 4 end-

members (EM) present a unimodal distribution with a median at 11 pm, 57 um, 87 um and 110

um respectively (Fig. 2b).
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Figure 2. Coefficient of determination (r?) as a function of the number of end-members
chosen to model the observed grain-size distribution in M135-005-4 core (a) and Grain size
distribution of the 4 end-members (b).

The contribution of EM3 and EM4 was higher in the MH than during the Late Holocene
(Fig. 3). EM2 contribution is low during the MH and shows a peak in the recent part (0.3 ka
BP) (Fig. 3). Finally, the contribution of EM1 is low during the MH except for a peak at 8.2-8

ka and 4.4-4.2 ka BP, while during the Late Holocene an increase is found (Fig. 3).

0 2000 4000 6000 8000 10000
L | 1 | 1 L 1 | 1 | 1 »
ley ©
b
[ <
[ — — =
r tw
o
gN
':JD
= o @
= [ 5
2
o N
Y
o o~ L =
::; ol
= .
w T T T

0 2000 4000 6000 8000 10000
Age BP

Figure 3. Variation in contribution of the grain-size end-members.

4.3.2. Transient simulation

In the southern part of the Peruvian margin, 17°S (Fig. 1), both transient simulations
indicate a slight cooling in austral summer (0-0.4°C) and austral winter (0-0.2°C) during the
MH (Fig. 4a and 4c). However, an increase in near-coastal wind is only observed during the
austral winter in both transient simulations. This increment is more marked in the transient

model ECHAM slo43 (Fig. 4b and 4d).
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Figure 4. SST and near-coastal wind speed anomalies at southern Peruvian margin (17°S) in
ECHAM slo43 (a, b) and IPSL TR6V (c, d) transient simulation.

4.4. Discussion

4.4.1. Assignment of end-members

In order to assign a process or source to each end-member, it is necessary to contemplate
the regional context (Yseki et al. 2022). The study area (17°S) presents similar characteristics
to the previous studied Pisco region (14°S) such as a narrow continental shelf, large aeolian
sources and presence of sandstorms. Bricefio-Zuluaga et al. (2016) and Yseki et al. (2022)
suggest that the fine particles (10 um) present in the marine cores collected in Pisco proceed
from a fluvial origin. These interpretations are robust with the grain size of fine particles (L16-
14 um) in marine cores related to fluvial contributions recorded in different areas of the world
(e.g., Stuut and Lamy, 2004; Stuut et al., 2007; Beuscher et al., 2017).

Regarding the coarse fraction (50-100 um), Yseki et al. (2022) show that during events
characterized by a large increase in wind speed, the frequency of particles between 70-100 pum

increases in the surface sediments of Pisco and can be transported a long distance across the
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continental margin. Likewise, based on Hybrid Single-Particle Lagrangian Integrated
Trajectory, Bricefio-Zuluaga et al. (2017) indicate that coarse particles (50-90 um) can be
transported directly from aeolian sources to the continental shelf during sandstorms events in
Pisco. Therefore, end-members with a median of 50 um, 70 um, 90-100 um has been assigned
an aeolian origin in marine cores collected in Pisco during the last millennium (Bricefio-
Zuluaga et al., 2016) and the last deglaciation (Yseki et al., 2022).

Since Pisco (14°S) and the study area (17°S) have similar characteristics within the
regional context and the end-members reported in this study have a similar median to the end-
members recorded in Pisco (Bricefio-Zuluaga et al., 2016; Yseki et al., 2022), the contribution
variations of the end-member related to fine particles (EM1, 11 um) and end-member associated
with the coarse fraction (EM2, 57 um; EM3, 87 um and EM4, 110 pm) in M135-004-3
sediments will be interpreted as indicators of fluvial and aeolian inputs respectively. Although
EM2, EM3 and EM4 are all characteristic of an aeolian source, an increase in the contributions
of the coarser end-members EM3 and EM4 would be related to intense wind events such as
sandstorms in the study area (17°S).

Since the sum of the contributions of all end-members is obviously 100% and thus the
increase/decrease in the contribution of one end-member influences the others, it is difficult to
use the variability of a single end-member’s contribution as a proxy. Therefore, a PCA of end-
members contribution data set was performed. The first principal component (PC1) explains
55.7% of the end-members variance. PC1 is positively correlated with particles of aeolian
source (EM3 and EM4) and strongly negatively correlated with particles of fluvial origin (EM1)
(Fig. 5). Therefore, The PC1 will be interpreted as an indicator of variations in aeolian source
linked to intense wind events (EM3 and EM4) versus fluvial source (EM1).
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4.4.2. Increased upwelling-favorable wind during the Mid-Holocene in PUS

During the MH, paleoclimatic records indicate a cooling in the southern Peruvian
margin attributed to an increase in wind stress and coastal upwelling as a result of an intensified
SPSH (Carré et al., 2012; Salvatteci et al., 2019) (Fig. 6¢). Our findings show an increment in
aeolian input and enhanced transport of coarse particles (90-110 pum) in southern Peru (17°S)
during the MH (Fig. 6f). The transport of these coarse particles to the continental shelf in the
study area requires large aeolian sources and intense wind events such as sandstorms (Bricefio-
Zuluaga et al., 2017). Since the occurrence of these storms is linked to an intensification of the
alongshore surface wind (Bricefio-Zuluaga et al., 2017), our results suggest an enhanced
upwelling-favorable wind during the MH. The latter is consistent with STT diminution reported
in the study area and support the idea that the cooling at the southern margin of Peru is due to

an increase in the coastal upwelling.

At different times-scale, variations of the wind and upwelling dynamics in PUS
have been attributed to a meridional shift of the ITCZ-SPSH system and changes in
Walker circulation (Carré et al. 2012, Salvatteci et al., 2014, 2019; Bricefio-Zuluaga et al.,
2016; Yseki et al., 2022). Multiple evidences during the Mid-Holocene suggest a strong
SST Pacific zonal gradient (Fig. 6a) and thus an intensified Walker Circulation (Koutavas
and Joanides, 2012) also known as La Nifia-type conditions in the tropical Pacific (Carre
et al., 2012). During this key period, a northern shift of the ITCZ (Haug et al., 2007; McGee
et al, 2014) is also recorded in response to NH summer insolation increase due to

insolation forcing (Fig. 6b). Records of interannual variability based on 9*80 and Sr/Ca of

corals and bivalves in tropical eastern and central Pacific evidenced a period of ENSO minimum
that culminates between 5 and 4 kyr BP (Carré et al., 2021). This corresponds to a minimum of
sand grain from eolian source in our record and weaks El Nifio are coherent with an
intensification of Walker circulation. Moreover, it confirms that it is the eolian input that control
the minimum of the proxy since an increase in fluvial transport is very improbable during a

period of weak El Nino.
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Figure 6. (a) Zonal SST gradient anomaly calculated as the difference between western and
eastern Pacific averages (Koutavas and Joanides, 2012). Titanium concentration (z-scores) of
Cariaco Basin as a proxy for the latitudinal displacement of the ITCZ (Haug et al., 2001).
Alkenone-derived near surface temperature (z-scores) from M135-004-3 core, 17°S (Salvatteci
et al., 2019). Near-coastal wind speed anomalies during austral winter at 17°S in IPSL TR6V €
and ECHAM slo43 (f) transient simulations. PC1 as a proxy for aeolian vs fluvial source from
M135-004-3 core, 17°S (this study).

4.4.3. Transient simulations-proxy data comparison

Both models indicate an enhancement of near-coastal wind in the austral winter during
the MH in the study area (Fig. 6d and 6e). These results are consistent with the increase in
upwelling-favorable wind inferred from our paleo-wind record. Since regional changes in
ITCZ-SPHP system impact near-coastal wind in the PUS (Strub et al., 1998; Karstensen and
Ulloa, 2009), the characteristics of the SPHP and ITCZ, represented by sea level pressure and
precipitation respectively were investigated in the simulations (Fig.7 and 8). Both models

suggest an intensification (weakening) of the SPSH core during austral winter (austral summer)
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during the MH (Fig. 7 and 8). In addition, during the austral winter, both models show an
expansion and a northern shift of the SPSH with a core located ~25°S (Fig. 7 and 8). The ITCZ
seems also shifted northward with higher precipitation north of the equator in both models in
austral winter (Fig. 7 and 8). In the region considered by the two climate simulations, the shift
is limited to the eastern Pacific (Fig. 7 and 8), probably because it is influenced by the northward
shift of the ITCZ in the Atlantic Ocean in Northern Hemisphere summer, as shown in the data
(Haug et al., 2001, Wanner et al., 2008) and in the models (Braconnot et al., 2007). The PMIP2
models show that this shift is related to the stronger North Hemisphere summer insolation
during MH that provoked an increase in the meridional SST gradient between the North Atlantic
and the Tropical Atlantic and an intensification of the West African monsoon (Braconnot et al.,
2007).This shift would be responsible for the increase in the zonal equatorial SST gradient in
the Pacific (Koutavas et al., 2006; Koutavas and Joanides 2012) although this relation does not
appears in the two studied simulations where the zonal temperature gradient is weaker in winter
at MH (Fig. 7 and 8).
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Figure 7. Mid-Holocene (6-5.5 ka BP) and Late-Holocene (1-0.5 ka BP) differences in ECHAM
slo43 transient simulation. Precipitation (a), Temperature (b) and Sea level (c) pressure at
annual scale. Precipitation (d), Temperature (e) and Sea level (f) pressure at summer scale.
Precipitation (g), Temperature (h) and Sea level (f) pressure at winter scale.
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Figure 8. Mid-Holocene (6-5.5 ka BP) and Late-Holocene (1-0.5 ka BP) differences in IPSL
TR6V transient simulation. Precipitation (a), Temperature (b) and Sea level (c) pressure at
annual scale. Precipitation (d), Temperature (e) and Sea level (f) pressure at summer scale.
Precipitation (g), Temperature (h) and Sea level (f) pressure at winter scale.

The cooling (0-0.5°C) during austral winter and austral summer in the Peruvian margin

recorded in both transient simulations (Fig. 7 and 8) is small but consistent with the mean annual
cooling (1- 4°C) recorded on fossil mollusk (Carré et al., 2012) and with the summer-spring
cooling (0-2°C) based on alkenones from marine core in the southern Peruvian margin
(Salvatteci et al., 2019). The SST maps from both models (Fig. 7 and 8) show that the MH
cooling is widespread in this region of the Pacific Ocean in both austral summer and austral
winter except for the cold tongue of the eastern equatorial Pacific which is colder in austral
summer and warmer in austral winter. The MH cooling of the southern hemisphere in austral
summer is consistent with a decrease in insolation during this period due to orbital precession.
On the other hand, in the austral winter, insolation was higher during the MH and the observed
cooling must therefore be due to a reorganization of the large-scale circulation of the South East
Pacific. The MH increase in insolation during the austral winter is less pronounced at high
latitudes because there the daily insolation duration is shorter in this season. The fact that the
Equatorial Pacific cold tongue is warmer while the South East Pacific temperatures are colder
(Fig. 7 and 8) increases the meridional temperature gradient which reinforces the SPSH.

The difference in the magnitude of the cooling between the proxies and the transient
simulations suggests that the models do not adequately reproduce the coastal upwelling at the

Peruvian margin. This may be due to the large-scale simulation of atmospheric or/and oceanic
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circulation or to regional problems (simulation of near-coastal wind and/or of water circulation
in the upwelling). At a local-scale, changes in the land-ocean (Bakun, 1990) and alongshore
pressure gradient (Chamorro et al., 2021) have been proposed as a mechanism that may impacts
near-coastal wind in the PUS. The use of high-resolution regional model forced by GCM

simulations probably may compensate this bias.

4.4.4. Proxy-derived perspective for future climate

In the context of global warming, the findings of this work together with previous
studies (Carreé et al., 2012; Bricefio-Zuluaga et al., 2016; Salvatteci et al., 2019; Yseki et al.,
2022) suggest that during warm (cold) periods in the northern hemisphere occurred an
intensification (weakening) of winds and coastal upwelling in PUS in response to a northern
(southern) shift of the ITCZ-SPSH system and an intensification (weakening) of the Walker
circulation at centennial to millennial scale. Although there are uncertainties about the effects
of current global warming on ITCZ, a future narrowing seems a robust projection with climate
change (Byrne and Schneider, 2016). Conversely, changes in the position of the ITCZ in the
models is unclear due to model biases. Indeed, multimodel mean indicate a zero zonal-mean
shift of the ITCZ (McFlarne and Frierson, 2017). A recent study, based on projections from 27
state-of-the-art climate models that explores the changes in the location of the ITCZ in different
longitudinal sectors, shows a robust southward shift in the eastern Pacific in response to the
SSP3-7.0 scenario by 2100 (Mamalakis et al., 2021). In a possible future scenario where a
southern shift of the ITCZ in the eastern Pacific occurs, paleo-records suggest a possible

weakening of wind and upwelling. The latter may negatively affect biological productivity.

4.5. Conclusion

Similar to previous work in the PUS, we identify four granulometric end-members (EM)
at 17°S during the Holocene. We propose that variations in the contribution of fine (EM1) and
coarse (EM2, EM3 and EM4) particles mainly reflect changes in fluvial and aeolian inputs,
respectively. Our results suggest an increase in aeolian inputs linked to stronger wind during
the MH and support the hypothesis that the cooling in the study area occurred due to an increase
in upwelling during the MH. The enhanced upwelling-favorable wind at 17°S could be
explained by a northern displacement of the ITCZ-SPSH system. Although there remains

uncertainty about the effects of current climate change on wind and upwelling dynamics in
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PUS, our results and previous studies suggest a northern (southern) shift of the ITCZ-SPSH
system may generate an intensification (weakening) of wind and upwelling in PUS at different

times-scale.
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5. Conclusions and Perspectives

5.1. Conclusions

How the precipitation, wind and upwelling dynamics in Peruvian Upwelling Systems
would respond to climate change is uncertain. Paleoceanographic studies allow to estimate the
influence of past climate variations and provide a better understanding of the mechanisms
involved, favoring a better assessment of future changes. The Peruvian margin is a region with
favorable conditions for the preservation of paleoceanographic records and the last deglaciation
(18-11 kyr BP) and Mid-Holocene (8-4 kyr BP) offer natural experimental conditions to
observe the behavior of precipitation and wind dynamic in Peruvian Upwelling System in a

context of global warming.

The grain-size distribution of Peruvian margin sediments is typically polymodal and for
that reason provides information on sediment transport mechanisms and/or sediment sources.
In this work, the variability of fluvial and aeolian inputs during the last deglaciation and the
Holocene was reconstructed in order to infer changes in precipitation and wind dynamics
respectively. Grain-size distribution analysis was performed on marine cores extracted in
Callao, 12°S; Pisco, 14°S and llo, 17°S. In addition, the end-member analysis (EMA) was
performed to deconvolve grain-size distribution into sub-populations corresponding to different
sources and transport of terrigenous material. Using this methodology allows us to discriminate
the different sources of terrigenous input, reconstructing the variations of fluvial and aeolian
inputs dependent on changes in precipitation and wind intensity.

Our results indicate that the variability of the grain-size distribution and grain-size end-
member of marine sediments from the central-southern Peruvian margin (12°S, 14°S and 17°S)
reveals millennial-scale changes in the transport and sedimentation processes of the terrigenous
material during the last deglaciation and the Holocene. However, in order to assign a process
or source to each end-member (EM), it is necessary to contemplate the regional context.

In the case of the Pisco and Ilo core, located within the range of the aeolian inputs, as it
has been shown earlier, that variations in the contribution of fine (EM1, 11 um) and coarse
(EM2, 57 um; EM3, 87 um and EM4, 110 um) particles mainly reflect changes in fluvial and
aeolian inputs, respectively. In the case of Callao core, located further from the coast and where

sources of aeolian particles are scarce, we propose that changes in EM4 (101 um) and EM2 (58
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um) contribution mainly reflect hydrodynamic energy and diffuse sources, respectively, while
EM3 (77 um) and EM1 (11 pum) variations reflect changes in aeolian and fluvial inputs,
respectively. These results show that particle size analysis and the End Member method cannot
be used as a ready-made rule, but requires an interpretation that takes into account the local
conditions of the sedimentary deposit.

In this sense, it is useful to be able to use different proxies. In Callao and Pisco we show
that the X-ray fluorescence (XRF) of Titanium shows a very good correlation between the two
sites. Titanium is relatively immobile during chemical weathering and is present in soils in the
form of Titanium oxides often associated with clays. Titanium XRF marks fluvial inputs
because the fluvial deposit layers are finer, richer in Titanium and also probably less porous
and less rich in organic matter than the rest of the sedimentation. At Callao, we found a good
relationship between grain size and XRF Ti/Zr ratio. Using a ratio of XRF values can
compensate for the effect of variations in density, porosity, organic matter content. We did not
use it in Callao and Pisco because the calculation of this index introduces noise while our

objective was to calculate the high-resolution variability.

During the last deglaciation, our results support a tight relationship between high
latitude forcing and precipitation in the western flank of the Andes. During late Heinrich Stadial
1 (16-15 kyr BP), enhanced fluvial inputs in Callao and Pisco occurred associated with higher
precipitation in Central Andes, Titicaca Lake reached its highest level at that time. This increase
in precipitation has been attributed in the literature to a southerly position of the ITCZ in tropical
Atlantic, to the slowdown of Atlantic Meridional Overturning Circulation associated with
meltwater discharge in North Atlantic and/or to the warming of East Equatorial Pacific. These
paleoclimatic situations are indeed observed in these three regions during HS1 but the
mechanism of teleconnection with Central Andes precipitation is not yet well understood.

An increase of aeolian input has been observed during Bglling-Allergd. It could be the
result of stronger alongshore winds linked to a northern displacement of the Intertropical
Convergence Zone-South Pacific Subtropical High system in response to a stronger intensity

of Walker circulation.

During the Holocene, our results suggest an increase in aeolian inputs linked to stronger
wind during the Mid-Holocene until 5,5 kyr BP and support the hypothesis that the cooling

observed at this time in the study area occurred due to an increase in upwelling. Comparison
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with two Holocene transient simulations from IPSL and MPI models show that both models
reproduce a decrease in winter wind since 5 kyr BP. The cooling (0-0.5°C) during austral winter
and austral summer in the Peruvian margin recorded in both transient is consistent with the
mean annual cooling (1-4°C) recorded on fossil mollusk and with the summer-spring cooling
(0-2°C) based on alkenones from marine core in the southern Peruvian margin. However, the
difference in the magnitude of the cooling between the proxies and the transient simulations
suggests that the models do not adequately reproduce the coastal upwelling at the Peruvian
margin. At a local-scale, changes in the land-ocean and alongshore pressure gradient have been
proposed as a mechanism that may impacts near-coastal wind in the PUS, and the use of high-
resolution regional model forced by GCM simulations can probably better reproduce the PUS.

Given the limitations of the models, in particular their difficulty in reproducing the
complex atmospheric circulation in the Eastern Equatorial Pacific region, with in this case a
very marked double ITCZ, we can however estimate from our data and the simulations of the
two transient models IPSL and MPI that the increase in winds in the study area (17°S) during
the winters can be linked to a northern displacement of the Intertropical Convergence Zone-

South Pacific Subtropical High system.

The Holocene study also show a strong millennial variability of the proxies of

aeolian vs fluvial sources. Records of interannual variability based on 6*®0 and Sr/Ca of

corals and bivalves in tropical eastern and central Pacific also evidenced a strong millennial
variability and, notably, a period of ENSO minimum that culminates between 5 and 4 kyr BP.
This corresponds, in our record, to a minimum of sand grain from eolian source. This high
millennial wind variability observed in our data is not so well marked in the simulations which
rather show a gradual increase in winds since 5 kyr BP. Therefore, we have, at the moment, no
clue to explain the relationship between the low inter-annual variability of the equatorial Pacific

and the low intensity of coastal winds in Peru during the interval 5-4 kyr BP.

Although there remains uncertainty about the effects of current climate change on wind
and upwelling dynamics in Peruvian Upwelling System, our results and previous studies
suggest that a northern (southern) shift of the Intertropical Convergence Zone-South Pacific
Subtropical High system may generate an intensification (weakening) of upwelling-favorable
wind and upwelling in Peruvian Upwelling System at different times-scale. Concerning to

precipitation, there is evidence of a slowing of the Atlantic Meridional Overturning Circulation

95



over the past century and in future climate model simulations. In the latter, the decline in
Atlantic Meridional Overturning Circulation is accompanied by a southward shift in the
Intertropical Convergence Zone. Thus, we can probably expect an increase in precipitation and
river flow in the future in Peru. In a possible future scenario where a southern shift of the ITCZ
in the eastern Pacific occurs, paleo-records also suggest a possible weakening of winds and
upwelling. The latter may negatively affect biological productivity.

Since the El Nifio-Southern Oscillation is the main mode of interannual climate
variability in the world and that during El Nifio events occur strong thunderstorms and
precipitation on the coast of Peru, how the El Nifio-Southern Oscillation variability would
respond to climate change is of great interest to a wide range of scientists and stakeholders.

In this work, interannual variability of fluvial discharge derived from high-resolution
X-ray fluorescence Titanium (Ti-XRF) counts in two marine sediment cores collected on the
Peruvian margin (Callao and Pisco) was reconstruct during the last deglaciation and part of the
Late Holocene. Since Titanium is related to river discharge and EI Nifio-Southern Oscillation
is the primary driver of interannual variability of rainfall in Peru, on the coast as well as in the
Andes, the 2.5-8 year frequency band of Ti-XRF in Pisco and Callao sediment cores provide us
with an unprecedented 4000-year long record of El Nifio-Southern Oscillation -related rainfall
interannual variability during the last deglaciation.

Our results suggest a strong similarity in the variations of Ti-XRF in Callao and Pisco
during the last deglaciation and more importantly, the amplitude of Ti-XRF interannual
variability varies coherently on millennial timescales in both sites. The regional scale
reproducibility of the records demonstrates that the dataset is not affected by analytic or local
biases and that Ti-XRF variations faithfully reflect regional scale climate variability. Our paleo-
El Nifio-Southern Oscillation record shows a large and significant increase in the amplitude of
El Nifio-Southern Oscillation during the last deglaciation than Late Holocene that supports the
hypothesis that ice-sheet melting strengthens EIl Nifio-Southern Oscillation activity. Our
analysis of TraCE-21ka meltwater flux experiment SST also indicate an increase in ENSO
variability during periods of meltwater flux, but this increase is represented by peaks of very
limited amplitude and there is relatively little difference between the deglaciation period and
the Holocene in contrast to what the data show. This result is of particular importance because

our record suggests that the sensitivity of El Nifio-Southern Oscillation to meltwater discharge
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is stronger than indicated by climate models, pointing to an underestimated strengthening with

future ice sheet melting in a greenhouse climate.
5.2. Perspectives

In this work, the variability of fluvial and aeolian inputs dependent of precipitation and
upwelling-favorable wind was reconstructed using grain-size distribution and end-member
analysis in marine sediments cores. In addition, each grain-size end-member was used as a
proxy for the source of terrigenous material. The results obtained in this work should be
complemented with the use of other proxies of source/process of terrigenous material (e.g.,
neodymium and strontium isotopic analysis, mineralogical analysis and microscopic methods).
In addition, to better understand how upwelling-favorable wind and upwelling dynamics in the
Peruvian Upwelling System would respond to climate change, more paleo-wind records during
key periods of global warming (e.g., MIS5e) are needed.

Our results show that the use of high-resolution XRF in laminated sediments allows
reconstructing the interannual variability of fluvial discharges dependent on precipitation in the
Peruvian margin and to infer El Nifio-Southern Oscillation. Future works should focus on
reconstructing centennial-millennial changes in El Nifio-Southern Oscillation activity during
periods of global warming such as MIS5e or the Mid-Holocene.

The use of global climate models and transient simulations provides insight into the
mechanisms and forcings associated with upwelling dynamic variability during the past in the
Peruvian Upwelling System. However, global climate models do not seem to be able to truly
reproduce the winds and upwelling near the coast. In order to evaluate the impact of climate
change on the upwelling-favorable winds during the past, it is probably necessary to use high
resolution regional models to downscale the global climate models.

The main still open questions are:

Our study shows that, in the past, the western slope of central Andes can be an important
source of sediment for the central-southern Peruvian margin. To confirm this hypothesis, it is
necessary to better identify the sources of sediment to understand which regions of Peru have

been (and will be) affected by these intense rainfall events and how this have change with time.

The dynamics of transport on the Peruvian continental margin is also poorly known. The

Peru-Chile Under Current (PCUC), very active on the external shelf and high slope, is generally
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considered to be the primary factor in the distribution of sediments, but little is known about
the effect of storms, eddies and internal waves.

Another very important factor, difficult to appreciate in palaeoclimatological studies, is the
seasonality of processes. For example, in this study, the strengthening of the wind observed in
the Holocene, would be, according to the models, a strengthening of the winter wind. We can
thus imagine the simultaneous existence of windy winters and rainy summers. This applies to
all processes controlling sedimentation: transport, productivity etc. New approaches, which
would involve more joint analysis of data and models, are probably needed for a better
interpretation of this temporality.

This study highlights the existence of a natural millennial variability of climate in the
eastern Pacific. This variability has also been observed in the amplitude of the ENSO. It also
exists in the Atlantic Ocean (Bond cycles) where it is attributed to a variability of the AMOC.
But in the Pacific Ocean its causes are not well known. This variability is not well described
by current climate models and may change the trajectories of future climate forecasts. This is

an important research topic that must combine climate reconstruction and modeling
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Reésumé:

La reconstruction des précipitations et des vents a partir des archives géologiques pourrait aider a
comprendre les changements potentiels de la dynamique des précipitations et des vents en réponse au
changement climatique au Pérou. Les objectifs de cette these étaient : 1) Reconstruire la variabilité
millénaire des apports fluviaux et éoliens et déduire les changements des précipitations et des vents de
surface au Pérou pendant la derniére déglaciation. 2) Reconstituer la variabilité interannuelle des débits
fluviaux dépendant des précipitations et déduire la variabilité d'ENSO pendant la derniére déglaciation
et 3) Reconstituer la variabilité millénaire des apports éoliens dépendant du vent de surface pendant
I'Holocéne. Dans ce but, la distribution granulométrique et I'analyse des membres finaux ont été utilisées
pour déduire les sources de matériaux terrigenes. En outre, la concentration en titane obtenue par XRF
a haute résolution a été utilisée pour déduire la variabilité ENSO. Pendant la derniére déglaciation, nos
résultats suggérent que les variations du débit fluvial dans la marge occidentale de la déglaciation de
I'Amérigue du Sud étaient sensibles a la circulation méridienne de retournement de I'Atlantique sur des
échelles de temps millénaires. En outre, nous constatons que I'amplitude des événements ENSO était de
50 a 190 % plus importante pendant la déglaciation par rapport a I'Holocene tardif, ce qui soutient
I'nypothése selon laquelle I'ENSO dans le Pacifique oriental est renforcé par I'écoulement des eaux de
fonte des calottes glaciaires. En ce qui concerne le vent de surface, au cours de I'Holocéne, nos résultats
suggerent une augmentation des apports éoliens liée a un vent de surface plus fort au cours de I'Holocéne
moyen. Bien que les effets du changement climatique actuel sur la dynamique des vents et des remontées
d'eau dans le systéme péruvien d'upwelling restent incertains, nos résultats et les études précédentes
suggérent qu'un déplacement vers le nord (sud) du systéme de la zone de convergence intertropicale et
de l'anticyclone subtropical du Pacifique Sud peut générer une intensification (affaiblissement) des vents
favorables aux remontées d'eau et des remontées d'eau dans le systéme péruvien d'upwelling a
différentes échelles de temps.

Mots clés: Paléoclimatologie, Systéme d'Upwelling Péruvien, vent c6tier, précipitations, ENSO, Heirch
Stadial I.

Paleoclimatic variability and extreme events since the last deglaciation in Peru:
sedimentary record and model simulations

Abstract:

Reconstructing precipitation and wind from the geological record could help to understand the potential
changes in precipitation and wind dynamics in response to climate change in Peru. The objectives of
this thesis were: 1) To reconstruct the millennial variability of fluvial and aeolian inputs and to infer
changes in precipitation and surface wind in Peru during the last deglaciation. 2) Reconstruct the
interannual variability of precipitation-dependent fluvial discharges and infer the variability of ENSO
during the last deglaciation and 3) Reconstruct the millennial variability of aeolian inputs dependent of
surface wind during the Holocene. For this purpose, grain-size distribution and end-member analysis
were used to infer the sources of terrigenous material. In addition, the titanium concentration obtained
by high-resolution XRF was used to infer ENSO variability. During the last deglaciation, our results
suggest that variations in river discharge in the western margin of South America deglaciation were
sensitive to Atlantic Meridional Overturning Circulation on millennial timescales. In addition, we find
that the amplitude of ENSO events was 50 to 190 % larger during the deglaciation compared to the Late
Holocene, which supports the hypothesis that ENSO in the Eastern Pacific is strengthened by ice sheet
meltwater discharge. Concerning to surface wind, during the Holocene, our results suggest an increase
in aeolian inputs linked to stronger surface wind during the Mid-Holocene. Although there remains
uncertainty about the effects of current climate change on wind and upwelling dynamics in Peruvian
Upwelling System, our results and previous studies suggest that a northern (southern) shift of the
Intertropical Convergence Zone-South Pacific Subtropical High system may generate an intensification
(weakening) of upwelling-favorable wind and upwelling in Peruvian Upwelling System at different
times-scale.
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