
GLACIAL-INTERGLACIAL VARIABILITY OF EASTERN
PACIFIC HYDROCLIMATE

by

Dervla Meegan Kumar

Copyright © Dervla Meegan Kumar 2022

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF GEOSCIENCES

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2022



2 

 

 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by:            

titled: 

 

 

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 

Doctor of Philosophy. 

 

 

                                _________________________________________________________________ Date: ____________ 

  

  

                                _________________________________________________________________ Date: ____________ 

  

  

                                _________________________________________________________________ Date: ____________ 

  

  

                                _________________________________________________________________ Date: ____________ 

 

                          

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 

of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

 

 

 

 

                                _________________________________________________________________ Date: ____________ 

  

  

  

Dervla Meegan Kumar

Jessica Tierney

Jessica Tierney

Jessica Tierney
Geosciences

Jul 18, 2022

Jul 18, 2022

Jessica Tierney

Christopher L. Castro Jul 18, 2022
Christopher L. Castro

Kevin J Anchukaitis Jul 18, 2022
Kevin J Anchukaitis

Jul 19, 2022
Marcus Lofverstrom



3

ACKNOWLEDGEMENTS

I am deeply grateful for the support, guidance, and wisdom I received from countless
friends, mentors, and staff at the University of Arizona throughout my time as a
doctoral student here.

Above all, I want to acknowledge my advisor, Jess Tierney. Jess has challenged
me to grow as an independent researcher and kept me grounded. My current and fu-
ture successes in science are owed to her mentorship and support. Special thanks go
to my committee members, Kevin Anchukaitis, Marcus Löfverström, and Christo-
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ABSTRACT

Unprecedented drought conditions in southwest North America (SWNA, defined

as the region from southern California to southern Mexico, west of the continen-

tal divide) has raised alarms regarding water resource scarcity in a region with

dense urban populations and vital agricultural industries. Modern hydroclimate

in SWNA is complex as rainfall seasonality and moisture source ranges from the

Mediterranean climate of California, bimodal desert southwest, monsoonal north-

west Mexico, and Central American tropics, and there is a high degree of interannual

rainfall variability due to the importance of short-lived, high-intensity events to re-

gional moisture budgets. A deeper understanding of the spatio-temporal patterns

of mean annual and seasonal rainfall variability and their response to global climate

perturbations is thus critical for future planning and water resource management in

the region. The eastern Pacific is a key modulator of rainfall variability in SWNA.

Pacific ocean-atmosphere interactions affect North American monsoon intensity, the

seasonal migration of the intertropical convergence zone (ITCZ), the strength, loca-

tion, and waviness of the mid-latitude storm tracks, and the occurrence of extreme

precipitation events associated with atmospheric rivers, tropical cyclones, and the

El Niño/Southern Oscillation.

Paleoclimate records from the Pacific can provide crucial constraints on how

these processes responded to past global climate perturbations. A unified view of

Pacific-North American interactions is currently limited by sparse proxy data from

the Eastern Pacific Warm Pool (EPWP) and the Gulf of California, specifically of

reconstructions that extend beyond the Last Glacial Maximum (LGM; 19–23 ka).

The work presented in this dissertation sheds new light onto the late Pleistocene

climatic history of SWNA based on novel organic geochemical proxy reconstructions

of eastern Pacific sea surface temperatures and North American monsoon rainfall
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variability. The proxy data indicate that the northern EPWP (along the north-

west Mexican Margin near the mouth of the Gulf of California) did not experience

glacial cooling. Rather, elevated sea surface temperatures regularly occur during

intervals of low greenhouse gases and increased global ice volume across the last

glacial cycle. Meanwhile, monsoonal rainfall was elevated during warm interglacials

and suppressed during glacial periods. I additionally compare the proxy data to

general circulation model simulations of the LGM and Last Interglacial (LIG; ∼117–

130 ka) periods to investigate the effects of orbital forcing (insolation), greenhouse

gases, and ice sheets on moisture source, precipitation seasonality and geographic

patterns of rainfall variability across SWNA. This research fills a critical data gap

and ultimately provides a mechanistic understanding of the patterns and drivers of

hydroclimate variability in SWNA that indicates a complexity in the response of

SWNA temperature and precipitation to global climate forcings.
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INTRODUCTION

Motivation

The climate of western North America and Central America is projected to become

hotter and drier with storms that are less frequent but more intense by the end of

the 21st century (Cook et al., 2015; Swain and Hayhoe, 2015; Meyer and Jin, 2017;

Colorado-Ruiz et al., 2018; Pascale et al., 2019; Gershunov et al., 2019; Stewart

et al., 2022). This shift to a more variable and extreme climate poses significant

challenges to water resource management and hazard preparedness in the region,

would accelerate habitat and biodiversity loss, and would negatively impact agri-

cultural production and socioeconomic prosperity (Diffenbaugh et al., 2008; Feng

et al., 2010; Naumann et al., 2018; Dobler-Morales and Bocco, 2021). However,

these projections diverge from instrumental observations of climate variability in

the western United States and northwest Mexico that largely exhibit insignificant

or negative trends in the frequency of extreme events over the 20th and early 21st

centuries (Yu et al., 2016; Lai and Dzombak, 2019; Carvalho, 2020; Cavazos et al.,

2020), with the exception of modest increases in warm season extremes in some

locales (Hoell et al., 2016; Huang et al., 2022). The disagreement between observed

and predicted regional climate trends highlights the complexity of interactions driv-

ing rainfall variability in southwest North America (SWNA, defined as the region

from southern California to southern Mexico west of the continental divide).

Teleconnections between the eastern Pacific and circulation over North America

drive variability in SWNA hydroclimate on multiple timescales. On seasonal to in-

terannual timescales, Pacific surface circulation influences the strength and position

of quasi-stationary sea level pressure anomalies that determine the strength, posi-

tion, and orientation of the mid-latitude storm tracks in winter and the Intertropical

Convergence Zone (ITCZ) (Gochis et al., 2007; Misra et al., 2016) and monsoon

ridge (Ciancarelli et al., 2014) in summer. Variance in the intensity of warm-season



17

precipitation is exceptionally sensitive to tropical Pacific sea surface temperatures

(SST) (Bordoni et al., 2004; Zhang et al., 2021). Interannual variability has a well-

documented connection to the El Niño-Southern Oscillation (ENSO), where SST

gradients and wind anomalies drive alternating wet-dry-wet (dry-wet-dry) anoma-

lies in the Pacific Northwest, Southwest United States, and Central America, re-

spectively, during positive (negative) phases (Gochis et al., 2007). Lower-frequency

modes of Pacific SST that have similar spatial expressions as ENSO are addition-

ally linked to the onset, duration, and geographic extent of decadal to multi-decadal

droughts in SWNA (Hu and Feng, 2002; Castro et al., 2001; Seager and Ting, 2017).

Marine heat waves in the Pacific can also affect North American monsoon (NAM)

intensity (Carrillo et al., 2018; Bhattacharya et al., 2022; Feng et al., 2022), while

increased heat uptake of the subsurface Pacific has recently been linked as the mech-

anism explaining the hiatus in global surface temperature warming despite continued

increases in greenhouse gases (England et al., 2014). An understanding of the air-

sea interactions that drive the spatiotemporal patterns of internal climate variability

in SWNA, particularly on long timescales, and their modulation by global climate

forcings is thus needed to improve our understanding of future climate variability

in the region (Castro et al., 2001; Gochis et al., 2007; Seager and Ting, 2017; Zhang

et al., 2021).

Research Approach

Observational paleoclimate studies provide important constraints on the response

of regional climate variability to global climate perturbations on longer timescales.

While no geologic period is a true analogue for the future given the unprecedented

rate of anthropogenic climate change, the glacial-interglacial cycles of the Late

Pleistocene offer recent examples of global-scale reorganizations of atmospheric and

oceanic circulations (Lora et al., 2016; Clark et al., 2012). Paleoclimatic data span-

ning these transitions specifically provide insights to the impact of ice-sheets, sea

level, greenhouse gases, and insolation-driven thermal forcings and shifts in season-



18

ality on regional climate variability.

Paleoclimate records generated from marine sediments in the eastern Pacific have

been used to understand the glacial-interglacial variability of air-sea interactions in

the northeastern Pacific subpolar gyre (e.g. Kienast and McKay, 2001; Barron et al.,

2009; Rae et al., 2014; Praetorius and Mix, 2014; Gray et al., 2020; Praetorius et al.,

2020), California Current region (e.g. Heusser, 1998; Herbert et al., 2001; Rodŕıguez-

Sanz et al., 2013; Bhattacharya et al., 2022; Fu et al., 2022), and the eastern tropical

Pacific (e.g. Lea, 2004; Pahnke et al., 2007; Leduc et al., 2007; McGee et al., 2007;

Shaari et al., 2013; McGee et al., 2014; Dubois et al., 2014; Bova et al., 2015; Fedorov

et al., 2015; Dyez et al., 2016; White et al., 2018). Yet, there is a conspicuous lack of

proxy reconstructions between 8°–22°N (Figure 1). Key climatic features from these

latitudes include the Eastern Pacific Warm Pool (EPWP), the northern terminus of

the ITCZ, and southern domain of the NAM. Each of these play a particularly im-

portant role in driving warm-season rainfall variability in SWNA, which is currently

substantially less understood compared to cool-season rainfall (Tabor et al., 2021).

Furthermore, missing data from this region limits our understanding of the propa-

gation of tropical Pacific climate variability to the extratropics (Wang and Enfield,

2003). The three studies included in this dissertation shed new light onto the pat-

terns and drivers of climate variability in SWNA. I utilize marine sediments from

the Gulf of California and northwest Mexican margin to generate high-resolution

paleoceanographic and paleoclimatic records for the last ca. 150 kyr. These records

specifically target two key variables for understanding past air-sea interactions in

the tropical to subtropical Pacific:

(1) SST reconstructions are based on the alkenone UK′
37 paleothermometer.

Alkenones are long-chain (C37–C39) ketone lipids with 2 to 4 unsaturations (Volk-

man et al., 1980), where the relative unsaturation of alkenones is highly correlated

with water temperature (Brassell et al., 1986; Conte et al., 1998; Müller et al., 1998).

The UK′
37 index specifically quantifies the ratio of C37 alkenones with 2 (C37:2) vs.

3 (C37:3) unsaturations and has an inverse relationship with temperature (Brassell

et al., 1986; Müller et al., 1998; Tierney and Tingley, 2018). Given the algal (hapto-
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a. Mean Annual Sea Surface Temperatures b. Fractional Abundance of Summer Rainfall

Figure 1: Locations of cores used in this study (yellow dots) and existing marine
and terrestrial paleoclimate records (white markers) compared to a) modern mean
annual sea surface temperatures from OISSTv2.1 (Huang et al., 2020), where the
thick black line corresponds to the 28°C isotherm, and b) the relative percent of
boreal summer (July-August-September) precipitation to annual totals based on
the Global Precipitation Climatology Centre 0.25° product (Schneider et al., 2018),
dashed lines encompass the North American Monsoon domain.

phyte algae, dominantly E. huxleyi and G. oceanica) source of alkenones, the depth

of production of these lipids is confined to the upper photic zone. As such, UK′
37 is a

high fidelity tracer of surface ocean temperatures (Herbert et al., 1998; Goñi et al.,

2001; Malinverno et al., 2008).

(2) The moisture source and seasonality of rainfall in SWNA is reconstructed

from the hydrogen composition of sedimentary leaf waxes (δDwax) derived from ter-

restrial plants. Higher terrestrial plants, such as grasses, trees, and shrubs, produce

long-chain (>C22) n-alkanoic acid leaf waxes with a δDwax that reflects the source

water used for metabolic processes (Sachse et al., 2006). There is a strong correlation

between δDwax and the hydrogen isotopic composition of regional rainfall (δDprecip)

(Sachse et al., 2006, 2012; Feakins et al., 2016). In SWNA, the winter season is

dominated by stratiform-type rainfall with a low δDprecip, while the summer is char-

acterized by convective rainfall with a higher δDprecip. Shifts in δDwax can thus be
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used to trace changes in moisture seasonality. The sensitivity of the δDwax proxy to

summer rainfall variability ultimately provides unique insights to past variability in

NAM intensity (Bhattacharya et al., 2018).

By comparing these novel proxy records with existing marine and terrestrial

paleoclimate reconstructions, I derive a more detailed view of the spatial patterns

of regional climate variability. Using model simulations of past climate intervals,

focusing on the Last Glacial Maximum and the Last Interglacial periods, I addition-

ally derive a mechanistic understanding of the drivers of regional climate variability

reflected in the proxy data.

Overview of Appendices

Appendix A: Climatic Drivers of Deglacial SST Variability in the Eastern Pacific

Published by Paleoceanography and Paleoclimatology in 2021 (Meegan Kumar et al.,

2021), this study sought to understand the spatial variability in the Pacific’s re-

sponse to global climate forcings operating over the last deglaciation (16–7 ka),

specifically ice-sheets, greenhouse gases, and orbitally-induced variations in insola-

tion. We specifically target SST as it is an important mediator of air-sea processes

that drive hydroclimate variability in North America (Chiang and Bitz, 2005; Chi-

ang et al., 2008; Kienast et al., 2013; McGee et al., 2014; Lora et al., 2016; McGee

et al., 2018; Gray et al., 2020; Lofverstrom, 2020). Our understanding of these pro-

cesses is limited by the heterogeneous spatial expression of abrupt deglacial climate

events, conflicting interpretations of whether Walker circulation in the Pacific was

enhanced (Tierney et al., 2020; DiNezio et al., 2011; Lea et al., 2000; Lea, 2004)

or suppressed (Otto-Bliesner et al., 2003; Koutavas and Lynch-Stieglitz, 2003; Ford

et al., 2018) during glacial periods, and the lack of paleoceanographic data from the

core and northern EPWP. One of the primary reasons for the disparate interpre-

tations of glacial and deglacial circulation variability in the northeastern Pacific is

the disagreement between reconstructions based on different proxy types. For ex-

ample, SST records based on the alkenone-UK′
37 , and foraminifera-Mg/Ca and -δ18O
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paleothermometers often disagree with one another in the tropical and extratrop-

ical northeastern Pacific, leading to conflicting interpretations of deglacial surface

circulation changes (Gill et al., 2016; Dubois et al., 2009; Kiefer and Kienast, 2005;

Hendy, 2010; Pisias and Mix, 1997; Shaari et al., 2014; White et al., 2018).

Our specific research approach for this study was to synthesize SST reconstruc-

tions from the northeastern Pacific exclusively generated with the alkenone-UK′
37

proxy, isolate spatiotemporal trends in the data to define dominant patterns of vari-

ability, then use climate model simulations to identify the mechanisms driving the

spatial differences in the expression of those trends. By limiting the synthesis of

data to a single proxy type, we minimize uncertainties associated with different

proxy biases. In total, the synthesis encompasses 15 records spanning 10°S–65°N

and 160°W–75°W and includes a new 23 kyr SST record from core NH8P located

on the northwest Mexican Margin. The new record from NH8P provides critical

constraints on SST variability in the northern EPWP.

We isolate spatiotemporal patterns in regional SSTs with trend empirical or-

thogonal function (TEOF) analysis (Hannachi, 2006; Barbosa and Andersen, 2009),

accounting for time-uncertainty in the sedimentary archives by iteratively perform-

ing the TEOF analysis within a Monte Carlo framework using an ensemble of pos-

sible age models for each site (Anchukaitis and Tierney, 2013). To our knowledge,

this is the first application of TEOF analysis in a paleoclimate study. TEOF anal-

ysis is advantageous over traditional EOF analysis when there is a strong trend

in the data, such as the global mean warming trend of the last deglaciation. The

dominant TEOF mode indeed reflects this deglacial warming associated with ris-

ing pCO2. Tropical and subtropical SSTs correlated most strongly with this mode,

suggesting that the thermodynamic response of the tropical eastern Pacific to green-

house gas forcing was the primary driver of regional SST change during deglaciation.

The second TEOF mode reflects millennial-scale variability and is most strongly ex-

pressed in subpolar SSTs. The synchronous timing between North Pacific and North

Atlantic SST oscillations is evidence for the rapid transmission of millennial-scale

climate perturbations between the basins, likely through an atmospheric teleconnec-
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tion. SSTs at NH8P have no correlation with either leading TEOF mode as there

is minimal change in SST at this site after ∼20 ka. A model simulation of the Last

Glacial Maximum (LGM) indicates that glacial cooling was muted in much of the

EPWP, in which NH8P lies, due to reductions in latent heat flux. This suggests that

the wind-evaporation-SST feedback was responsible for the attenuation of EPWP

cooling. Overall, this study highlights the distinct latitudinal trends in the Pacific’s

response to deglacial climate forcing.

Appendix B: Glacial Warming in the Eastern Pacific Warm Pool

A follow-up to Appendix A, Appendix B provides a deeper analysis of the paleoclima-

tology of the EPWP and its unexpected response to global climate forcings relative

to the broader northeastern Pacific. This work was recently published in Geophysical

Research Letters (Meegan Kumar et al., 2022). As mentioned above, the majority

of paleoclimate data from the eastern tropical Pacific is located within the eastern

equatorial Pacific (EEP, 3°–5°N) and along coastal Central America. Yet, because of

the fine scale spatial variability of oceanic and atmospheric circulation in the eastern

tropical Pacific, it is unclear how representative records from these latitudes are of

the regional climate dynamics. Meridional and zonal SST gradients in the tropical

Pacific are key for setting the climatic asymmetry of the basin. The EPWP is gener-

ally warmer than the EEP, sustaining cross-equatorial southwesterly surface winds

and a mean position of the ITCZ north of the equator. Localized processes lead to

regional scale variability in SST, however. In winter, the northeasterly trade winds

are channeled through three topographic gaps in the Central American Cordillera.

Opposing patterns in wind stress curl north and south of the wind jet axes as they

flow over the Pacific creates alternating zones of upwelling and downwelling that is

evident in the spatial pattern of SST, as well as thermocline depth, and productivity

(Xie et al., 2005; Fiedler and Lav́ın, 2016). In summer, upwelling off the coast of

Costa Rica persists, while the northward migration of the ITCZ leads to warming

in the Panama Basin and along the coast of northwest Mexico (Xie et al., 2005).

Our understanding of past variability in the meridional SST gradient of the eastern
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tropical Pacific may therefore be locally biased if it is significantly impacted by the

seasonal upwelling regime.

Here, we present a new UK′
37 -based SST record from core NH22P, also located on

the northwest Mexican Margin nearby to NH8P, that spans the last 144 kyr. We

found repeated intervals of elevated SST at NH22P that coincide with stadials –

intervals of enhanced cooling and ice sheet growth – during the last glacial period.

To the best of our knowledge, our SST reconstruction from NH22P is the first

documentation of repeated intervals of glacial SST warming during each of the

globally cool Marine Isotope (Sub)Stages (MIS) at a lower latitude. As NH22P

lies at the confluence of the cool, equatorward flowing eastern boundary current

and the northern limit of the seasonal EPWP, which reaches its maximum areal

extent in boreal summer when tropical surface water is transported poleward via

the Mexican Coastal Current (Portela et al., 2016), this site is uniquely sensitive to

tropical climate variability that imposes an expansion or contraction of EPWP area,

which is an indicator of EPWP intensity (Wang and Fiedler, 2006). The periodic

warming intervals thus suggest that stadials are associated with a more intense

EPWP.

We assess the physical mechanisms driving past variability in EPWP intensity

using fully-coupled and single-forcing simulations of the LGM and find that SSTs

at NH22P reveal a layered impact of the major glacial climatic forcings—ice-sheets,

greenhouse gases (GHG), and orbital variations in insolation. Though the simula-

tions failed to reproduce absolute warming as suggested by the proxy data, they do

indicate an attenuation of cooling in the EPWP under glacial boundary conditions.

The combined influence of ice-sheet and GHG forcing on regional surface circulation

reduced the wind-evaporation-SST feedback in the EPWP, priming the region for

warming. Direct shortwave heating during spring insolation maxima is the most

likely driver of the precessional pacing of the warming spikes in the NH22P record.

A schematic of the effects of each of these climate forcings on eastern tropical Pa-

cific SST is shown in Figure 2. This study highlights the complexity of temperature

response to global climate forcings in the EPWP that has important implications
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Figure 2: Schematic of eastern tropical Pacific circulation during the Last Glacial
Maximum. Colors correspond to generalized sea surface temperature anomalies,
with blue = cooler and red = warmer.

for understanding paleo-ENSO in addition to the regional and seasonal migration

of the ITCZ during glacial climate states.

Appendix C: Response of the North American Monsoon to Glacial–Interglacial Cli-

mate Forcings

The NAM is a key component of hydroclimate in the southwest United States, where

it delivers 30–50% of annual precipitation, and northwest Mexico, where it delivers

up to 90% of annual precipitation. Many studies that have sought to understand

the NAM’s response to remote and local climate forcings due to its importance to

sustaining the biodiversity and water resources of this arid region. This third study,
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which is in preparation for submission to Paleoceanography and Paleoclimatology,

adds to this body of literature by expanding our spatial and temporal understanding

of the NAM’s evolution over the late Pleistocene. Currently, proxy reconstructions

of the NAM are biased towards its northernmost limits in the southwestern United

States (Metcalfe et al., 2015), and there are no reconstructions from the core NAM

region that extend further back in time than the LGM. There is evidence that

the source of moisture and rainfall intensity in the southern and northern modern

domains responds differently to seasonal shifts in the synoptic circulation and to

interannual climate modes such as ENSO (Gochis et al., 2007; ?; Ciancarelli et al.,

2014; Hu and Dominguez, 2015; Hoell et al., 2016).

We address these gaps in the literature with two new NAM reconstructions

based on the hydrogen isotopic composition of sedimentary leaf wax n-alkanoic

acids (δDwax) in marine sediments from the Guaymas Basin in the Central Gulf of

California and the northwest Mexican margin near Mazatlan, Mexico. Due to the

ability of δDwax to capture changes in the relative proportion of depleted winter

rainfall sourced from the North Pacific vs. enriched convective summer rainfall

sourced from the tropical Pacific and Gulf of California, we can calculate δDprecip

from δDwax and estimate past variability in NAM intensity (Bhattacharya et al.,

2018). Both records presented here span the last 150 ka, making them the longest

isotopic records of the paleo-NAM to date.

At the northern site, DSDP 480/479, interglacial δDprecip is enriched relative to

the glacial period, consistent with the understanding that the dynamic response of

regional circulation to the Laurentide Ice Sheet at the LGM resulted in suppressed

monsoonal convection. There is also a strong correlation between δDprecip and global

ice volume at the southern site, NH22P, for most of the last glacial period (35–130

ka). We thus conclude that the coherence between δDprecip and global ice volume

over the majority of the last 150 kyr confirms that ice-sheet forcing is a dominant

driver of NAM intensity on glacial-interglacial timescales.

Anomalously positive δDprecip at NH22P during peak glacial conditions is a con-

spicuous exception to this general trend. Isotope-enabled climate model simulations
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of the LGM reveal that NH22P δDwax recorded an expansion of the tropical precipi-

tation regime, where reductions in precipitation led to more positive δDprecip due to

the amount effect. The northward expansion of the tropical climate regime to our

southern site is consistent with reconstructed SST from this site that show increased

influence of tropical surface waters during the LGM (Meegan Kumar et al., 2022).

We additionally compare patterns of δDprecip variability under the peak inter-

glacial conditions of the LIG and Holocene. At both sites, δDprecip during the LIG is

enriched relative the last glacial period, indicative of a strong NAM during this in-

terval. Interestingly, only the northern site shows similarly enriched δDprecip during

the Holocene, whereas Holocene δDprecip at the southern site is more comparable to

glacial values. Under ice-free conditions, the NAM responds thermodynamically to

orbitally-induced variations in seasonal insolation due its effects on land-sea thermal

contrast (?). Enhanced seasonality related to higher boreal summer insolation dur-

ing the Last Interglacial relative to the Holocene is likely responsible for the more

expansive and intense monsoon during this period. Meanwhile, the persistence of

the Laurentide Ice Sheet until ca. 8 ka likely mitigated the NAM’s response to

the Early Holocene boreal summer insolation maxima at ∼11 ka. This study thus

expands our understanding of both the spatial and temporal patterns of summer

rainfall variability in southwest North America and points to a crucial role of or-

bital and ice-sheet forcing in modulating moisture advection and land-sea thermal

contrast in SWNA and driving variability in NAM intensity over long timescales.



27

REFERENCES

Anchukaitis, K. J. and J. E. Tierney (2013). Identifying coherent spatiotemporal
modes in time-uncertain proxy paleoclimate records. Climate Dynamics, 41(5-6),
pp. 1291–1306. ISSN 0930-7575. doi:10.1007/s00382-012-1483-0.

Barbosa, S. M. and O. B. Andersen (2009). Trend patterns in global sea surface
temperature. International Journal of Climatology, 29(14), pp. 2049–2055. ISSN
1097-0088. doi:10.1002/joc.1855.

Barron, J. A., D. Bukry, W. E. Dean, J. A. Addison, and B. Finney (2009). Pale-
oceanography of the Gulf of Alaska during the past 15,000 years: Results from
diatoms, silicoflagellates, and geochemistry. Marine Micropaleontology, 72(3-4),
pp. 176–195. ISSN 0377-8398. doi:10.1016/j.marmicro.2009.04.006.

Bhattacharya, T., R. Feng, J. Tierney, N. J. Burls, S. Knapp, and M. J. Fu
(2022). Expansion and intensification of the North American Monsoon during
the Pliocene.

Bhattacharya, T., J. E. Tierney, J. A. Addison, and J. W. Murray (2018). Ice-
sheet modulation of deglacial North American monsoon intensification. Nature
Geoscience, 11(11), pp. 848–852.

Bordoni, S., P. E. Ciesielski, R. H. Johnson, B. D. McNoldy, and B. Stevens
(2004). The low-level circulation of the North American Monsoon as revealed
by QuikSCAT. Geophysical Research Letters, 31(10).

Bova, S. C., T. Herbert, Y. Rosenthal, J. Kalansky, M. Altabet, C. Chazen, A. Mo-
jarro, and J. Zech (2015). Links between eastern equatorial Pacific stratification
and atmospheric CO 2 rise during the last deglaciation. Paleoceanography, 30(11),
pp. 1407–1424. ISSN 0883-8305. doi:10.1002/2015pa002816.

Brassell, S. C., G. Eglinton, I. Marlowe, U. Pflaumann, and M. Sarnthein (1986).
Molecular stratigraphy: a new tool for climatic assessment. Nature, 320(6058),
pp. 129–133.

Carrillo, C. M., C. L. Castro, G. Garfin, H.-I. Chang, M. S. Bukovsky, and L. O.
Mearns (2018). Pacific sea surface temperature related influences on North Amer-
ican monsoon precipitation within North American Regional Climate Change As-
sessment Program models. International Journal of Climatology, 38(11), pp.
4189–4210. doi:10.1002/joc.5561.



28

Carvalho, L. M. (2020). Assessing precipitation trends in the Americas with histor-
ical data: A review. Wiley Interdisciplinary Reviews: Climate Change, 11(2), p.
e627.

Castro, C. L., T. B. McKee, and R. A. Pielke Sr (2001). The relationship of the
North American monsoon to tropical and North Pacific sea surface temperatures
as revealed by observational analyses. Journal of Climate, 14(24), pp. 4449–4473.

Cavazos, T., R. Luna-Niño, R. Cerezo-Mota, R. Fuentes-Franco, M. Méndez, L. F.
Pineda Martinez, and E. Valenzuela (2020). Climatic trends and regional climate
models intercomparison over the CORDEX-CAM (Central America, Caribbean,
and Mexico) domain. International Journal of Climatology, 40(3), pp. 1396–1420.

Chiang, J. C. H. and C. M. Bitz (2005). Influence of high latitude ice cover on the
marine Intertropical Convergence Zone. Climate Dynamics, 25(5), pp. 477–496.
ISSN 0930-7575. doi:10.1007/s00382-005-0040-5.

Chiang, J. C. H., Y. Fang, and P. Chang (2008). Interhemispheric thermal gradient
and tropical Pacific climate. Geophysical Research Letters, 35(14). ISSN 0094-
8276. doi:10.1029/2008gl034166.

Ciancarelli, B., C. L. Castro, C. Woodhouse, F. Dominguez, H.-I. Chang, C. Car-
rillo, and D. Griffin (2014). Dominant patterns of US warm season precipitation
variability in a fine resolution observational record, with focus on the southwest.
International journal of climatology, 34(3), pp. 687–707.

Clark, P. U., J. D. Shakun, P. A. Baker, P. J. Bartlein, S. Brewer, E. Brook, A. E.
Carlson, H. Cheng, D. S. Kaufman, Z. Liu, T. M. Marchitto, A. C. Mix, C. Morrill,
B. L. Otto-Bliesner, K. Pahnke, J. M. Russell, C. Whitlock, J. F. Adkins, J. L.
Blois, J. Clark, S. M. Colman, W. B. Curry, B. P. Flower, F. He, T. C. Johnson,
J. Lynch-Stieglitz, V. Markgraf, J. McManus, J. X. Mitrovica, P. I. Moreno, and
J. W. Williams (2012). Global climate evolution during the last deglaciation.
Proceedings of the National Academy of Sciences, 109(19), pp. E1134–E1142.
ISSN 0027-8424. doi:10.1073/pnas.1116619109.

Colorado-Ruiz, G., T. Cavazos, J. A. Salinas, P. De Grau, and R. Ayala (2018).
Climate change projections from Coupled Model Intercomparison Project phase
5 multi-model weighted ensembles for Mexico, the North American monsoon, and
the mid-summer drought region. International Journal of Climatology, 38(15),
pp. 5699–5716.

Conte, M. H., A. Thompson, D. Lesley, and R. P. Harris (1998). Genetic and
physiological influences on the alkenone/alkenoate versus growth temperature re-
lationship in Emiliania huxleyi and Gephyrocapsa oceanica. Geochimica et Cos-
mochimica Acta, 62(1), pp. 51–68.



29

Cook, B. I., T. R. Ault, and J. E. Smerdon (2015). Unprecedented 21st century
drought risk in the American Southwest and Central Plains. Science Advances,
1(1), p. e1400082.

Diffenbaugh, N. S., F. Giorgi, and J. S. Pal (2008). Climate change hotspots in the
United States. Geophysical Research Letters, 35(16).

DiNezio, P. N., A. Clement, G. A. Vecchi, B. Soden, A. J. Broccoli, B. L. Otto-
Bliesner, and P. Braconnot (2011). The response of the Walker circulation to Last
Glacial Maximum forcing: Implications for detection in proxies: LGM WALKER
CIRCULATION. Paleoceanography, 26(3), pp. n/a–n/a. ISSN 0883-8305. doi:
10.1029/2010pa002083.

Dobler-Morales, C. and G. Bocco (2021). Social and environmental dimensions of
drought in Mexico: An integrative review. International Journal of Disaster Risk
Reduction, 55, p. 102067.

Dubois, N., M. Kienast, S. S. Kienast, and A. Timmermann (2014). Millennial-scale
Atlantic/East Pacific sea surface temperature linkages during the last 100,000
years. Earth and Planetary Science Letters, 396, pp. 134–142. ISSN 0012-821X.
doi:10.1016/j.epsl.2014.04.008.

Dubois, N., M. Kienast, C. Normandeau, and T. D. Herbert (2009). Eastern
equatorial Pacific cold tongue during the Last Glacial Maximum as seen from
alkenone paleothermometry. Paleoceanography, 24(4). ISSN 0883-8305. doi:
10.1029/2009pa001781.

Dyez, K. A., A. C. Ravelo, and A. C. Mix (2016). Evaluating drivers of Pleis-
tocene eastern tropical Pacific sea surface temperature: DRIVERS OF EAST-
ERN PACIFIC SST. Paleoceanography, 31(8), pp. 1054–1069. ISSN 0883-8305.
doi:10.1002/2015pa002873.

England, M. H., S. McGregor, P. Spence, G. A. Meehl, A. Timmermann, W. Cai,
A. S. Gupta, M. J. McPhaden, A. Purich, and A. Santoso (2014). Recent intensi-
fication of wind-driven circulation in the Pacific and the ongoing warming hiatus.
Nature climate change, 4(3), pp. 222–227.

Feakins, S. J., L. P. Bentley, N. Salinas, A. Shenkin, B. Blonder, G. R. Goldsmith,
C. Ponton, L. J. Arvin, M. S. Wu, T. Peters, et al. (2016). Plant leaf wax
biomarkers capture gradients in hydrogen isotopes of precipitation from the Andes
and Amazon. Geochimica et Cosmochimica Acta, 182, pp. 155–172.

Feakins, S. J., M. S. Wu, C. Ponton, and J. E. Tierney (2019). Biomarkers reveal
abrupt switches in hydroclimate during the last glacial in southern California.
Earth and Planetary Science Letters, 515, pp. 164–172.



30

Fedorov, A. V., N. J. Burls, K. T. Lawrence, and L. C. Peterson (2015). Tightly
linked zonal and meridional sea surface temperature gradients over the past five
million years. Nature Geoscience, 8(12), pp. 975–980. ISSN 1752-0894. doi:
10.1038/ngeo2577.

Feng, R., T. Bhattacharya, B. L. Otto-Bliesner, E. C. Brady, A. M. Haywood, J. C.
Tindall, S. J. Hunter, A. Abe-Ouchi, W.-L. Chan, M. Kageyama, et al. (2022).
Past terrestrial hydroclimate sensitivity controlled by Earth system feedbacks.
Nature communications, 13(1), pp. 1–11.

Feng, S., A. B. Krueger, and M. Oppenheimer (2010). Linkages among climate
change, crop yields and Mexico–US cross-border migration. Proceedings of the
national academy of sciences, 107(32), pp. 14257–14262.

Fiedler, P. C. and M. F. Lav́ın (2016). Oceanographic Conditions of the Eastern
Tropical Pacific. In Glynn, P. W., D. P. Manzello, and I. C. Enochs (eds.) Coral
Reefs of the World, pp. 59–83. Springer, Dordrecht. ISBN 978-94-017-7499-4.
doi:10.1007/978-94-017-7499-4\ 3.

Ford, H. L., C. L. McChesney, J. E. Hertzberg, and J. F. McManus (2018). A
Deep Eastern Equatorial Pacific Thermocline During the Last Glacial Maximum.
Geophysical Research Letters, 45(21), pp. 11,806–11,816. ISSN 0094-8276. doi:
10.1029/2018gl079710.

Fu, M., M. A. Cane, P. Molnar, and E. Tziperman (2022). Warmer Pliocene up-
welling site SST leads to wetter subtropical coastal areas: a positive feedback on
SST. Paleoceanography and Paleoclimatology, 37(2), p. e2021PA004357.

Gershunov, A., T. Shulgina, R. E. Clemesha, K. Guirguis, D. W. Pierce, M. D.
Dettinger, D. A. Lavers, D. R. Cayan, S. D. Polade, J. Kalansky, et al. (2019).
Precipitation regime change in Western North America: the role of atmospheric
rivers. Scientific reports, 9(1), pp. 1–11.

Gill, E. C., B. Rajagopalan, P. Molnar, and T. M. Marchitto (2016). Reduced-
dimension reconstruction of the equatorial Pacific SST and zonal wind fields over
the past 10,000 years using Mg/Ca and alkenone records. Paleoceanography, 31(7),
pp. 928–952. ISSN 0883-8305. doi:10.1002/2016pa002948.
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Abstract

We explore the response of northeastern Pacific sea surface temperature (SST) to

deglacial (∼16–7 ka) climate variability as recorded in UK′
37 -based SST reconstruc-

tions spanning 65°N to 10°S. Included in the analysis is a new 23 kyr SST record

from core NH8P from the northwest Mexican Margin. We isolate spatiotemporal

patterns in regional SSTs with trend empirical orthogonal function (TEOF) analysis.

The dominant TEOF mode reflects deglacial warming associated with rising pCO2.

Tropical and subtropical SSTs correlated most strongly with this mode, suggest-

ing that the thermodynamic response of the tropical eastern Pacific to greenhouse

gas forcing was the dominant driver of regional SST change during deglaciation.

The second TEOF mode reflects millennial-scale variability and is most strongly ex-

pressed in subpolar SSTs. The synchronous timing between North Pacific and North

Atlantic SST oscillations is evidence for the rapid transmission of millennial-scale

climate perturbations between the basins, likely through an atmospheric telecon-

nection. SSTs at NH8P have no correlation with either leading TEOF mode as

there is minimal change in SST at this site after ∼20 ka. A model simulation of the
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LGM indicates that glacial cooling was muted in much of the Eastern Pacific Warm

Pool (EPWP), in which NH8P lies, due to reductions in latent heat flux. This sug-

gests that the wind-evaporation-SST feedback was responsible for the attenuation

of EPWP cooling. Overall, this study highlights the distinct latitudinal trends in

the Pacific’s response to deglaciation.

A.1 Introduction

Ocean-atmosphere feedbacks in the northeast Pacific (NEP) played a critical role

in driving hydroclimate variability in western North America and Central America

during the Last Glacial Maximum (LGM; 23–19 ka) and last deglaciation. Sea ice

extent and sea surface temperatures (SSTs) in the NEP influence the mean position

and strength of the Aleutian Low and North Pacific High, which ultimately dictate

moisture transport into the continent via both the westerly winds (Mikolajewicz

et al., 1997; Gray et al., 2020; Yanase and Abe-Ouchi, 2010; Okumura et al., 2009;

Löfverström and Liakka, 2016; Lora et al., 2016; Lofverstrom, 2020) and subtropical

jets (McGee et al., 2018; Lofverstrom, 2020). Hydroclimate variability in Central

America is, in turn, primarily driven by changes in ocean-atmosphere coupling over

the Pacific that translate to variability in the mean position and seasonal migration

of the intertropical convergence zone (ITCZ) (e.g. McGee et al., 2014; Chiang and

Bitz, 2005; Cvijanovic and Chiang, 2013; Liu and Hu, 2015), the strength of the

tropical Pacific overturning circulation (e.g. Koutavas et al., 2002; DiNezio et al.,

2009, 2011), summertime convection over the eastern Pacific Warm Pool (EPWP)

(Wang and Enfield, 2001, 2003; Xie et al., 2005), and El Niño-Southern Oscillation

(ENSO) frequency (e.g. Kienast et al., 2013; Chiang et al., 2008; Ford et al., 2015,

2018).

Yet, our understanding of the deglacial paleoceanography of the NEP is limited

by conflicting interpretations of how the basin responded to local and remote cli-

mate forcings across the last termination. For example, the heterogeneous spatial

expression of abrupt deglacial climate events—the Younger Dryas (12.9–11.7 ka),
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Bølling-Allerød (14.6–12.9 ka), and Heinrich Stadial 1 (17.5–14.8 ka)—has led to

debate over whether North Atlantic climate events are transmitted to the Pacific

via oceanic (e.g. Lund and Mix, 1998; Okumura et al., 2009; Timmermann et al.,

2005) or atmospheric (e.g. Mikolajewicz et al., 1997; Yanase and Abe-Ouchi, 2010;

Roberts et al., 2019; Gray et al., 2020) teleconnections. Reconstruction of the trop-

ical Pacific mean state has implications for understanding glacial ENSO variability,

however it is unclear whether Walker circulation in the Pacific was enhanced (e.g.

Tierney et al., 2020; DiNezio et al., 2011; Lea et al., 2000; Lea, 2004) or suppressed

(e.g. Otto-Bliesner et al., 2003; Koutavas and Lynch-Stieglitz, 2003; Ford et al.,

2018) during glacial periods. Furthermore, the lack of paleoceanographic data be-

tween ∼8°N and 20°N has prevented our complete understanding of the role of

ocean-atmosphere feedbacks in driving the pluvial climate of the glacial southwest

US and northwest Mexico (Lyle et al., 2012; McGee et al., 2018; Oster et al., 2015).

One of the primary reasons for the disparate interpretations of glacial and deglacial

circulation variability in the NEP is the disagreement between reconstructions based

on different proxy types. For example, SST is a useful indicator of changes in surface

circulation, but SST records based on the alkenone-UK′
37 , and foraminifera-Mg/Ca

and -δ18O paleothermometers often disagree with one another in the tropical and

extratropical NEP (Gill et al., 2016; Dubois et al., 2009; Kiefer and Kienast, 2005;

Hendy, 2010; Pisias and Mix, 1997; Shaari et al., 2014; White et al., 2018).

The goal of this study is to assess spatial patterns of NEP SST variability and

identify the climatic drivers of those patterns. First, we present a new 23 kyr

UK′
37 -based SST reconstruction for the northwest Mexican Margin from core NH8P

(Ganeshram and Pedersen, 1998). This record provides insights into the paleo-

ceanography of the EPWP, a long-understudied region. We then isolate modes of

variability in deglacial NEP SSTs by applying trend empirical orthogonal function

analysis. We limit the statistical analysis to UK′
37 records to reduce the impact of

proxy-specific biases on the results. We consider various drivers of deglacial climate

variability, including the roles of greenhouse gas (GHG), orbital, meltwater, and

ice-sheet forcings.
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A.2 Materials and Methods

A.2.1 Mexican Margin SST Reconstruction

A.2.1.1 NH8P Core Description and Modern Environmental Setting

We present a new 23 kyr UK′
37 -based SST reconstruction from core NH8P (22.5183°N,

106.5183°W, 1018 mbsl), raised ∼60 km offshore from the western Mexican Margin

near Mazátlan, Mexico aboard the R/V New Horizon in 1990 (Ganeshram and

Pedersen, 1998). Chronology for NH8P is based on 9 accelerated mass spectrometer

14C measurements of bulk organic carbon (Ganeshram and Pedersen, 1998). We

re-calibrated these dates using the Marine13 radiocarbon curve and a local reservoir

correction of 215±18 years (Keigwin and Jones, 1990) with the Bayesian age-depth

R-program package BACON (Blaauw and Christen, 2011) (Figure A.1). This age

model suggests sedimentation rates were approximately 10.5–21.5 cm kyr−1 between

∼1–23 ka.
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Figure A.1: NH8P age model: Re-calibrated age model for NH8P based on 9
radiocarbon measurements of bulk organic carbon (Ganeshram et al., 1998).

The Mexican Margin lies at the confluence of the equatorward-flowing Califor-

nia Current and the poleward-flow of the Costa Rica and Mexican Coastal Cur-

rents (Kessler, 2006; Lav́ın et al., 2009; Gómez-Valdivia et al., 2015; Portela et al.,
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2016; Durazo, 2015). As such, the surface waters of the Mexican Margin reflect the

transition (Figure A.2b) between the subtropical and tropical NEP (Portela et al.,

2016). The influence of the California Current, which delivers cool, low salinity

water to the Mexican Margin, is greatest in winter and spring when upwelling along

the California coast and equatorward flow of the California Current are strongest

(Kessler, 2006; Portela et al., 2016). Upwelling along the Mexican Margin itself is

also greatest in winter when alongshore northwesterly winds drive offshore Ekman

transport (Ganeshram and Pedersen, 1998). SSTs reach minimum values of 23–24°C

in February-March while isotherms in the Margin and the open Pacific are parallel

(Lav́ın et al., 2009). In summer, Mexican Margin salinity is lowest and tempera-

tures are highest due to the poleward advection of eastern tropical Pacific surface

waters. Mean summer SSTs of 28–29°C along the northwest Mexican margin re-

sult in isotherms along the coast that are perpendicular to those in the seasonally

cooler waters of the open Pacific (Lav́ın et al., 2009). In the subsurface, an oxy-

gen minimum zone extends from 175 and 900 mbsl (Nameroff et al., 2002) and is

attributed to the combination of upwelling-induced high productivity in the sur-

face ocean and the inflow of poorly-ventilated Pacific Intermediate Water at these

depths (Bray, 1988; Keigwin and Jones, 1990; Murray et al., 2015). Sediments that

accumulate along the sections of the shelf that lie within the oxygen minimum zone

contain laminated sequences related to the seasonal upwelling regime (Ganeshram

and Pedersen, 1998).

A.2.1.2 Lipid Analysis

Sediment samples from core NH8P were prepared for lipid analysis at the Univer-

sity of Arizona as follows: First, freeze-dried and homogenized sediments were ex-

tracted in a mixture of dicholoromethane(DCM):methanol (9:1, v:v) with a Thermo

(DIONEX) Accelerated Solvent Extractor (ASE) 350. For quantification of alkenone

concentrations, a 25 ng/µL stearyl stearate internal standard was added to the total

lipid extracts (TLE) immediately following extraction on the ASE. The TLEs were

separated into three fractions over a 1:1 dual-layer column with a LC-NH2 lower-
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layer and 5% deactivated silica upper-layer. The first, second, and third fractions

were eluted with 100% DCM, DCM:isopropanol (2:1, v/v), and acetic acid:DCM

(1:25, v/v), respectively. Alkenone lipids eluted in the DCM fraction. Fractions

were dried under N2 and stored at 5°C until analysis.

For analysis, dry DCM fractions were diluted in hexane:ethyl acetate (1:2, v:v).

Alkenone lipid concentrations were measured on an Agilent 7890 GC with a pro-

grammable temperature vaporization (PTV) inlet. For each run, PTV temperature

increased from a starting temperature of 60°C to 325°C at a rate of 500°C/min

while oven temperature increased from a starting temperature of 60°C to 270°C at

a 30°C/min rate, then from 270°C to 288°C at a 0.5°C/min rate, and finally from

288°C to 325°C at a 30°C/min rate, after which the temperature was held at 325°C

for 10 min. A third of the samples were run in duplicate to estimate analytical er-

ror. The 1σ mean analytical error was ±0.005 UK′
37 units, corresponding to ±0.14°C

for SST<23.4°C up to ±0.5°C for SST>29.4°C based on the BAYSPLINE UK′
37 -SST

calibration from Tierney and Tingley (2018).

A.2.2 Identification of Trends in NEP SSTs

A.2.2.1 Compilation and Reanalysis of Proxy Records

To analyze spatiotemporal trends in NEP SSTs across the last deglaciation, we com-

piled published UK′
37 -SST records between 10°S–65°N and 160°W–75°W. To ensure we

adequately captured millennial-scale events, we restricted the compilation to records

that have a mean resolution of at least 2.5 data points/ka (400 years) during the

deglaciation. In order to estimate uncertainty in the analysis related to chronological

uncertainties, we also limited the synthesis to records that have radiocarbon-based

age models. Following these criteria, we identified 15 sites, including NH8P (Table

1). These sites come from a diverse set of oceanographic regions within the NEP,

including the subpolar gyre, north Pacific subtropical Gyre, California Current Sys-

tem, Gulf of California, northwest Mexico Transition Zone/Mexican Margin, EPWP,

and the eastern Equatorial Pacific (EEP). Figure A.2b outlines the approximate
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boundaries of these regions. For consistency, we re-calibrated all age models with

the IntCal13 or Marine13 curves (Reimer et al., 2013) and the Bayesian age-depth

R-program package BACON (Blaauw and Christen, 2011). When re-calibrating core

chronologies, the reservoir correction suggested by the original authors was applied

if no updated estimate could be located (Table A.1). We additionally re-calculated

UK′
37 -SSTs with the BAYSPLINE calibration from Tierney and Tingley (2018). With

BAYSPLINE, we derived a 1000-member ensemble of SST estimates represented by

a matrix of size n x m, where n is the number of points in each time series and

m is the number of ensemble members. As we are ultimately interested in SST

trends over time, the shape of the original UK′
37 data was preserved by sorting each

SST matrix along the m dimension. To account for the effects of instrument pre-

cision on calibrated SSTs, a normally distributed analytical uncertainty N (0,0.3°)

was additionally applied to the sorted ensemble (Tierney et al., 2019).

Table A.1: Metadata, chronology, and SST proxy information for records included
in the TEOF analysis.

Lat Lon Depth Material
Core Name (°) (°) (m) Dated1 ∆R2 References
EW0408-85JC 59.555 -144.154 682 oc, tr, shl 400 Praetorius et al. (2015)a, Davies-Walczak et al. (2014)b

JT96-09 48.901 -126.884 920 mp 365/665 Kienast and McKay (2001)a,b

ODP 167-1019c 41.683 -124.932 946 mp, mb, tr 400/700/1350 Barron et al. (2003)a, Mix et al. (1999)b

ODP 167-1017e 34.535 -121.107 955 mp 125.7 Seki et al. (2002)a, Kennett et al. (2000)b

MD02-2515 27.484 -112.074 881 oc, mp 600 McClymont et al. (2012)a,b

LPAZ-21P 22.900 -109.500 640 U. per, tr 840 Herbert et al. (2001)a, Rafter et al. (2018)b

NH8P 22.518 -106.518 1019 oc 215 Keigwin and Jones (1990)b

PC-17 21.358 -158.190 503 G. rub 0 Lee et al. (2001)a,b

MD02-2529 8.206 -84.122 1619 N. dut 96.9 Leduc et al. (2007)a,b

ME0005A-43JC 7.856 -83.608 1368 N. dut 96.9 Dubois et al. (2009)a, Benway et al. (2006)b

ME0005A-24JC 0.022 -86.463 2941 N. dut 84 Kienast et al. (2006)a,b

VM21-30 -1.217 -89.683 617 N. dut 137 Koutavas and Sachs (2008)a, Koutavas and Lynch-Stieglitz (2003)b

ME0005A-27JC -1.853 -82.787 2203 N. dut 121 Dubois et al. (2009)a, Kienast et al. (2007)b

KNR195-5-CDH26 -3.986 -81.309 1023 N. dut 121 Bova et al. (2015)a,b

M77/2-029-3 -9.295 -79.619 433 ha 226/511 Salvatteci et al. (2019)a,b

1mp=mixed planktic foraminifera, mb=mixed benthic foraminifera, oc=organic carbon,
tr=terrestrial,
shl=CaCO3 shells, U. per=U. peregrina, G. rub=G. Ruber, N. dut=N. dutertrei, ha=humic acid.
2Reservoir correction for marine dates.
aReference for UK′

37 data.
bReference for 14C data.
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Figure A.2: Locations and time-series of the UK′
37 records analyzed in this

study. (a) Location of the SST records; the star represents the location of the new
UK′

37 data from NH8P. (b) Mean annual SSTs (1870–2019) from HadISST1.1 (Rayner
et al., 2003) compared to the boundaries of the oceanographic regions described in
this paper, which are based on reviews of eastern Pacific water masses from Strub
et al. (1987), Bray et al. (1999), Emile-Geay et al. (2003), Kessler (2006), Checkley
and Barth (2009), and Portela et al. (2016): 1 - subpolar gyre, 2 - California Current
System, 3 - north Pacific Subtropical Gyre, 4 - Gulf of California, 5 - Transitional
Zone, 6 - eastern Pacific Warm Pool (EPWP), and 7 - eastern Equatorial Pacific
(EEP). (c) Median SSTs calculated with BAYSPLINE (black) vs. 1σ (dark blue
shading) and 2σ (light blue shading) uncertainties in interpolated SSTs from the
BAYSPLINE and age model ensembles. Dashed grey lines mark the upper and
lower time bounds (6.9 and 15.7 ka, respectively) of the TEOF analysis.
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A.2.2.2 Trend Empirical Orthogonal Function (TEOF) Analysis

Empirical orthogonal function (EOF) analysis is a useful tool for distilling complex,

multivariate spatiotemporal data. The applicability of traditional EOF analysis in

this case is, however, limited for two reasons. First, EOF analysis is incapable of

dealing with data where imprecise temporal relationships between sites may impose

biases in the spatial relationships (Anchukaitis and Tierney, 2013). Second, as EOF

analysis is designed to maximize variance, it can distort trends in the data by dis-

tributing variability associated with a strong trend into multiple modes (Hannachi,

2006). Instead, we apply a trend EOF (TEOF) analysis to the compiled SST data.

TEOF analysis, first introduced by Hannachi (2006), is designed to explicitly isolate

trends in a geophysical data set through the decomposition of the data into trend

and non-trend components. By performing TEOF analysis iteratively on an en-

semble of possible age-depth realizations for each core, we were additionally able to

estimate uncertainty in the structure and spatial expression of the identified trends

related to chronological uncertainty (Anchukaitis and Tierney, 2013; Tierney et al.,

2013; Comboul et al., 2013; Falster et al., 2018). This approach addresses the strong

deglacial warming trend in the SST data and accounts for age uncertainties inherent

to sedimentary archives.

For TEOF analysis, the data need to be on a common time step. We therefore

interpolated the UK′
37 -SST series between a t of 15.7 and 6.9 ka with a dt of 325 years.

Though we would have preferred a longer range for the analysis (i.e. extending

through Heinrich Stadial 1), this would have necessitated excluding the records

from the California Current region. We performed the analysis with variable dt to

assess whether the analysis is sensitive to the interpolation resolution and found the

analysis yielded similar results for dt ranging from 325 to 100. We are therefore

satisfied that the results generated with a dt = 325 are both robust and sufficient

for capturing millennial-scale trends.

We created an ensemble of age-depth realizations by randomly selecting 1000

members from the posterior age model distribution generated in BACON for each
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site. One member of the sorted SST ensemble was then interpolated to t for each

individual age model and centered. Instead of performing analysis directly on the

correlation matrix of the geophysical data as in traditional EOF, the TEOF method

considers the inverse ranks of the data. The rank of each datum in vector x is

related to its time position in the original series which will always be represented

by the vector (1,2,...m). Sorting x into descending order generates the new vector

q related to the ranks of the sorted elements, where q will be some permutation of

(1,2,...m). The correlation of the ranks (q1, q2, ..., qm) with the sequence (1,2,...m)

is thus an indicator of the degree of monotonicity of the original time-series. The

data matrix of the ranked data for all sites is then represented by the matrix Qi:

Qi =


q1(i)(1) q2(i)(1) ... qn(i)(1)

q1(i)(2) q2(i)(2) ... qn(i)(2)

... ...
. . . ...

q1(i)(m) q2(i)(m) ... qn(i)(m)

 (A.1)

The correlation matrix of (1) is Ri. In traditional EOF analysis, the eigenvectors

V (“loadings”) resulting from the singular value decomposition of Ri correspond to

the amount of variance in the geophysical data at each location explained by each

mode. In TEOF, the relative importance of each mode at a particular location is

based on the magnitude of the regression coefficients (β) between the geophysical

data and the principal components (PCs) of Ri (Hannachi, 2006). PCs are the

product of the centered data matrix X, V, and the centering operator H, where

H = In − 1
n
1n1

T
n , In is the identity matrix, and 1n is a vector of ones (Hannachi,

2006; Barbosa and Andersen, 2009). We specifically use the scaled PCs for the

calculation of β to aid interpretations of the parameter. We scaled the PCs to

have the same variance as the SST data by dividing the matrix of unscaled PCs

by the diagonal elements (D) of the square root of Σ, which was previously calcu-

lated during the singular value decomposition of Ri, repeated for N PCs such that

PCscaled = PC (D
√
Σ)−1︸ ︷︷ ︸

NPC

.



48

A.2.3 Model Simulations

We compare the TEOF results on the NEP deglacial changes with fully-coupled

LGM and pre-industrial (PI) simulations using the Community Earth System Model

version 1.2 (CESM1.2). CESM1.2 comprises of state-of-the-art models of the atmo-

sphere, ocean, land, and sea ice (Hurrell et al., 2013). The CESM1.2 LGM simu-

lation uses boundary conditions of Earth orbital parameters, GHGs, and ice sheets

at 21 ka. A detailed description of these simulations can be found in Tierney et al.

(2020). We focus on the SST, low level (850 mb) wind, surface wind stress (τ),

precipitation rate, and mid-troposphere convection (ω500) variables to evaluate how

shifts in ocean and atmospheric circulation at the LGM may have contributed to

the deglacial SST anomalies we observe in the proxy data. As changes in upwelling

are also an important potential mechanism for explaining past SST variability, we

first estimated wind stress curl, where x and y are the east and north directions,

respectively:

∇× τ =
∂τy
∂x

− ∂τx
∂y

(A.2)

Then calculated Ekman pumping velocity (w p) as a function of the Coriolis

parameter, f, and the mean density of seawater, ρ (1023.6 kg m−1):

wp =
∇× τ

ρf
(A.3)

A.3 Results

A.3.1 NH8P UK′
37

UK′
37 -SSTs ranged from 20.8 to 24.2°C, with a mean of 22.8 ± 0.7°C (Figure A.3).

SSTs rise rapidly at the end of the LGM, from ca. 23 ka to 21 ka. SST at 21 ka is the

maximum value observed in Marine Isotope Stage 2, ∼24°C. There is a ∼1°C decline

in SSTs over the subsequent 18 kyr. Within this gradual cooling period, there is a

∼1°C fluctuation in SST between 12.7 ka to 9.7 ka. The record ends with another
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Figure A.3: NH8P UK′
37 -SST vs. records of paleoproductivity. Comparison

between UK′
37 -derived SSTs with 1σ (dark blue) and 2σ (light blue) uncertainties cal-

culated with the BAYSPLINE calibration (Tierney and Tingley, 2018), and weight
% of organic carbon (Corg and biogenic opal (Ganeshram and Pedersen, 1998) for
core NH8P. Star-shaped markers on the top plot reflect modern mean annual (black),
winter (blue), and summer (red) SSTs for 1870–2019, derived from HadISST1.1
(Rayner et al., 2003).
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abrupt event where SSTs fall to a minima of 20.8°C at 2.6 ka then rise by just over

3°C in 1.2 kyr. The overall 3°C range in Mexican Margin SSTs recorded at NH8P is

similar in magnitude to the range in deglacial EEP SSTs (Figure A.2), though NH8P

is distinct because it does not have a deglacial warming trend. The UK′
37 -SST record

has little relationship to previously-measured indicators of biological productivity

(organic carbon and opal, Figure A.3) (Ganeshram and Pedersen, 1998).

A.3.2 TEOF Analysis

Significance of the TEOF results were evaluated with three tests: broken stick (Fron-

tier, 1976; Jackson, 1993), North’s “Rule of Thumb” (North et al., 1982), and Rule N

(Overland and Preisendorfer, 1982). The broken stick method compares the eigen-

values of a data matrix to the expected distribution of eigenvalues that would result

if the total variance was divided randomly among the components. North’s Rule

considers the uncertainty in eigenvalue estimates where non-unique eigenvalues are

deemed insignificant. Lastly, Rule N assesses eigenvalue significance based on the

likelihood of the variability associated with each mode to arise from noise. 10,000

iterations of the three significance tests were performed per TEOF iteration. All

three tests indicate that only the leading mode (PC1) is significant.

As expected, PC1 has an overall positive, linear trend, though it is interrupted

by a plateau between ca. 14.8 and 13.8 ka. PC1 explains 50%±3% of the variance in

the NEP SST data (Figure A.4). Most sites are positively correlated with the trend

except for NH8P, which has a small negative relationship with PC1 (β = -0.23±0.25)

(Figure A.4c). There is a latitudinal trend in the strength of this correlation, with

SST records from the EEP exhibiting the strongest and most robust correlation

with PC1 (β >0.8). The SST records from the extratropics are variably correlated

to PC1, with β as low as 0.31 for the high latitude sites and high as 0.96 along the

southern California coast.

PC2 explains 11%±1% of variance in the SST data (Figure A.4b). Although PC2

did not pass our significance tests, it does not necessarily mean the trend is invalid

as long as it can be interpreted soundly within a geophysical framework (Overland
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and Preisendorfer, 1982). PC2 clearly reflects millennial-scale climate variability as

the timing of the positive and negative anomalies in this trend align with known

deglacial climate events, specifically the Bølling-Allerød and Younger Dryas (Figure

A.6). The high latitude sites have the strongest correlations with PC2, whereas the

mode is largely insignificant for sites east of 150°W and south of 40°N.

A.4 Discussion

A.4.1 PC1 and Deglacial Warming

PC1 clearly reflects mean deglacial warming. The large and overwhelmingly posi-

tive correlations between NEP SSTs and PC1 indicates that the region as a whole

experienced warming across the last deglaciation. The expression of this trend in

SST records from a diverse array of oceanographic settings suggests it is associated

with a global forcing. Figure A.5 compares the time evolution of PC1 to the record

of pCO2 from EPICA Dome C (Bereiter et al., 2015; Augustin et al., 2004). The

correlation between pCO2 and PC1 is especially strong prior to ∼11 ka (R2=0.90,

p<0.005), when the stalled warming of SSTs between ca. 14.8–13.4 ka creates a

stepped pattern in PC1 that resembles the plateau in pCO2 related to the Antarctic

Cold Reversal. We thus infer that the pattern of warming captured by PC1 is likely

driven by the rise in atmospheric GHG forcing over the deglacial transition, at least

until the start of the Holocene. Given the proximity of our study region to the Lau-

rentide Ice Sheet, however, we cannot definitively rule out the possibility that the

monotonic decline in ice-sheet albedo forcing over the deglaciation also contributed

to the trend captured by PC1.

The 50% of variance explained by PC1 in this study is comparable to the results

from Shakun and Carlson (2010) and Clark et al. (2012), where the leading PC

explained 61% and ∼58% of deglacial SST variance, respectively. Both studies

notably also cited pCO2 as the dominant driver of the deglacial warming trend,

though our results actually show an improved fit between the primary PC and

pCO2. Specifically, the leading PC from Clark et al. (2012) contains an interval of



53

warming coeval with the Bølling-Allerød that is not evident in the pCO2 record nor

PC1 from this study (Figure A.5). As Clark et al. (2012), and Shakun and Carlson

(2010), were global in scope, its possible that the greater number of Northern high

latitude sites included in their analyses led to the emergence of a warm Bølling-

Allerød signal that is not evident within our limited domain. Alternatively, the

more faithful pCO2 signal we capture might reflect the greater ability of TEOF

analysis to isolate linear trends compared to traditional EOF analysis.
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Figure A.5: PC1 - pCO2relationship. Comparison between PC1, with 1σ (dark
blue) and 2σ (light blue) uncertainty, the leading PC for global SSTs from Clark
et al. (2012), and the deglacial rise in pCO2, with 1σ uncertainty (grey), as recorded
in the EPICA Dome C and WAIS Divide ice cores (Monnin et al., 2001; Augustin
et al., 2004; Marcott et al., 2014; Bereiter et al., 2015). Data from Clark et al. (2012)
were re-scaled for plotting. Arrows indicate the timing of the Younger Dryas (YD)
and Bølling-Allerød (BA) millennial-scale climate events.

A.4.2 Thermodynamic and Dynamic Drivers of Deglacial SSTs in the

EEP

All EEP sites have PC1-β values >0.7 (0.82±0.08), indicating the evolution of SSTs

in this region is dominated by a monotonic warming trend (Figure A.4d). Given
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the similarity between PC1 and pCO2 (Figure A.5), GHG forcing likely played a

prominent role in shaping EEP circulation during the last deglaciation, until ca. 11

ka. Part of the warming likely reflects the direct radiative impact of rising GHGs.

The magnitude of the warming may have been amplified, however, by GHG forcing-

induced shifts in regional ocean-atmosphere circulation. Model simulations assessing

the response of the EEP to GHG forcing for both future and LGM climates have

shown that GHG forcing influences atmospheric circulation in the tropical Pacific by

altering the strength of the Walker circulation, the zonally asymmetric component

of the tropical overturning circulation (Vecchi and Soden, 2007; Held and Soden,

2006; DiNezio et al., 2011; DiNezio and Tierney, 2013). Elevated GHGs lead to

a weaker Walker circulation because increases in boundary layer humidity exceed

rates of moisture removal via precipitation in a warmer atmosphere, necessitating a

reduction in tropical convection to maintain a balanced flow of water vapor through

the system (Vecchi and Soden, 2007). Conversely, cooling of the atmosphere due to

lower GHGs, such as during the LGM, accelerates Walker circulation as the rate of

evaporation in convective regions outpaces the change in boundary layer humidity.

SSTs in the EEP are tightly coupled to the strength of zonal surface winds, where

stronger easterlies drive enhanced upwelling and evaporative cooling in the cold

tongue (Kang et al., 2020). The significant correlation between EEP SSTs and PC1

is therefore consistent with GHG-induced weakening of the Pacific Walker cell over

the deglacial interval. Again, while we cannot rule out that ice sheet-albedo forcing

played a role in shaping the deglacial evolution of SSTs in this region, there is some

evidence that ice sheet forcing is less influential on the Pacific Walker cell compared

to GHG forcing (Windler et al., 2020).

Warming of EEP SSTs in response to a weakening Walker circulation is in agree-

ment with the findings of previous studies of EEP deglacial evolution based on UK′
37 -

SSTs (Koutavas and Sachs, 2008; Dubois et al., 2009; Shaari et al., 2013; Dubois

et al., 2014). EEP SST reconstructions based on the Mg/Ca ratios of foraminferal

carbonate paint a different picture, however. Mg/Ca-SSTs suggest the EEP under-

went rapid warming at the onset of deglaciation followed by Holocene cooling, while
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UK′
37 -SSTs do not show warming until ca. 16–15 ka and indicate warming continued

into the Holocene (Koutavas and Sachs, 2008; Dubois et al., 2009; Sadekov et al.,

2013; Timmermann et al., 2014; Bova et al., 2015). Reconciling the differences be-

tween UK′
37 and Mg/Ca records is possible if we consider the potential seasonal biases

of these proxies. Mg/Ca in the EEP (Timmermann et al., 2014) and other parts of

the tropical Pacific, including the Panama Basin (Thunell et al., 1983) and Gulf of

California (McConnell and Thunell, 2005), is likely biased towards summer temper-

atures, whereas UK′
37 in the EEP reflects mean annual temperature (Kienast et al.,

2012). During the LGM, increased divergence over the cold tongue due to stronger

Walker Circulation would have limited the southward migration of the ITCZ in the

eastern Pacific (Xie et al., 2008; Pena et al., 2008; Rincón-Mart́ınez et al., 2011;

Shaari et al., 2013; Kang et al., 2020). As the Walker circulation progressively de-

celerated across the termination, the ITCZ would be able to migrate farther south

on a seasonal basis. The SST warming associated with a more southerly ITCZ would

be over-represented in Mg/Ca SST estimates due to the bias in calcification of G.

ruber species toward the non-upwelling season (Dubois et al., 2009; Thunell et al.,

1983).

The mean position of the ITCZ in the eastern Pacific is also thought to shift in

response to millennial-scale events such as the Younger Dryas and Heinrich Stadial

1. If cooling in the North Atlantic induced a mean southward migration of the ITCZ

(Atwood et al., 2020), we would expect EEP SSTs to be positively correlated with

PC2. It is also possible that cooling in the North Atlantic would induce an La Niña-

like response and therefore a more northerly mean position of the ITCZ (Xie et al.,

2008), in which case we would expect EEP SSTs to be negatively correlated with

PC2. As we observe neither a significant positive or negative correlation between

EEP SSTs and PC2 (Figure A.4e), it appears that EEP SSTs were not sensitive to

millennial-scale variability during the deglaciation.

As pCO2 concentrations level off around 11 ka (Figure A.5), GHG-forcing in-

duced changes in tropical circulation cannot explain the continued rise of EEP SSTs

in the early- to mid-Holocene captured in PC1. Instead, the dynamical response of
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the EEP to orbital forcing may dominate at this time (Clement et al., 1996, 1999;

Otto-Bliesner et al., 2003; Koutavas and Joanides, 2012). The “ocean dynamical

thermostat” hypothesis predicts that EEP SSTs should be cooler at the start of

the Holocene, when Northern Hemisphere summer insolation is high, then steadily

rise as summer insolation declines. Model- and proxy-based reconstructions of the

Holocene evolution of the EEP cold tongue have demonstrated that SSTs in the cold

tongue were likely colder in the early Holocene and continually increased towards

the modern (Otto-Bliesner et al., 2003; Gill et al., 2016), nominally supporting the

thermostat mechanism. However, another possibility is that the Holocene trend in

EEP SSTs is related to changes in the Asian monsoon system (Liu et al., 2000; Zheng

et al., 2007; Keigwin and Cook, 2007). Intensification of the Asian monsoon dur-

ing Northern Hemisphere summer insolation maxima drives deep convection over

Asia, which strengthens the easterly trade winds over the equatorial Pacific and

forces stronger upwelling- and evaporative-driven cooling in the EEP (Zheng et al.,

2007). Indeed, Conroy et al. (2008) observed drier conditions in the Galápagos Is-

lands based on sedimentological proxies for lake level and runoff during the early

Holocene when EEP SSTs are cooler and connected the dry conditions to the Asian

monsoon teleconnection. As both the Asian monsoon and thermostat mechanisms

impart the same SST signature in the EEP, they both sufficiently explain the de-

coupling of EEP SSTs and GHG forcing during the Holocene. Though we cannot

determine which mechanism was dominant, we can at least conclude that orbital

forcing played a significant role in driving a dynamical response of EEP SSTs during

the Early Holocene.

A.4.3 Dynamical Response of High Latitude Pacific SSTs to North At-

lantic Climate Variability

In contrast to the EEP, the high latitude sites (>40°N) have lower β values with

PC1 and a greater affinity for PC2 (Figure A.4d and e). Two of the three sites in

this region, EW0408-85JC from the Gulf of Alaska and JT96-09 from the coastal

Pacific northwest, actually have a higher median β with PC2 than PC1. The trend
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embodied in PC2 thus reflects the dominant driver of deglacial SST variability in

the coastal regions around the subpolar gyre. As the variability in PC2 is syn-

chronous with millennial-scale climate oscillations in the North Atlantic (Figure

A.6), this suggests that surface circulation in the subpolar NEP is highly sensitive

to millennial-scale climate variability during the last deglaciation, in agreement with

previous work (e.g. Gray et al., 2020; Rae et al., 2014; Barron et al., 2003; Maier

et al., 2015; Praetorius et al., 2015; Hendy et al., 2002; Kienast and McKay, 2001;

Lund and Mix, 1998; Praetorius et al., 2020; Mix et al., 1999). The nature of this

relationship, however, is still a matter of debate as some paleoceanographic recon-

structions show in-phase Atlantic-Pacific variability (e.g. Mikolajewicz et al., 1997;

Okumura et al., 2009; Maier et al., 2018; Praetorius et al., 2020) while others sug-

gest a delayed or anti-phase response (Lund and Mix, 1998; Okumura et al., 2009;

Timmermann et al., 2005). Our results are consistent with observations of in-phase

Atlantic-Pacific variability (Figure A.6).

The synchronicity of the SST anomalies in the high latitude NEP and the

North Atlantic implies an atmospheric teleconnection existed between the two basins

(Mikolajewicz et al., 1997; Yanase and Abe-Ouchi, 2010; Roberts et al., 2019; Gray

et al., 2020). In their simulation of the NEP subpolar gyre’s response to freshwater

hosing, Mikolajewicz et al. (1997) show that cooling in the North Atlantic due to

reduced Atlantic meridional overturning circulation leads to an eastward shift in the

mean position of the Aleutian Low as well as strengthened cyclonic circulation over

the subpolar gyre. This produces a pattern of SST anomalies similar to what we

observe in the loading pattern for PC2: strong cooling along the eastern boundary

of the subpolar gyre, but minimal change along the California coast. Mikolajewicz

et al. (1997) attributed the cooling along the Canadian and Alaskan Pacific coasts

to enhanced wind-driven upwelling and ventilation of subsurface waters and the

smaller negative anomalies in the eastern subtropical gyre region to downwelling

along the California coast. Though Mikolajewicz et al. (1997) concluded that the

boundary between the zones of enhanced upwelling/downwelling was at ∼50°N, the

significant positive correlation between Site 1019 and PC2 that we observe sug-
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Figure A.6: High latitude SST anomalies. Comparison between reconstructed
mean annual surface air temperature in Greenland (GISP2, 72.6°N, Alley et al.
(2004)), PC2, and median SST anomalies, with 1σ (dark blue) and 2σ (light blue)
uncertainties, at the extratropical sites included in this study (59.5°N, 48.9°N,
42.2°N, 41.7°N, 34.5°N, from top to bottom, respectively). Grey bars correspond
to the Younger Dryas (YD) and Heinrich Stadial 1 (HS1) cooling events.
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gests this boundary was located even further south. A displacement of the subpo-

lar/subtropical boundary southward of ∼40°N is supported by a number of other

proxy records (Mix et al., 1999; Sabin and Pisias, 1996; Ortiz et al., 1997; Doose

et al., 1997; Pisias et al., 2001; Gray et al., 2020; Praetorius et al., 2020), so it is

possible that the latitudinal migration of the North Pacific Drift was underestimated

in the simulation from Mikolajewicz et al. (1997) due to their use of an intermediate

complexity model with a fairly low horizontal resolution (5.6°). Mikolajewicz et al.

(1997) do not explore the mechanism responsible for the Atlantic-Pacific teleconnec-

tion, though a later study from Gray et al. (2020) found that ice sheet topography

and albedo were important for transmitting North Atlantic climate variability to

the Pacific subpolar gyre during the LGM. As the size and extent of the Laurentide

Ice Sheet was substantially reduced after the Bølling-Allerød (Lora et al., 2016), this

mechanism does not adequately explain the strong Younger Dryas signal in subpolar

NEP SSTs.

Another possibility is that collapse of the Cordillerian ice sheet induced local

changes in SST that mimicked the patterns simulated by Mikolajewicz et al. (1997)

(e.g. Praetorius et al., 2020; Maier et al., 2018). Where the two mechanisms dif-

fer is in the relationship between salinity and SST—local freshwater forcing would

impose an inverse response in salinity vs. SST, resulting in enhanced stratification

during cold intervals whereas, with the atmospheric forcing, cooling is associated

with reduced buoyancy forcing. While proxies for stratification and salinity in the

subpolar NEP, including diatom- (Maier et al., 2018) and foraminifera-based (Prae-

torius et al., 2020) reconstructions of δ18Oseawater and benthic−planktic foraminifera

∆14C (Praetorius et al., 2020), do show freshening and enhanced stratification dur-

ing cold North Atlantic intervals, the simulated SST response to local meltwater

discharge events is small (∼0.5°C) and short-lived (<15 years) (Praetorius et al.,

2020). Determining whether freshwater inputs to the North Pacific can solely ex-

plain the magnitude of cooling that we observe for the Younger Dryas thus requires

further investigation.

The subpolar NEP undergoes warming following the termination of the Younger
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Dryas then steadily cools over the early Holocene. The median age models for each

core place the timing of maximum SSTs at ca. 11 ka. Tierney and Tingley (2018)

found UK′
37 in the North Pacific is biased towards summer SSTs. Cooling of the high

latitude NEP following this early Holocene SST maxima is thus consistent with

declining summer insolation in the Northern Hemisphere following the precession

maximum at ca. 11 ka.

A.4.4 Deglacial Trends in the California Current System

Our selection criteria limited the number of records from the California Current

region included in our analysis to ODP Site 1017 from the southern California bight

and LPAZ-21P from the southern tip of the Baja peninsula (Figure A.2b). Both

sites have a strong affinity for PC1 (β > 0.8±0.1), though the correlation with

PC1 at LPAZ-21P is likely exaggerated due to a hiatus in sedimentation at this

site between ca. 12.3–9.3 ka (Rafter et al., 2018). The dominance of a monotonic

warming trend at these sites conflicts with previous syntheses of coastal California

UK′
37 records that suggested the strength of the California Current was reduced at

the LGM (Doose et al., 1997; Herbert et al., 2001). Herbert et al. (2001) further

suggested that a slow-down in the California Current would have allowed for an

expansion of subtropical gyre waters into the coastal California surface waters. If

this were the case, coastal California SSTs should have cooled over the deglaciation

while both coastal upwelling and the California current strengthened, in contrast to

the linear warming trend we observe.

The lack of a significant correlation between Site 1017 and LPAZ-21P with PC2

suggests that SSTs in the southern California current region were not sensitive to

Bølling-Allerød and Younger Dryas climate variability. The North Atlantic fresh-

water hosing experiments from Mikolajewicz et al. (1997) also shed light on this

finding, as the study suggested that the California borderlands would have a muted

response to reductions in Atlantic overturning circulation. Proxy records of pro-

ductivity based on trace metal concentrations, however, indicate that upwelling was

reduced along the western Baja Peninsula coast during deglacial stadials (Cartapa-
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nis et al., 2011). It is possible that the warming associated with reduced upwelling

during the Younger Dryas was offset by the advection of subpolar waters into the

lower California current region that underwent substantial cooling during the event

(Figure A.6), resulting in the apparent insensitivity of local SSTs.

Though our ability to comprehensively evaluate the deglacial evolution of the

California current is limited by the lack of radiocarbon-dated UK′
37 records in the re-

gion, our results do highlight two important questions that warrant further research.

First, how long into the deglaciation was California current strength reduced, and

second, why is millennial-scale variability not recorded in local SST?

A.4.5 Attenuation of Glacial Cooling in the EPWP

Our new SST record from the Mexican Margin shows minimal change after 20 ka

(Figure A.3), reflected in the near-zero correlation between NH8P SSTs and the

two leading PCs (Figure A.4). The small deglacial SST change at NH8P contrasts

with nearby subtropical sites (LPAZ-21P at the southern tip of the Baja Peninsula

and MD02-2515 in Gulf of California) as well as the tropical cores in the southern

EPWP (MD02-2529 and ME0005-43JC), indicating a spatially heterogeneous SST

response in this region.

Though LPAZ-21P and NH8P lie at a similar latitude, a SW–NE oriented oceanic

front, which separates the eastern tropical Pacific and the equatorward arm of the

North Pacific subtropical gyre, lies between them. As conditions along the west-

ern Baja Peninsula are thus primarily dictated by the California Current (Portela

et al., 2016; Gómez-Valdivia et al., 2015; Kessler, 2006), LPAZ-21P exhibits a strong

positive correlation with PC1 that is not evident in NH8P SSTs (Figure A.2b).

The lack of similarity between MD02-2515, located in the central Gulf of Cali-

fornia, and NH8P is somewhat more surprising as modern surface waters at NH8P

and MD02-2515 are connected by the cyclonic circulation in the Gulf of Califor-

nia that propagates tropical waters northward into the basin (Bray, 1988). It is

possible that the high pressure center over the Laurentide Ice Sheet that weakened

monsoonal circulation over the Gulf of California (Bhattacharya et al., 2017) also
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dampened the strength of the cyclonic circulation of Gulf of California surface wa-

ters during the last glacial period. Inhibition of seasonal monsoon development in

combination with a more southeasterly position of the North Pacific High could

have sustained a mean northwesterly wind field over the Gulf of California and lim-

ited the northward incursion of tropical water masses into the basin (Bhattacharya

et al., 2017; Lora et al., 2016). Indeed, our CESM1.2 simulations show an anoma-

lous anticyclonic circulation over the Mexican Margin at the LGM (Figure A.7).

Alternatively, the propagation of SST anomalies from the eastern tropical Pacific

into the Gulf may have been limited by the destruction of coastal waves with an

internal Rossby deformation radius narrower than the mouth of the Gulf, a process

that has been invoked to explain why ENSO-related coastal waves sometimes fail to

impart warming signals in the Gulf in the present day (Lluch-Cota et al., 2010).

Meanwhile, NH8P is directly connected to tropical water masses as it lies at

the northern boundary of the EPWP, which seasonally extends from ∼8–10°N to

∼15–20°N, and its position south of the Gulf of California reduces the likelihood

of northward propagating waves destructing before reaching the site. The lack of

deglacial variability we observe at the Mexican Margin therefore raises the possibility

of divergent behavior within the EPWP, as the two cores from the southern EPWP

included in this study, MD02-2529 and ME0005-43JC, both have significant positive

correlations with PC1 (β = 0.81 and 0.93, respectively; Figure A.4d), similar to the

pattern we observe in the EEP. Furthermore, unlike the∼2°C cooling at these coastal

sites, proxy records from nearby cores in the southern EPWP that are located further

offshore, including microfaunal data from TR163-11 (6.45°N, 85.822°W), ODP 677B

(1.202°N, 83.737°W), and ODP 506B (0.61°N, 86.092°W) (Mart́ınez et al., 2003), and

UK′
37 data from ODP 1241 (5.843°N, 86.445°W) (Shaari et al., 2014), show no glacial

cooling. It therefore appears that the cooling at MD02-2529 and ME0005-43JC is

reflective of localized, coastal processes and that the offshore EPWP behaved more

similarly to NH8P.

The spatial heterogeneity in glacial cooling of the EPWP may be due to local

changes in upwelling. To evaluate this, we analyzed LGM−PI anomalies in CESM1.2



63
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Figure A.7: LGM − PI wind-driven upwelling and low level wind anoma-
lies: Colored contours refer to CESM1.2 LGM−PI upwelling anomalies based on
changes in Ekman pumping velocity, where negative values and warm colors corre-
spond to less upwelling and positive values and cool colors correspond to increased
upwelling. Ekman pumping was calculated from surface wind stress via Eq. 3.
White circles mark the locations of cores NH8P, MD02-2529, and ME0005-43JC
(from north to south, respectively). Vectors correspond to low level wind anoma-
lies, calculated from mean u and v wind fields at 850 mb.
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and found a high degree of heterogeneity in Ekman pumping in the EPWP and

tropical Pacific (Figure A.7). The largest change occurs within the Panama Basin,

where a substantial increase in upwelling is associated with strong northeasterly

wind anomalies (Figure A.7). It is important to note that CESM1.2 might overes-

timate the increases in glacial upwelling in some locations as wind-driven upwelling

is actually concentrated in narrow regions where the cross-isthmus winds are fun-

neled through topographic gaps that are not well-represented at coarse resolutions

(Xie et al., 2008). Regardless, glacial anomalies in upwelling in the northern EPWP

appear to have been much smaller relative to those in the Panama Basin. CESM1.2

shows modest reductions in upwelling along the entire northwest Mexican Margin,

though the largest declines in this region occurred south of 20°N (Figure A.7). These

results provide plausible explanations for the spatial heterogenity in SSTs we ob-

serve in the EPWP. Sites MD02-2529 and ME0005-43JC are located right at the

northern edge of intensified wind-driven upwelling in the Panama Basin. Depending

on how far north these anomalies actually extended, a weakening of the trade winds

over the deglaciation and associated warming could explain the strong correlation

between PC1 and SSTs at these sites. An increase in wind-driven upwelling dur-

ing the LGM in the Panama Basin is also well-supported by other proxy records

(Kienast et al., 2006; Pahnke et al., 2007; Dubois et al., 2014) and regional modeling

studies (Pahnke et al., 2007; Xie et al., 2008). Whether or not reduced upwelling

along the Mexican Margin could have mitigated glacial cooling at NH8P is less

clear. Ganeshram and Pedersen (1998) reported lower biogenic carbon and opal

mass accumulation rates from core NH8P during the LGM, and interpreted these

data to indicate reduced upwelling-driven productivity (Figure A.3). If the glacial

reduction in upwelling was more severe than indicated by the model simulation, it

might help counteract cooling during the LGM and the deglaciation. However, the

trends in organic carbon and opal could also reflect nutrient depletion due to in-

creased ventilation of subsurface waters during glacial times (Kennett and Ingram,

1995; Zheng et al., 2000; Hendy et al., 2004; Rae et al., 2014) and thus might not

be direct proxies for local upwelling. Regardless, neither productivity proxy begins
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increasing until ca. 13–11 ka, so any change in upwelling they may signify would

not explain the elevated SSTs we observe at NH8P during the deglaciation (Figure

A.3).

Table A.2: Trends in K/year for LGM and PI mixed layer heat budgets.

Surface Shortwave Longwave Sensible Latent Mean Eddy Vertical
Simulation Storage Flux Radiation Radiation Heat Flux Heat Flux Advection Advection Mixing Residual
PI 0.030 2.136 16.815 -4.082 -0.726 -9.871 -0.895 -0.405 -0.958 0.152
LGM 0.026 2.487 16.783 -4.836 -0.826 -8.631 -1.134 -0.388 -0.864 0.076

To further explore the mechanisms responsible for the attenuation of glacial

cooling at our site (NH8P), we conducted a mixed layer heat budget analysis of

the CESM1.2 results following the method of DiNezio et al. (2009). We focus our

analysis on the region between 10°N–20°N and 120°W–105°W (black box in Figure

A.8) because this is where CESM1.2 simulates reduced glacial cooling. We quan-

tify the contributions to the mixed-layer (upper 100 m) ocean temperature change

from surface heat fluxes, advection by the mean flow, mesoscale eddies, and ver-

tical mixing. For the PI simulation, the box over the northwest Mexican Margin

is warmed by surface heat flux, primarily due to incoming shortwave radiation,

and cooled by ocean dynamics (Table A.2). Compared to PI, the LGM simulation

shows a substantial warming effect from surface heat flux changes stemming from

reduced latent heat release, which is the primary reason for the relatively muted

LGM cooling within the domain. The reduced latent heat flux in the LGM simula-

tion compared to the PI likely results from a weakening of the trade winds and the

associated ocean-atmosphere coupling through the wind-evaporation-SST feedback

(Kang et al., 2020).

Given the above modeling results and the fact that the EPWP lies within the

seasonal range of the ITCZ in the present-day climate, we hypothesize that large-

scale changes in the strength and/or position of the ITCZ are capable of generating

a spatially heterogeneous SST evolution over the EPWP through modulating the re-

gional winds and ocean-atmosphere coupling. Specifically, CESM1.2 LGM exhibits

a strengthening of the ITCZ over the EPWP and possibly a northward shift in its

mean latitudinal position, which is reflected by the anomalies in precipitation and
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Figure A.8: CESM LGM – PI SST, ω500, and precipitation anomalies: a)
Anomalous SST cooling relative to mean tropical cooling during the LGM (−3.6°C).
Tropical mean cooling was calculated as the area-weighted mean temperature in the
upper 5 m of the ocean model for 20°S – 20°N. b) Changes in mid-troposphere (500
mb) vertical velocity (ω). c) Anomalies in precipitation rate (mm day−1) (c). The
box indicates the region targeted for the heat budget analysis (Table 2).
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the vertical velocity at 500 hPa (Figure A.8b,c). While the region that saw the

strongest anomalous ascent and precipitation is centered at 10°N, these anomalies

do extend east across the EPWP, particularly in the northern portion of the EPWP.

The shape of the anomalous increases in vertical velocity and precipitation in the

northern tropics mimics the patterns in glacial cooling, though the region with the

least cooling lies more directly within the EPWP. The anomalous ascent and pre-

cipitation in the northern tropical Pacific represents one half of a cross-equatorial

dipole, as the equatorial and southern tropical Pacific experienced anomalous de-

scent and reductions in precipitation at the LGM relative to the PI (Figure A.8b,c).

This supports the notion that increased subsidence and associated cooling of the

EEP cold tongue may have limited the southward migration of the ITCZ in the

offshore eastern Pacific, thereby enhancing tropical convection in the EPWP and

warming the underlying sea surface, similar to what is observed during modern La

Niña events (Xu et al., 2005; Xie et al., 2008).

A.5 Conclusions

In this study, we used TEOF analysis to identify trends in NEP UK′
37 SSTs and

identified two primary modes of variability that, together, explain 66% of variance

in the data. The leading mode, PC1, is a positive linear trend that reflects deglacial

warming over the last termination, while the second mode, PC2, captures millennial-

scale oscillations related to North Atlantic climate variability.

PC1 was most strongly expressed in the tropical and subtropical NEP. The pat-

tern of warming between ca. 15–11 ka is consistent with weakening of the Walker

circulation in the tropical Pacific in response to increasing GHG forcing across the

deglacial transition, though the role of ice sheet forcing cannot be ruled out. Con-

tinued warming in the EEP in the early Holocene despite the stabilization of pCO2

marks a shift to a dynamical response of SSTs to orbital forcing. The lack of cor-

relation between EEP temperatures and PC2 implies local SSTs are insensitive to

Norther Hemisphere millennial-scale climate variability during the deglaciation, in
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contrast to previous studies that suggest the migration of the ITCZ in response to

millennial-scale climate events would impact EEP SSTs (Xie et al., 2008; Dubois

et al., 2014; Atwood et al., 2020).

Conversely, the subpolar NEP is strongly influenced by millennial-scale climate

variability embodied in PC2. The synchronicity with North Atlantic SST anomalies

demonstrates the importance of atmospheric teleconnections between the two ocean

basins. Adjustments in the strength and mean position of the Aleutian Low drives

synchronous cooling in the subpolar NEP via enhanced upwelling on the coasts

(Mikolajewicz et al., 1997). Changes in the subtropical wind field associated with

an expanded Aleutian Low may provide a mechanism linking anomalously warm

SSTs in the southern California borderlands to North Pacific dynamics (Mikola-

jewicz et al., 1997; Doose et al., 1997; Herbert et al., 2001). However, a deeper

understanding of SST variability in the California current region is complicated by

the lack of precisely-dated records.

Limited southward migration of the ITCZ provides a plausible explanation for

the lack of deglacial variability in our novel SST record from NH8P, which lies at

the northern boundary of the EPWP. As SSTs are coupled to convection in the

tropical Pacific west of 100°W (Xu et al., 2005), a more persistent presence of the

ITCZ in the glacial EPWP may have reduced latent heat flux to the atmosphere and

counteracted glacial cooling, resulting in the flat deglacial SST trend at this site.

Unfortunately, the sparse terrestrial and marine proxy data from Central America

and the EPWP limit our ability to validate our findings. More proxy reconstructions

from this region should enable us to better understand the evolution of SSTs in the

EPWP and its relationship to the position of the glacial ITCZ. Despite the large area

the EPWP covers, the majority of paleoceanographic studies on the region to date

rely on cores from its southern boundary (e.g. Benway et al., 2006; Horikawa et al.,

2006; Dubois et al., 2009; Ford et al., 2015, 2018; Dubois et al., 2014). Whether

or not these records are truly representative of the entire EPWP is an outstanding

question.
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Gómez-Valdivia, F., A. Parés-Sierra, and A. Flores-Morales (2015). The Mexican
Coastal Current: A subsurface seasonal bridge that connects the tropical and
subtropical Northeastern Pacific. Continental Shelf Research, 110, pp. 100–107.
ISSN 0278-4343. doi:10.1016/j.csr.2015.10.010.

Gray, W. R., R. C. J. Wills, J. W. B. Rae, A. Burke, R. F. Ivanovic, W. H. G.
Roberts, D. Ferreira, and P. J. Valdes (2020). Wind-Driven Evolution of the
North Pacific Subpolar Gyre Over the Last Deglaciation. Geophysical Research
Letters, 47(6). ISSN 0094-8276. doi:10.1029/2019gl086328.

Hannachi, A. (2006). Pattern hunting in climate: a new method for finding trends
in gridded climate data. International Journal of Climatology, 27(1), pp. 1–15.
ISSN 0899-8418. doi:10.1002/joc.1375.

Held, I. M. and B. J. Soden (2006). Robust Responses of the Hydrological Cycle to
Global Warming. Journal of Climate, 19(21), pp. 5686–5699. ISSN 0894-8755.
doi:10.1175/jcli3990.1.

Hendy, I. L. (2010). The paleoclimatic response of the Southern Californian Margin
to the rapid climate change of the last 60ka: A regional overview. Quaternary
International, 215(1-2), pp. 62–73. ISSN 1040-6182. doi:10.1016/j.quaint.2009.
06.009.

Hendy, I. L., J. P. Kennett, E. B. Roark, and B. L. Ingram (2002). Apparent
synchroneity of submillennial scale climate events between Greenland and Santa
Barbara Basin, California from 30–10ka. Quaternary Science Reviews, 21(10),
pp. 1167–1184.

Hendy, I. L., T. F. Pedersen, J. P. Kennett, and R. Tada (2004). Intermittent exis-
tence of a southern Californian upwelling cell during submillennial climate change



74

of the last 60 kyr: A SOUTHERN CALIFORNIAN UPWELLING CELL. Pale-
oceanography, 19(3), pp. n/a–n/a. ISSN 0883-8305. doi:10.1029/2003pa000965.

Herbert, T. D., J. D. Schuffert, D. Andreasen, L. Heusser, M. Lyle, A. Mix, A. C.
Ravelo, L. D. Stott, and J. C. Herguera (2001). Collapse of the California Current
During Glacial Maxima Linked to Climate Change on Land. Science, 293(5527),
pp. 71–76. ISSN 0036-8075. doi:10.1126/science.1059209.

Horikawa, K., M. Minagawa, M. Murayama, Y. Kato, and H. Asahi (2006). Spatial
and temporal sea-surface temperatures in the eastern equatorial Pacific over the
past 150 kyr. Geophysical Research Letters, 33(13). ISSN 0094-8276. doi:10.1029/
2006gl025948.

Hurrell, J. W., M. M. Holland, P. R. Gent, S. Ghan, J. E. Kay, P. J. Kushner, J.-F.
Lamarque, W. G. Large, D. Lawrence, K. Lindsay, et al. (2013). The commu-
nity earth system model: a framework for collaborative research. Bulletin of the
American Meteorological Society, 94(9), pp. 1339–1360.

Jackson, D. A. (1993). Stopping rules in principal components analysis: a compar-
ison of heuristical and statistical approaches. Ecology, 74(8), pp. 2204–2214.

Kang, S. M., S.-P. Xie, Y. Shin, H. Kim, Y.-T. Hwang, M. F. Stuecker, B. Xiang,
and M. Hawcroft (2020). Walker circulation response to extratropical radiative
forcing. Science advances, 6(47), p. eabd3021.

Keigwin, L. D. and M. S. Cook (2007). A role for North Pacific salinity in stabilizing
North Atlantic climate: PACIFIC SALINITY AND ATLANTIC CLIMATE. Pa-
leoceanography, 22(3), pp. n/a–n/a. ISSN 0883-8305. doi:10.1029/2007pa001420.

Keigwin, L. D. and G. A. Jones (1990). Deglacial climatic oscillations in the Gulf
of California. Paleoceanography, 5(6), pp. 1009–1023. ISSN 0883-8305. doi:
10.1029/pa005i006p01009.

Kennett, J., R. E.B., K. Cannariato, B. Ingram, and R. Tada (2000). Latest Quater-
nary paleoclimatic and radiocarbon chronology, Hole 1017E, southern California
margin. Proceedings of the Ocean Drilling Program, Scientific Results, 167, pp.
249–254.

Kennett, J. P. and B. L. Ingram (1995). A 20,000-year record of ocean circulation
and climate change from the Santa Barbara basin. Nature, 377(6549), pp. 510–
514. ISSN 0028-0836. doi:10.1038/377510a0.

Kessler, W. S. (2006). The circulation of the eastern tropical Pacific: A review.
Progress in Oceanography, 69(2-4), pp. 181–217. ISSN 0079-6611. doi:10.1016/j.
pocean.2006.03.009.



75

Kiefer, T. and M. Kienast (2005). Patterns of deglacial warming in the Pa-
cific Ocean: a review with emphasis on the time interval of Heinrich event 1.
Quaternary Science Reviews, 24(7-9), pp. 1063–1081. ISSN 0277-3791. doi:
10.1016/j.quascirev.2004.02.021.

Kienast, M., S. S. Kienast, S. E. Calvert, T. I. Eglinton, G. Mollenhauer, R. François,
and A. C. Mix (2006). Eastern Pacific cooling and Atlantic overturning circulation
during the last deglaciation. Nature, 443(7113), pp. 846–849. ISSN 0028-0836.
doi:10.1038/nature05222.

Kienast, M., G. MacIntyre, N. Dubois, S. Higginson, C. Normandeau, C. Chazen,
and T. D. Herbert (2012). Alkenone unsaturation in surface sediments from the
eastern equatorial Pacific: Implications for SST reconstructions. Paleoceanogra-
phy, 27(1), pp. n/a–n/a. ISSN 1944-9186. doi:10.1029/2011pa002254.

Kienast, S. S., T. Friedrich, N. Dubois, P. S. Hill, A. Timmermann, A. C. Mix, and
M. Kienast (2013). Near collapse of the meridional SST gradient in the eastern
equatorial Pacific during Heinrich Stadial 1: MERIDIONAL SST GRADIENT
IN THE EEP. Paleoceanography, 28(4), pp. 663–674. ISSN 0883-8305. doi:
10.1002/2013pa002499.

Kienast, S. S., M. Kienast, A. C. Mix, S. E. Calvert, and R. François (2007).
Thorium-230 normalized particle flux and sediment focusing in the Panama Basin
region during the last 30,000 years. Paleoceanography, 22(2). ISSN 1944-9186.
doi:10.1029/2006pa001357.

Kienast, S. S. and J. L. McKay (2001). Sea surface temperatures in the subarctic
northeast Pacific reflect millennial-scale climate oscillations during the last 16
kyrs. Geophysical Research Letters, 28(8), pp. 1563–1566. ISSN 0094-8276. doi:
10.1029/2000gl012543.

Koutavas, A. and S. Joanides (2012). El Niño–Southern Oscillation extrema in the
Holocene and Last Glacial Maximum. Paleoceanography, 27(4). ISSN 1944-9186.
doi:10.1029/2012pa002378.

Koutavas, A. and J. Lynch-Stieglitz (2003). Glacial-interglacial dynamics of the
eastern equatorial Pacific cold tongue-Intertropical Convergence Zone system re-
constructed from oxygen isotope records. Paleoceanography, 18(4). ISSN 0883-
8305. doi:10.1029/2003pa000894.

Koutavas, A., J. Lynch-Stieglitz, T. M. Marchitto, and J. P. Sachs (2002). El
Nino-Like Pattern in Ice Age Tropical Pacific Sea Surface Temperature. Science,
297(5579), pp. 226–230. ISSN 0036-8075. doi:10.1126/science.1072376.



76

Koutavas, A. and J. P. Sachs (2008). Northern timing of deglaciation in the east-
ern equatorial Pacific from alkenone paleothermometry. Paleoceanography, 23(4).
ISSN 0883-8305. doi:10.1029/2008pa001593.

Lav́ın, M. F., R. Castro, E. Beier, V. M. God́ınez, A. Amador, and P. Guest (2009).
SST, thermohaline structure, and circulation in the southern Gulf of California
in June 2004 during the North American Monsoon Experiment. Journal of Geo-
physical Research, 114(C2). ISSN 0148-0227. doi:10.1029/2008jc004896.

Lea, D. W. (2004). The 100 000-Yr Cycle in Tropical SST, Greenhouse Forcing, and
Climate Sensitivity. Journal of Climate, 17(11), pp. 2170–2179.

Lea, D. W., D. K. Pak, and H. J. Spero (2000). Climate Impact of Late Quaternary
Equatorial Pacific Sea Surface Temperature Variations. Science, 289(5485), pp.
1719–1724. ISSN 0036-8075. doi:10.1126/science.289.5485.1719.

Leduc, G., L. Vidal, K. Tachikawa, F. Rostek, C. Sonzogni, L. Beaufort, and E. Bard
(2007). Moisture transport across Central America as a positive feedback on
abrupt climatic changes. Nature, 445(7130), pp. 908–911. ISSN 0028-0836. doi:
10.1038/nature05578.

Lee, K. E., N. C. Slowey, and T. D. Herbert (2001). Glacial sea surface temperatures
in the subtropical North Pacific: A comparison of UK′

37 , δ
18O, and foraminiferal

assemblage temperature estimates. Paleoceanography, 16(3), pp. 268–279. ISSN
0883-8305. doi:10.1029/1999pa000493.

Liu, W. and A. Hu (2015). The role of the PMOC in modulating the deglacial shift
of the ITCZ. Climate Dynamics, 45(11-12), pp. 3019–3034. ISSN 0930-7575.
doi:10.1007/s00382-015-2520-6.

Liu, Z., J. Kutzbach, and L. Wu (2000). Modeling climate shift of El Nino variability
in the Holocene. Geophysical Research Letters, 27(15), pp. 2265–2268. ISSN 0094-
8276. doi:10.1029/2000gl011452.

Lluch-Cota, S. E., A. Parés-Sierra, V. O. Magaña-Rueda, F. Arregúın-Sánchez,
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Abstract

The Eastern Pacific Warm Pool (EPWP) modulates global climate through its con-

nection with tropical Pacific circulation, but sparse paleoceanographic data from this

region limits our understanding of its role in past climate variability. We present

a 144 kyr alkenone SST reconstruction from core NH22P, located in the northern

EPWP, that shows local warming occurred during periods of global cooling. Climate

model simulations of the Last Glacial Maximum indicate that both ice-sheet and

greenhouse gas forcing slowed wind speeds over the EPWP, which attenuated glacial

cooling of local SST via the wind-evaporation-SST feedback. Spectral analysis fur-

ther suggests precessional pacing of the warming spikes. Vernal equinox insolation

could explain this pacing as direct shortwave heating during boreal spring would

have contributed to the early seasonal intensification of the EPWP. This work pro-

vides crucial constraints on tropical Pacific glacial climate variability and highlights

the unique response of the EPWP to global climate forcings.
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B.1 Introduction

The tight coupling between sea surface temperature (SST) in the Eastern Pacific

Warm Pool (EPWP) and convection (Wang and Enfield, 2003) strongly influences

Mexican and Central American hydroclimate. Air-sea interactions in the EPWP

modulate the seasonal migration of the Intertropical Convergence Zone (ITCZ) (Kar-

nauskas and Busalacchi, 2009b; Misra and Jayasankar, 2022), the intensity of the

Central American Mid-Summer Drought (Fiedler and Lav́ın, 2016), and tropical cy-

clone activity (Crosbie and Serra, 2014). The tropical climate and complex Central

American topography interact to create a heterogeneity of ecological zones that host

some of the greatest diversity of endemic species on Earth. As these habitats are

highly vulnerable to the impacts of modern climate change (Karmalkar et al., 2011),

understanding rainfall variability driven by EPWP dynamics has profound societal,

economic, and ecological implications for the region. The local air-sea interactions

that drive eastern tropical Pacific (ETP) climate variability additionally have an

outsized impact on global climate due to teleconnections related to the El Niño-

Southern Oscillation (Wang and Fiedler, 2006; Karnauskas and Busalacchi, 2009a)

and heat export via the tropical overturning circulations (Raymond, 2017; Atwood

et al., 2020).

The relationship between the EPWP and surrounding ETP is thus key for un-

derstanding this region’s climate. The gradient between the warm EPWP SSTs

and cooler eastern equatorial Pacific (EEP) SSTs (i.e. the cold tongue) creates an

interhemispheric sea level pressure gradient that drives cross-equatorial southerly

flow (McGauley et al., 2004; Xie et al., 2007; Back and Bretherton, 2009). North

(south) of the equator, the Coriolis Force redirects this flow eastward (westward),

which creates a positive feedback on the SST gradient and establishes the basin’s

distinct climatic asymmetry (Xie, 2004). Specifically, sustained convergence north

of the equator limits convection within the southern ETP to a few months during

boreal spring when slackened winds lead to a seasonal breakdown in upwelling and

increased cold tongue SSTs (Xie, 2004; Xie et al., 2007). The annual cycle of the
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cold tongue-ITCZ complex is directly related to the redistribution of tropical heat,

so reconstructions of variability in the Pacific meridional SST gradient are crucial

for understanding the role of tropical Pacific circulation in driving and responding

to Pleistocene climate variability.

Oceanic and atmospheric circulation in the ETP varies over fine scales and con-

necting local processes to broader regional climate dynamics has been a persistent

challenge. Available paleoclimate data from the ETP are predominately located

within the EEP (5°S–5°N) and along the southern Central American coast (Figure

B.1). How representative records from these latitudes are of EPWP dynamics is

unclear. Without data from the central and northern EPWP to compare to these

southern sites, we lack a unified understanding of how this region responded to past

climate changes.

We investigate the paleoceanography of the EPWP by generating a 144 kyr

record of alkenone-based SSTs from site NH22P (22.518°N, 106.518°W, 2025 mbsl).

NH22P lies at the northern limit of the seasonal EPWP, which reaches its maximum

areal extent in boreal summer when tropical surface water is transported poleward

via the Mexican Coastal Current (Portela et al., 2016) (Figure B.1b). As NH22P

rests along a sharp horizontal gradient of SST arising between the cool eastern

boundary current and warm tropical surface waters, any horizontal movement or

expansion in the area of the EPWP should be reflected in local SST. This renders

NH22P uniquely sensitive to tropical climate variability that imposes an expansion

or contraction of EPWP area, which is an indicator EPWP intensity (Wang and

Fiedler, 2006). We assess the physical mechanisms driving past variability in EPWP

intensity using fully-coupled and single-forcing simulations of the Last Glacial Max-

imum (LGM) and find that SSTs at NH22P reveal a layered impact of the major

glacial climatic forcings—ice-sheets, greenhouse gases (GHG), and orbital variations

in insolation.
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B.2 Materials and Methods

B.2.1 NH22P SST Reconstruction

1 cm sediment samples were taken from core NH22P to yield a ∼1 sample/kyr

resolution. Sample preparation and analytical methodology are described in Text

S1. Briefly, concentrations of alkenones were measured with an Agilent 7890 Gas

Chromatograph-Flame Ionization Detector (GC-FID). UK′
37was calculated based on

concentrations of the C37:3 and C37:2 alkenones, then converted to SST using the

BAYSPLINE UK′
37 -SST calibration (Tierney and Tingley, 2018). 1σ mean analytical

error was ±0.005 UK′
37 units, corresponding to ±0.14°C for SST<23.4°C up to ±0.5°C

for SST>29.4°C.

Chronology for NH22P is based on 6 accelerated mass spectrometer 14C measure-

ments of bulk organic carbon (Ganeshram and Pedersen, 1998) and stratigraphic

correlations between the δ18Obenthic stack (LR04, Lisiecki and Raymo, 2005) and

a Uvigerina spp.-based δ18Obenthic record (Ganeshram and Pedersen, 1998). The

Bayesian age-depth R-program package BACON (Blaauw and Christen, 2011) re-

calibrated 14C measurements to the Marine20 radiocarbon curve using a local reser-

voir correction of 215±18 years (Keigwin and Jones, 1990) and generated a new age

model for NH22P (Figure S1).

B.2.2 Model Simulations

To better understand the climatic context of SST variability at NH22P, we analyzed

fully-coupled simulations of the LGM and pre-industrial (PI) climate generated with

the Community Earth System Model version 1.2 (CESM1.2). In the PI simulation,

climate forcings were set at 1850 CE values. For the LGM simulation, boundary

conditions follow PMIP4 protocols (Kageyama et al., 2018), including altered or-

bital configuration, decreased GHG concentrations, and adjusted distributions of

land/sea/ice due to presence of continental ice-sheets and associated changes in sur-

face albedo, topography, and sea level. To evaluate the relative roles of GHG and

ice-sheet forcing on the glacial climate of the ETP, we analyze single-forcing simu-
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lations of the LGM also generated with CESM1.2. In these sensitivity experiments,

all boundary conditions were held at 1850 CE values while only GHG concentra-

tions were lowered to LGM levels in the GHG experiment or the distribution of land

ice-sheets was increased to LGM levels in the ICE experiment. All simulations used

a horizontal resolution of 1.9° × 2.5° in the atmosphere and land, and a nominal

1° in the ocean and sea ice. Detailed description of these simulations can be found

in Tierney et al. (2020) and Windler et al. (2020). Though this resolution is rela-

tively coarse, it is sufficient for capturing the basic spatiotemporal pattern of winds

and SST associated with the Tehuantepec wind gap and the seasonal growth of the

EPWP in boreal summer (Figure S2).

Figure B.1: Modern mean (1991–2020) seasonal SSTs (colored contours) for bo-
real (a) winter (January-February-March – JFM) and (b) summer (July-August-
September – JAS) from OISSTv2.1 (Huang et al., 2020). Approximate seasonal
ITCZ locations derived from (Xu et al., 2005). Solid black contours trace conti-
nental topography. Arrows in panel (a) show the locations of the Tehuantepec,
Papagayo, and Panama wind jets (listed from north to south) (Xie et al., 2007).
Yellow dots indicate the locations of core sites discussed in the text.
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Figure B.2: Glacial-interglacial variability in (a) δ18Obenthic, an indicator of global
ice volume (Lisiecki and Raymo, 2005), (b) Antarctic pCO2 (Monnin et al., 2001;
Augustin et al., 2004; Marcott et al., 2014; Bereiter et al., 2015), alkenone-based
SSTs from (c) LPAZ-21P (22.900°N, 109.500°W, Herbert et al., 2001), (d) NH22P
(this study), (e) ME0005A-43JC (7.856°N, 83.608°W, Dubois et al., 2009), (f) ODP
846 (3.09500°S, 90.81833°W, Herbert et al., 2010), and (g) vernal and autumnal
equinox insolation (Laskar et al., 2004). For c–f, black line=median SST, dark
shading=1-sigma uncertainty, and light shading=2-sigma uncertainty. Grey num-
bered rectangles correspond to globally cool Marine Isotope (Sub)Stages.
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B.3 Results & Discussion

B.3.1 SST Warming at NH22P During Periods of Global Cooling

NH22P SSTs contain a gradual increasing trend punctuated by regular intervals of

enhanced warming ranging in magnitude from ∼0.9°C–4.3°C with a mean of 1.2°C

± ∼0.3°C (Figure B.2d). Elevated SSTs at NH22P was contemporaneous with

periods of global cooling (Figure B.2), with SST warming rates strongly correlated

to rates of change in pCO2 and δ18Obenthic (r values of 0.84 and -0.85, respectively,

Figure S3).

NH22P is distinct from other northeastern Pacific SST records because there

is no saw-tooth pattern of warming and cooling over the last glacial-interglacial

cycle. The inconsistent relationship between SST at NH22P and LPAZ-21P, which

is located at the Baja Peninsula’s southern tip and sensitive to variability in the

California Current (Herbert et al., 2001), implies that subtropical gyre circulation

was not a dominant influence on Mexican Margin SST during the last glacial period.

More surprisingly, there is no coherency in the pattern of SST evolution at NH22P

and southern EPWP cores MD02-2529 (8.206°N, not shown; Leduc et al., 2007) and

ME0005A-43JC (7.856°N, Dubois et al., 2009) (Figure B.2e), which have been used

as representatives of the EPWP in previous synthesis studies (e.g. Kienast et al.,

2013; McGee et al., 2014). SST warming at NH22P does coincide with periods of

modest cooling within the cold tongue (Figure B.2f, Herbert et al., 2010), though

Mexican Margin warming does not appear proportional to the magnitudes of EEP

cooling.

There are virtually no other known examples of glacial warming with the excep-

tion of the North Pacific Subpolar Gyre (∼45°N–60°N), where Gray et al. (2020)

provided evidence for elevated SST during the LGM relative to the Holocene. To

the best of our knowledge, our SST reconstruction from NH22P is the first docu-

mentation of repeated intervals of glacial SST warming during each of the globally

cool MIS at a lower latitude.

Elevated LGM SST at site NH22P is not captured by the Paleoclimate Mod-
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elling Intercomparison Project (PMIP) models (Kageyama et al., 2021), including

CESM1.2 (Figure B.4), where model-simulated SST cooling at the LGM ranges

from 3.3–2.6°C. Although the PMIP models do not show glacial warming, they do

simulate attenuated SST cooling in the EPWP compared to the nearby oceans.

We next use the CESM simulations to investigate the physical mechanisms for this

attenuated SST cooling, which can conceivably be linked to the three major ex-

ternal climatic forcings operating during glacial times—ice-sheet expansion, lower

greenhouse gases, and orbitally-driven changes in solar radiation.

B.3.2 Ice Sheet Forcing
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Figure B.3: Glacial–PI Ekman pumping and low level (850 mb) winds anoma-
lies for the fully-coupled LGM (a–c), and single-forcing ICE (d–f), and GHG (g–
i) simulations. Warm colors=reduced upwelling/enhanced downwelling; cool col-
ors=enhanced upwelling/reduced downwelling. White marker=NH22P.

Large ice-sheets over North America and Eurasia are known to have dramatically

affected Northern Hemisphere atmospheric circulation during last glacial period, and
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thus may have contributed the ocean-atmosphere set-up that promotes glacial warm-

ing in the EPWP. The ICE simulation shows ice-sheet forcing intensified northeast-

erly trade winds (Figure B.3d–f), consistent with the understanding that increased

Northern Hemisphere ice volume steepens the equator-to-pole temperature gradient

(Chiang and Bitz, 2005; Muglia and Schmittner, 2015) and increases the Atlantic-

Pacific pressure gradient (Xie et al., 2007; McGee et al., 2018), which both enhance

surface wind stress.

The funnelling of easterly trade winds through topographic gaps in the Cen-

tral American cordillera results in alternating zones of upwelling and downwelling

alongside the gap jet axes as they decelerate over the Pacific (Figure B.1). Stronger

and more persistent easterlies in the ICE simulation intensifies this pattern, with

anomalous downwelling in the northern EPWP and anomalous upwelling near the

Costa Rica dome and Panama Basins that exists through the boreal summer months

(Figure B.3f). Related to these shifts in atmosphere-ocean circulation, magnitudes

of glacial SST cooling are lowest in the offshore northern EPWP (∼17°N & 110°W)

and highest in the EEP cold tongue, contributing to the overall pattern of reduced

cooling in the EPWP (Figure B.4d–f).

Seasonal expansion of the EPWP begins in boreal spring, in part due to decreased

wind stress west of the Tehuantepec jet that drives downwelling and a deepening

of the mixed layer along the Mexican Pacific coast between ∼10–15°N (Wang and

Enfield, 2003; Misra et al., 2016). Gulf of California and northwest Mexican Margin

SSTs remain low in spring, however, as the intensification of the North Pacific

Subtropical High and the deepening of the continental low over North America

drives equatorward flow and offshore Ekman transport (Cartapanis et al., 2011). A

modest reduction in subtropical high intensity (Cheshire and Thurow, 2013; Lora

et al., 2016) and the development of a continental high along the Laurentide Ice

Sheet’s southern margin (Bhattacharya et al., 2017) likely dampened the strength

of upwelling-favorable winds while a stronger and more persistent Tehuantepec jet

may have led to downwelling that extended further northward along the Mexican

coast (Figure B.3d,e).
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Organic carbon (Corg) and biogenic opal records from NH22P have previously

been interpreted as upwelling indicators (Ganeshram and Pedersen, 1998) and may

provide further insights to the role of upwelling variability in driving SST warming in

our record. Though there are some periods where both productivity is low and SST

is high (Figure S4), such as MIS 3b and 4, correlations between SST and Corg and

biogenic opal are low (r = −0.05 and r = −0.20, respectively, Figure S5). As these

indicators are also sensitive to nutrient concentrations, higher oxygen content and

more ventilated subsurface waters in the eastern tropical North Pacific during glacial

periods (Herguera et al., 2010; Cartapanis et al., 2011) may confound the upwelling

signal. The model data nevertheless provides evidence for some contribution of

reduced upwelling to glacial SST warming at NH22P, though it may not explain the

entire magnitude of the warming spikes, nor does it explain their periodicity.

B.3.3 Greenhouse Gas Forcing

The thermodynamic response of the Walker circulation to changes in boundary layer

humidity associated with shifts in pCO2 makes ETP SSTs sensitive to GHG forcing.

Reduced pCO2 during the LGM likely led to a strengthened Walker circulation

and La Niña-like pattern of SST (DiNezio et al., 2011; Tierney et al., 2020). Our

GHG simulation results are consistent with these prior studies as they indicate

anomalously cool SST within the cold tongue that persisted through boreal winter,

which is typically when SST is warmest in the EEP (Figure B.4h), pointing to a

reduced annual cycle of cold tongue SSTs that enhanced the mean SST gradient

between the EPWP and EEP.

Despite the greater magnitude of cooling in the EEP relative to the EPWP in

both boreal winter and summer (Figure B.4h,i), the impact of the enhanced merid-

ional SST gradient on regional surface winds is only apparent in the intensification

of the cross-equatorial southwesterlies during summer, with the strongest anomalies

centered ∼10–12°N (Figure B.3i). Increased convergence at this latitude is con-

sistent with both proxy and model-based studies of low-pCO2 climates that have

previously linked a reduced annual cycle of the ETP meridional SST gradient with a
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northward displaced ITCZ (Mart́ınez et al., 2003; Timmermann et al., 2007a; Dyez

et al., 2016), as well as with our understanding of modern La Niña events during

which anomalous ascent at 10°N and anomalous descent along the equator and 20°N

occurs (Wang and Enfield, 2003). Reduced latent heat flux over the EPWP due to

the northern location of the ITCZ would warm the underlying SST, reinforcing the

meridional SST gradient and creating a positive feedback. Thus, GHGs likely also

contributed to reduced cooling in the EPWP, but as with ICE, do not explain the

clear periodicity in the warming events. Furthermore, as our simulations indicate

that reduced GHG forcing resulted in more glacial cooling across the ETP than

ice-sheet forcing (Figure B.4), it appears that the impact of GHG forcing on SST

warming at NH22P is secondary to that of ice-sheet forcing, possibly due to the

direct radiative cooling effect of lower pCO2.

B.3.4 Orbital Forcing

The regular recurrence of the warming events suggests there must be a more peri-

odic driver than GHG or ice-sheet forcing. To assess the role of orbital forcing, we

performed a Lomb-Scargle spectral analysis on NH22P SSTs and found power near

both the obliquity (41 kyr) and precession (23 kyr) bands (Figure S6). The rela-

tively short length of our 144 kyr record limits our ability to evaluate the statistical

significance of these results and also precludes the detection of 100 kyr eccentric-

ity cycles. Nevertheless, given the known impact of obliquity and precessional on

tropical climate, it is reasonable to assume that orbital forcing influenced our record.

Obliquity controls the latitudinal distribution of annual insolation, which is im-

portant in driving midlatitude oceanic conditions (e.g. intensity of wind-driven

circulation, temperature of subducted mode waters) that can influence ocean-

atmosphere processes in the tropical Pacific via impacts on the EEP thermocline

(Philander and Fedorov, 2003; Fedorov et al., 2015; Liu et al., 2019). Tropical cir-

culation compensates for reduced incoming insolation in the high latitudes during

periods of low obliquity with thermocline shoaling and northward ITCZ displace-

ment, which should drive a La Niña-like pattern of ETP SST (Fedorov et al., 2015;
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Dyez et al., 2016; Liu et al., 2019). Though the three periods during which SST

warming at NH22P is greatest do coincide with periods of low obliquity, this mech-

anism does not explain the smaller warming intervals that occur during MIS 3b and

5b.

Precession controls variability in the intensity of seasonal insolation and its effect

on local SSTs vary depending on the timing of the orbital anomaly. Clement et al.

(1996) described the ocean dynamical thermostat mechanism, which states that au-

tumnal equinox insolation maxima would steepen the equatorial Pacific zonal SST

gradient due to the asymmetric response of the western and eastern Pacific to the

anomalous heating, thereby enhancing convergence north of the equator and warm-

ing the EPWP. Figure B.2 clearly shows that autumnal equinox insolation maxima

do not coincide with the NH22P SST warming intervals, so it is unlikely that this

mechanism underlies the 23 kyr frequency identified in our spectral results. Alter-

natively, variations in direct shortwave heating of the EPWP that are amplified by

cloud feedbacks during its period of seasonal expansion could drive the observed

periodic warming. Cloud cover over the EPWP is lowest in March and enhanced

clear-sky radiation contributes to warming due to direct shortwave heating of the sea

surface (Lee et al., 2007; Karnauskas and Busalacchi, 2009a). There is good agree-

ment between the timing of vernal equinox insolation maxima and SST warming at

NH22P (Figure B.2), suggesting that intensified spring heating of the EPWP plau-

sibly explains the local warming spikes. In boreal fall, increased cloudiness blocks

incoming solar radiation while stronger wind speeds enhance evaporative cooling,

contributing to the decay of the EPWP (Lee et al., 2007). Autumnal equinox insola-

tion minima that occur opposite periods of vernal equinox insolation maxima would

be expected to enhance these processes and counter-balance warming in Spring.

The response of SST may be smaller, however, thus introducing seasonal rectifi-

cation (Timmermann et al., 2007a). The asymmetric nature of the precessional

component, i.e. the lack of related SST cooling during periods of low Spring insola-

tion, suggests a non-linear relationship between the seasonal cycle of insolation and

the coupled ocean-atmosphere response. Given that the power near the precession
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band is not well resolved (Figure S6), a longer record spanning additional orbital

cycles would provide a more salient test of whether an asymmetric precessional re-

sponse of the EPWP persists across the Pleistocene, however, it seems plausible that

precession is driving the recurrence of these warming events during the last glacial

period.

B.3.5 Layered Effects of Glacial Climate Forcings

The notable absence of SST warming at NH22P during Termination II (ca. 130 ka)

despite high spring insolation (Figure B.2g) suggests that orbitally-driven warming

may be exclusively associated with the glacial state. Thus, we posit that the glacial

warming events observed in NH22P resulted from a synergistic response to ice-sheet,

GHG, and orbital forcing. As indicated by the CESM single-forcing experiments,

both GHG and ice-sheet forcings attenuate glacial cooling in the northern EPWP.

The thermodynamic response of the Pacific Walker cell to reduced GHG forcing

strengthens the meridional SST and pressure gradient between the EEP and EPWP.

This enhances cross-equatorial southwesterly winds and increases ITCZ-related pre-

cipitation and cloud cover near ∼10°N, reducing latent heat flux and warming the

EPWP. Intensified northeasterly winds driven by ice-sheet forcing deepen the mixed

layer along the northwest Mexican Margin through increased downwelling, but result

in anomalously cool SST in the Panama Basin due to increased subsidence of dry

air and enhanced upwelling-driven entrainment of cool, subsurface waters. Propa-

gation of the anomalously cool Panama Basin surface waters to the equator triggers

the Bjerknes feedback, ultimately sharpening the SST gradient across the equa-

torial front and strengthening the cross-equatorial southwesterly winds (Xu et al.,

2005; Xie et al., 2008). The opposition of these southwesterlies and the anomalously

strong northeasterlies slowed wind speeds and evaporative cooling over the EPWP.

Together, these forcings could have primed the EPWP such that it responded non-

linearly to Spring insolation changes under glacial background conditions. This

proxy evidence confirms the results of Timmermann et al. (2007a), who use a sim-

plified model to demonstrate that the meridional SST gradient in the ETP is paced
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by precession. Furthermore, these processes provide a plausible mechanism to ex-

plain the lack of local glacial cooling in the EPWP despite strong cooling off the

coasts of Costa Rica and Panama (Figure B.4d,f; Meegan Kumar et al., 2021).

B.4 Conclusions

While more proxy data from the Mexican Pacific coast and the pelagic EPWP

are needed to evaluate if our record from NH22P is representative of the larger

region, we found mechanistic support for glacial warming in both our fully-coupled

LGM simulation and the sensitivity experiments. Though the simulations failed

to reproduce absolute warming as suggested by the proxy data, they do indicate

an attenuation of cooling in the EPWP under glacial boundary conditions. The

combined influence of ice-sheet and GHG forcing on regional surface circulation

reduced the wind-evaporation-SST feedback in the EPWP, priming the region for

warming. Direct shortwave heating during spring insolation maxima is the most

likely driver of the precessional pacing of the warming spikes in the NH22P record.

The lack of glacial warming in the EPWP in our model simulations may be due

to insufficient resolution for representing the Central American mountains and the

coastal circulations (c.f. Cabos et al., 2019; Chang et al., 2020; Baldwin et al., 2021).

CESM1.2 contains known SST and precipitation biases in the eastern Pacific due to

the inaccurate simulation of the interaction between Central American topography

and convection that produces overly strong easterlies near the Gulf of Tehuante-

pec, ∼13–15°N. This ultimately exaggerates latent heat flux in the EPWP, creating

anomalously cool SST that lingers into boreal spring and allows for the formation

of a double-ITCZ (Song and Zhang, 2019). Our results suggest that the improved

simulation of air-sea interactions in the EPWP may mitigate the appearance of this

anomalous spring convection in the EEP in CESM1.2.

This work has important implications for understanding regional and seasonal

migration of the ITCZ during the glacial period, which may have been more

northerly in the ETP than suggested by global mean energetic frameworks (Boos
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and Korty, 2016; Atwood et al., 2020). A reduced annual cycle of the meridional SST

gradient also has implications for understanding paleo-ENSO (Timmermann et al.,

2007a) as well as for understanding variability in the responses of regional climate

to global climate forcings vs. millennial-scale climate perturbations (Timmermann

et al., 2007b; Atwood et al., 2020; Kang et al., 2018). The unusual pattern of SST

variability at NH22P indicates that glacial cooling was not a uniform response to

the dominant forcings influencing the climate of the last 150 kyrs.
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B.5 Supplemental Information

Text S1. Alkenone Analysis

NH22P sediments were freeze-dried and homogenized prior to lipid analysis. Organic

matter was extracted from the dry sediment with a Thermo (DIONEX) Accelerated

Solvent Extractor (ASE) 350 using a mixture of dicholoromethane(DCM):methanol

(9:1, v:v). A 25 ng/µL stearyl stearate internal standard was added to the total

lipid extracts (TLE) immediately following extraction on the ASE for quantification

of alkenone concentrations. The TLEs were separated into three fractions over a

dual-layer column with a LC-NH2 lower-layer and 5% deactivated silica upper-layer.

The first fraction, which contained the alkenones, eluted with 100% DCM. The

second fraction were eluted with a mixture of DCM:isopropanol (2:1, v/v). The

third fraction eluted with a mixture of acetic acid:DCM (1:25, v/v). All fractions

were dried under N2 and stored at 5°C until analysis.

Dry DCM fractions were diluted in hexane:ethyl acetate (1:2, v:v) for analysis.

Measurement of alkenone concentrations was performed on an Agilent 7890 Gas

Chromatograph-Flame Ionization Detector (GC-FID) with a programmable tem-

perature vaporization (PTV) inlet. For each run, PTV temperature increased from

a starting temperature of 60°C to 325°C at a rate of 500°C/min while oven temper-

ature increased from a starting temperature of 60°C to 270°C at a 30°C/min rate,

then from 270°C to 288°C at a 0.5°C/min rate, and finally from 288°C to 325°C at a

30°C/min rate, after which the temperature was held at 325°C for 10 min. A third

of the samples were run in duplicate to estimate analytical error. The 1σ mean

analytical error was ±0.005 UK′
37 units, corresponding to ±0.14°C for SST<23.4°C

up to ±0.5°C for SST>29.4°C based on the BAYSPLINE UK′
37 -SST calibration from

Tierney and Tingley (2018).
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Figure B.5: Age model for NH22P based on 6 accelerated mass spectrometer
14C measurements of bulk organic carbon (Ganeshram and Pedersen, 1998) and
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Figure B.7: Correlations between the rate of change in SST at NH22P with global
records of (left) pCO2 (Monnin et al., 2001; Augustin et al., 2004; Marcott et al.,
2014; Bereiter et al., 2015) and (right) δ18Obenthic (Lisiecki and Raymo, 2005) during
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each interval, and mean rate of change in was estimated for each variable. The
significance (p) of the correlation between the mean values was determined with a
t test.
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Abstract

The late Pleistocene evolution of the North American monsoon (NAM) is poorly un-

derstood due to a lack of records from the system’s core domain that extend prior to

the Last Glacial Maximum (∼18–25 ka). To address these limitations, we developed

two ∼150 kyr records of NAM rainfall based on the hydrogen isotopic composition

of leaf wax fatty acids (δDwax) in marine sediment cores from the central and south-

ern NAM domain. At both sites, glacial δDwax (prior to ca. 30 ka) was depleted

relative to the Last Interglacial (∼130–117 ka), consistent with a dynamic response

of regional circulation to the Laurentide Ice Sheet that resulted in suppressed mon-

soonal convection. Generally speaking, the coherence between δDwax and global

δ18Obenthic, a proxy for ice volume, over the majority of the last 150 kyr confirms

that ice-sheet forcing is a dominant driver of NAM intensity on glacial-interglacial

timescales. Two notable exceptions to this pattern occur within the southern re-

construction (∼22°N), (1) δDwax was anomalously enriched during the Last Glacial

Maximum, and (2) δDwax was anomalously depleted during the Holocene. Isotope-

enabled model simulations of the Last Glacial Maximum reveal that the expansion
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of tropical aridity likely contributed to the positive δDwax. Enhanced seasonality re-

lated to higher boreal summer insolation during the Last Interglacial relative to the

Holocene is likely responsible for the more expansive and intense monsoon during

this period. This study expands our understanding of both the spatial and tempo-

ral patterns of summer rainfall variability in southwest North America and points

to a crucial role of land-sea thermal contrast in driving NAM intensity over long

time-scales.

C.1 Introduction

Prolonged recent droughts in the densely populated southwest North America

(SWNA, encompassing the southwest United States and northwest Mexico) have

led to intense scrutiny of the region’s water future (Cook et al., 2015; Liu et al.,

2017; Williams et al., 2022) and socioeconomic stability (Feng et al., 2010; Dobler-

Morales and Bocco, 2021). The North American monsoon (NAM) is a key feature

of regional hydroclimate, delivering between ∼50–90% of annual rainfall in SWNA

(Adams and Comrie, 1997). Understanding the drivers of variability in the NAM in

a changing climate is therefore paramount. Observations of the NAM reveal high

degrees of interannual, decadal, and multi-decadal variability, which has limited our

ability to identify long-term trends in warm-season rainfall over the relatively short

instrumental record (Seager and Vecchi, 2010; Carvalho, 2020).

Paleoclimate studies can provide a broad perspective on regional hydroclimate

variability and its response to global climate forcings. Many such studies have

focused on glacial-interglacial climate change in SWNA, where deglacial shifts in

greenhouse gases, ice-sheets, sea surface temperatures (SST), and sea level are as-

sociated with increased aridity (Kirby et al., 2013; Feakins et al., 2019). Though

proxy evidence demonstrates that the region is drier overall during warm interglacial

periods, there is an increase in summer rainfall, in part due to the intensification of

the NAM (Barron et al., 2012; Metcalfe et al., 2015; Roy et al., 2015; Bhattacharya

et al., 2018; Oster et al., 2019). Our understanding of NAM intensity during warm
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climates is limited by two critical biases in the paleoclimate literature. First, few

reconstructions from the core NAM region extend prior to the Last Glacial Max-

imum (LGM, ∼18–25 ka) such that wider context for observed deglacial trends is

lacking. Second, proxy reconstructions of summer rainfall are concentrated in the

southwestern United States (Antinao and McDonald, 2013; Metcalfe et al., 2015;

Hermann et al., 2018) despite the epicenter of NAM activity being located in the

Sierra Madre Occidental mountains of northwestern Mexico (Figure C.1). Some

have additionally posited that the NAM signal is overwhelmed by winter precipita-

tion variability in rainfall reconstructions from the southwest United States due to

the bimodal seasonality of rainfall and ephemeral convective storms in the region

(Metcalfe et al., 2015; Bhattacharya et al., 2018; Tulley-Cordova et al., 2021).

To address these knowledge gaps, we present two new ∼150 ka reconstructions

of NAM intensity based on the hydrogen isotopic composition of sedimentary leaf

waxes (δDwax) in the central Gulf of California and northwest Mexican Margin.

Bhattacharya et al. (2018) demonstrated that δDwax of local core-top sediments

is sensitive to rainfall seasonality, making it an ideal proxy for reconstructing past

NAM variability. Spanning the last two glacial–interglacial transitions, these are the

longest seasonally-sensitive rainfall records from the core NAM domain. Extending

the reconstructions through the Last Interglacial (LIG, ∼130–117 ka) period specif-

ically enables us to examine the NAM’s response to thermal forcing and enhanced

seasonality related to orbital cycles in seasonal insolation, which has the potential

to provide insights to the mechanical vs. thermodynamical drivers of the system

(Boos and Pascale, 2021; Lofverstrom and Thirumalai, 2022). Furthermore, we are

able to assess the linearity of the NAM’s response to ice-sheet forcing across a full

glacial period. We compare isotope-enabled simulations of the LGM to the proxy

data and identify regime shifts in moisture source and seasonal circulation under

peak glacial conditions. This work expands our understanding of past variability in

both spatial and temporal patterns of the NAM and contributes to the development

of a more unified understanding of the sources and strength of summer rainfall in

SWNA.
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Figure C.1: Modern seasonal climate variability in southwest North America.
a) seasonal differences in δDprecip from the Online Isotope Precipitation Calcula-
tor (OIPC, Bowen et al., 2005; IAEA/WMO, 2015; Bowen, 2022) calculated by
subtracting the winter (January-February-March) mean from the summer (July-
August-September) mean, where negative values correspond to amount-effect dom-
inated regime whereas positive values correspond to the moisture source regime.
b) the relative percent of boreal summer (July-August-September) precipitation to
annual totals based on the Global Precipitation Climatology Centre 0.25° product
(Schneider et al., 2018).

C.2 Materials and Methods

C.2.1 Modern Climatology

Differences between summer and winter δDprecip reveal two distinct climatic regimes

operating in SWNA, with the boundary between the two regimes at ca. 20°N (Figure

C.1). North of ∼20°N, positive summer–winter δDprecip values arise from seasonal

shifts in local/tropically-derived rainfall in summer vs. distally-sourced rainfall in

winter (Eastoe and Dettman, 2016; Bhattacharya et al., 2018; Oster et al., 2019).

Though most of the domain experiences some rainfall in each season, there is a

pronounced NW-SE gradient in the relative importance of each moisture source to

annual precipitation totals (Figure C.1b). In boreal winter, the intensification and
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eastward expansion of the Aleutian Low combined with the contraction of the North

Pacific Subtropical High shifts the mid-latitude jets southward, directing extratrop-

ical storms with moisture predominately derived from the central and northern

Pacific over the western United States (Rodysill et al., 2018; Tabor et al., 2021).

The air masses undergo significant orographic rain-out as they flow eastward over

the Sierra Nevada and Rocky Mountain ranges (Redmond and Koch, 1991; Palecki

et al., 2005). These frontal systems are characterized by lower temperatures, distal

moisture source, and stratiform-type rainfall that is associated with more negative

δDprecip (Friedman et al., 1992; Aggarwal et al., 2012, 2016). The modern southern

limit of winter storms associated with the mid-latitude jets is ca. 24–30°N (Rutz

and Steenburgh, 2012; Winters et al., 2020).

During the spring transition, the expansion and northwesterly migration of the

North Pacific Subtropical High sustains northwesterly flow over the California bor-

derlands and offshore Ekman transport (Hickey, 1979; Barron et al., 2009), which,

coupled with subsidence, maintains dry summer conditions across the coastal west-

ern United States (Adams and Comrie, 1997). Meanwhile, the seasonal development

of the NAM follows insolation-driven heating of the subtropics in boreal summer.

This heating leads to the intensification and northward migration of the monsoon

ridge over the central United States and the development of a thermal low over the

northern Baja peninsula that, together, drive southerly flow over northwest Mexico

and the Gulf of California (Adams and Comrie, 1997; Higgins et al., 1997; Bordoni

et al., 2004). NAM rainfall originates when diurnal sea-breezes fuel thunderstorm

development over the Sierra Madre Occidental range (Adams and Comrie, 1997;

Collier and Zhang, 2007; Lofverstrom and Thirumalai, 2022) that are organized

into mesoscale convective systems and transported northward by tropical distur-

bances (Nesbitt et al., 2008; Lahmers et al., 2016). Warm, saturated boundary

conditions and the convective nature of NAM storms contributes to the relatively

enriched δDprecip of associated rainfall (Aggarwal et al., 2012, 2016; Tulley-Cordova

et al., 2021; Bhattacharya et al., 2022). Thus, north of 20°N, positive values of

summer–winter δDprecip reflect the relative contributes of winter stratiform rainfall
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vs. summer convective rainfall.

South of 20°N, negative summer–winter δDprecip values are typical for tropical

climates where the isotopic signature of rainfall is related to the amount effect (Lach-

niet, 2009; Oster et al., 2019). The region is generally dry in winter when the ITCZ

is located closer to the equator and stronger northeasterly trade winds accelerate

through topographic gaps in the Central American Cordillera, driving upwelling and

the subsidence of cold, dry air masses that inhibit convection along the Pacific coast

(Chelton et al., 2007; Chang et al., 2012). The northward migration of the ITCZ in

boreal summer follows seasonal increases in northern hemisphere insolation and is

accompanied by weak winds and high SST in the Eastern Pacific Warm Pool. The

northerly position of the ITCZ also strengthens the southeasterly trade winds in the

Southern Hemisphere, driving upwelling and cooling of SST in the eastern equatorial

Pacific, which creates a strong cross-equatorial SST gradient. The cross-equatorial

southwesterly winds associated with this SST gradient and northerly ITCZ position

drives the onshore flow of moisture to Central America and southwestern Mexico

(Poveda et al., 2006; Lachniet, 2009). This seasonal evolution leads to more posi-

tive δDprecip in the dry winter and more negative δDprecip in the warm, wet summer

season (Lachniet, 2009). Low wind speeds and warm SST associated with the high

insolation and northerly position of the ITCZ also fuels tropical cyclone development

in the eastern tropical Pacific, which is one of the drivers of extreme summer pre-

cipitation events along the western coast of SWNA and could potentially represent

a significant source of seasonal rainfall in the region (Jien et al., 2015).

Our northern core site (DSDP Sites 480/479) is located well within the area

influenced by the moisture source-dominated regime (Figure C.1a). Meanwhile, the

southern site (NH22P) sits just north of the boundary between these two regimes.

As previous studies have shown that tropical processes were important in the local

paleoceanography of this location (Meegan Kumar et al., 2021, 2022), its likely that

δDwax at this site may have also been sensitive to amount effects on δDprecip in the

past.
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C.2.2 Site Descriptions and Core Chronologies

C.2.2.1 Guaymas Basin

DSDP Sites 480 (27.902°N, 111.656°W, 656 mbsl) and 479 (27.846°N, 111.625°W,

747 mbsl) are located on the northwest slope of the Guaymas Basin in the Gulf of

California (Figure C.1). Sediments were collected from these sites aboard the R/V

Glomar Challenger in December 1978–January 1979. Northwesterly wind stress

prevails in the winter and spring, driving upwelling of cool, nutrient-rich, subsurface

waters in the Gulf of California that support diatom blooms (Schrader et al., 1980;

Thunell, 1998). In summer, the monsoonal-circulation is associated with weak-

ened wind stress and the northward advection of tropical surface waters that leads

to stratification and reduced productivity, while NAM precipitation increases ter-

rigenous runoff from the Sierra Madre Occidentals (Schrader et al., 1980; Thunell,

1998). This seasonal pattern of sediment deposition results in varves or laminae of

diatom-rich sediment alternating with dark lithogenic sediments (Schrader et al.,

1980; Thunell, 1998).

The upper ∼17 kyrs of Site 480 are dated with magnetic secular variation strati-

graphic correlation (Barron et al., 2004) and radiocarbon measurements made on

planktic foraminifera carbonate (Keigwin and Jones, 1990) (Table C.1). During

Marine Isotope Stages (MIS) 3 and 4, the age model is based on tie-points between

local δ18Obenthic measurements from Shackleton (1982) and the LR04 stack (Lisiecki

and Raymo, 2005) (Table C.1). The absence and/or poor preservation of benthic

foraminifera beyond ∼35 m depth (Shackleton, 1982) and poor core recovery be-

tween ∼49–61.75 m, which is believed to span the MIS6/5 transition (Shackleton,

1982; Byrne et al., 1990), has so far limited the development of a long-term chronol-

ogy for Site 480 based on δ18Obenthic biostratigraphy.

Sites 480 and 479 are separated by only 6.8 km and the lithological properties of

sediments at each site show they are highly correlated (Curray et al., 1982). Though

some radiocarbon measurements exist for the upper sections of Site 479, there is

little age control for the lower sections. Byrne et al. (1990) identified prominent
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peaks in Chenopodiaceae/Amaranthaceae pollen at 43.07 m at Site 480 and 34.76

m at Site 479. Continuous sedimentation at Site 479 below this depth indicates that

the deeper sediments at Site 479 span the core gap at Site 480 and it is therefore

possible to develop a continuous paleoclimatic record for the Guaymas Basin by

stratigraphically aligning cores from these two sites. We develop an independent

age model for Site 479 based on correlations between our new δDwax record from

this site and the LR04 benthic stack (Figure C.2).

Alignment between Site 479 and Site 480 is based on the Chenopodi-

aceae/Amaranthaceae tie-point from Byrne et al. (1990) and on the depths of max-

imum δDwax values measured at 45.96 m and 43.51 m at Site 480 and Site 479, re-

spectively. The latter tie-point places Stage 5e within a laminated section of core 10

from Site 480, which is consistent with the understanding that laminated sediments

in the Guaymas Basin are deposited during warm climate intervals (Schrader et al.,

1980). Additional confidence in this tie-point comes from low relative abundances

of Artemisia+Juniper pollen and high abundances of the dinoflagellate Spiniferites

mirabilis in this section (Byrne et al., 1990). We additionally generated two new

δ18Obenthic measurements from Site 480. Benthic foraminifera shells belonging to

the genus Bolivina were picked from sediments at 48.39 m depth and analyzed on a

MAT253+ IRMS coupled to a Kiel IV Carbonate Device housed in the Paleo2 Lab-

oratory at the University of Arizona. 1σ analytical precision was 0.05‰ based on

6 standards, consistent with the long-term precision of this setup (0.06‰). These

new δ18Obenthic data are comparable to a δ18Obenthic measurement from a slightly

shallower depth (47.05 m) reported by Shackleton (1982). Neither depth contains

δ18Obenthic measurements within the estimated range of Holocene δ18Obenthic values

suggested by Shackleton (1982), so we assume these depths are earlier in MIS 5 than

the peaks in δDwax.

Age models for both Sites 480 and 479 were generated with the Bayesian age-

depth R-program package BACON (Blaauw and Christen, 2011)(Figure C.2). Ra-

diocarbon dates for Site 480 (Table C.1) were calibrated with the Marine20 curve

(Heaton et al., 2020).
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Table C.1: Age calibration points for DSDP 480 and 479.

Depth (cm) Age (ka) Age Error (ka) Material Dated1 Date Type2 Reference
DSDP 480
0 1.330 0.01 sf tie-point Barron et al. (2004)
140 2.700 0.20 ms tie-point Barron et al. (2004)
220 3.400 0.20 ms tie-point Barron et al. (2004)
570 6.450 0.20 ms tie-point Barron et al. (2004)
700 7.600 0.20 ms tie-point Barron et al. (2004)
770 8.200 0.20 ms tie-point Barron et al. (2004)
1051 10.075 0.09 mpf 14C Keigwin and Jones (1990)
1081 10.275 0.11 mpf 14C Keigwin and Jones (1990)
1311 12.675 0.11 mpf 14C Keigwin and Jones (1990)
1351 12.975 0.21 mpf 14C Keigwin and Jones (1990)
1536 16.275 0.13 mpf 14C Keigwin and Jones (1990)
1806 19.875 0.18 mpf 14C Keigwin and Jones (1990)
2395 38.000 2.00 mb tie-point Shackleton (1982)
3445 69.000 2.00 mb tie-point Shackleton (1982)
4307 110.370 2.00 δDwax tie-point This study
4596 125.000 2.00 δDwax tie-point This study
4839 130.000 2.00 mb tie-point This study

DSDP 479
3711 109.000 2.00 δDwax tie-point This study
4181 123.000 2.00 δDwax tie-point This study
4351 125.000 2.00 δDwax tie-point This study
4615 130.000 2.00 δDwax tie-point This study
4811 135.000 2.00 δDwax tie-point This study

1sf=silicoflagellete abundance correlation, ms=magnetic secular variation correlation mp=mixed
planktic foraminifera (Globigerina bulloides & Neogloboquadrina dutertrei), mb=mixed benthic
foraminifera (Bolivina sp.).
2Reservoir correction for 14C=400 years (Keigwin and Jones, 1990).
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Figure C.2: BACON-generated age models for (left) Site 480, based on 6 accel-
erated mass spectrometer 14C measurements of mixed Globigerina bulloides and
Neogloboauadrina dutertrei foraminifera (Keigwin and Jones, 1990), magnetic secu-
lar correlations (Barron et al., 2004), δ18O measurements of Bolivina spp. (Shackle-
ton, 1982) and tie-points between Site 479 and Site 480 δDwax records (this study),
and (right) Site 479, based on tie-points between the LR04 δ18Obenthic stack (Lisiecki
and Raymo, 2005) and δDwax.

C.2.2.2 Mexican Margin

Site NH22P (22.518°N, 106.518°W, 2025 mbsl) lies just south of the Gulf of Cali-

fornia along the northwest Mexican Margin (Figure C.1). NH22P is located along

a sharp horizontal gradient of SST arising between the cool, equatorward-flowing

California Current and warm tropical surface waters of the Eastern Pacific Warm

Pool. The influence of the California Current is greater in winter and spring, while in

summer, cyclonic surface ocean circulation around the Costa Rica Dome contributes

to the poleward advection of tropical water to the Mexican Margin (Portela et al.,

2016; Kessler, 2006). Detailed age model information for NH22P is described in

Meegan Kumar et al. (2022).

C.2.3 Leaf Wax Analyses

Sediment samples were collected from Sites 480/479 and NH22P at 1 cm intervals to

yield a resolution of ∼1 sample/1000 years. Lipids were extracted from the freeze-

dried and homogenized sediments on a Dionex 350 Accelerated Solvent Extractor
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(ASE) with a mixture of dichloromethane (DCM):methanol (9:1, v:v) at 100°C and

1500 psi. A cis-11-eicosanoic acid standard (25 ng/µl concentration) was added to

the resultant total lipid extract (TLE) immediately following extraction for quan-

tification of leaf wax concentrations, then the TLE was evaporated under a steady

stream of N2 gas. We performed a chromatographic separation of the various lipid

compounds within the TLE using a 1:1 dual-layer column with a LC-NH2 lower-

layer and 5% deactivated silica gel upper-layer. Three total fractions were collected;

fraction 1 was eluted with 100% DCM, fraction 2 was eluted with a mixture of

DCM:isopropanol (2:1, v:v), and fraction 3 was eluted with a mixture of acetyl

chloride:DCM (1:25, v:v). The leaf wax n-alkanoic acids eluted within the third

fraction. The n-alkanoic acids were converted to fatty acid methyl esters (FAMEs)

by adding a 1 ml of MeOH:12 N HCl (95:5, v:v) to the dry acid fractions and heating

at 50°C for ∼18 hours. Following methylation, FAMEs were eluted in DCM over a

5% deactivated silica gel column to achieve further purification.

For analysis, FAMEs were diluted in hexane and concentrations measured using a

Thermo-Fisher Gas Chromatograph-Flame Ionization Detector (GC-FID). We mea-

sured the hydrogen isotopic composition (δD) of the FAMEs with a Thermo Delta

V Plus GC-Isotope Ratio Mass Spectrometer (IRMS). Reference H2 and CO2 gases

were calibrated to an n-alkane standard (A7 mix provided by A. Schimmelmann at

Indiana University). A synthetic mix of FAMEs was additionally analyzed every 5

samples to monitor drift in the GC-IRMS measurements. Samples were run at least

in triplicate to obtain measurement precision ≤ 2‰. The δD value of the methyl

group added during methylation was determined by analyzing a phthalic acid stan-

dard that was methylated alongside the acid fractions. This value was applied as a

mass balance correction to the δDwax measurements.

C.2.4 Rainfall Hydrogen Isotopic Composition Reconstruction

We focus our reconstruction on the δDwax of C30 fatty acids due to their association

with higher terrestrial plants (Bhattacharya et al., 2018). Higher terrestrial plants

produce long-chain (>C22) n-alkanoic acid leaf waxes with a δDwax that reflects
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the source water used for metabolic processes (Sachse et al., 2006). There is a

strong correlation between δDwax and the hydrogen isotopic composition of regional

rainfall (δDprecip), offset by an apparent fractionation (ε) (Sachse et al., 2006, 2012;

Feakins et al., 2016). ε varies between plant types, with greater hydrogen isotope

fractionation in waxes produced by graminoids compared to those produced by

eudicots (Sachse et al., 2012; Gao et al., 2014; Gamarra et al., 2016). In order

to calculate δDprecip from δDwax, the relative abundance of leaf waxes sourced from

grasses within a sample therefore must be accounted for. The fractionation of carbon

isotopes during the synthesis of leaf waxes also varies among C3 and C4 plants, where

the carbon isotopic composition of leaf waxes (δ13Cwax) of C3 plants is more negative

compared to C4 plants (Chikaraishi and Naraoka, 2003; Smith and Freeman, 2006).

Bhattacharya et al. (2018) made paired δD and δ13C measurements on C30 n-

alkanoic acids in cores nearby our Guaymas Basin and Mexican Margin sites. The

authors found there was little change in the relative abundance of leaf waxes derived

from C3 dicots vs. C4 grasses based on their δ13Cwax measurements between LGM,

deglacial, and Holocene samples. As such, we assume a constant ε at Sites 480/479

and NH22P for the entire length of our records. We apply an ecosystem mean ε of

−97‰ ± 3 based on measurements of ε in modern plants that are representative of

regional plant taxa (Bhattacharya et al., 2018). This value is comparable to previous

estimates of ε=−90‰ in arid to semi-arid environments (Feakins and Sessions,

2010). We then calculate δDprecip with Equation 1, where analytical uncertainty is

propagated into the δDC30 values:

δDprecip =
1000 + δDC30

(ε/1000) + 1
− 1000 (C.1)

C.2.5 Model Simulations

To investigate climatic drivers of rainfall and water isotopes in the NAM domain,

we analyzed previously-conducted simulations of the Last Interglacial (LIG, 127 ka)

and LGM (21 ka) generated with the Community Earth System Model (CESM).
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Tierney et al. (2020) presented the LGM simulation, which was run with the

isotope-enabled CESM v.1.2 (iCESM1.2, Brady et al., 2019). Boundary condi-

tions for the LGM simulation follow the protocols of the fourth phase of the Pa-

leoclimate Modeling Intercomparison Project (PMIP4) (Kageyama et al., 2018),

including lower atmospheric greenhouse gas concentrations (pCO2=190 ppm and

CH4=375 ppb), adjusted orbital configuration, changes in surface elevation, albedo,

and land ocean distribution associated with increased continental ice sheets, and

increased seawater δ18O. Atmospheric and land components were run at a 1.9° ×
2.5° (nominal 2°) resolution with prescribed non-anthropogenic preindustrial veg-

etation cover, while the ocean and sea ice components were run at a nominal 1°

resolution. Detailed description of the simulations, including more information on

boundary conditions, model equilibration times, and run lengths, can be found in

Tierney et al. (2020).

Otto-Bliesner et al. (2020) presented the LIG simulation, which was performed

using CESM2 (Danabasoglu et al., 2020). Boundary conditions for the LIG simu-

lation also follows the PMIP4 protocol, including adjusted concentrations of green-

house gases (pCO2=275 ppm and CH4=685 ppb) and altered orbital configura-

tion with greater eccentricity and perihelion timing near the boreal summer solstice

(Otto-Bliesner et al., 2020). Atmospheric and land components were run with pre-

scribed non-anthropogenic preindustrial vegetation cover, the same used in the LGM

simulation. All model components (atmosphere, land, ocean, sea ice) were run at a

nominal 1° resolution.

We calculated LIG and LGM anomalies by subtracting the preindustrial (PI)

control simulations from the respective paleo-simulations. Boundary conditions for

the PI control simulations reflect standard climatic forcings at 1850 CE.
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Figure C.3: Comparison between the LR04 benthic δ18O stack (grey line, Lisiecki
and Raymo, 2005) and δDprecip time-series for the (a) Guaymas Basin (Sites 480/479)
and (b) Mexican Margin (NH22P). For δDprecip reconstructions, the thin, orange
line corresponds to the median time-series, while the bold, black line is the 5-point
moving average of the median time-series. 1σ and 2σ uncertainties are shown in dark
and light shading, respectively, which include analytical error and ε uncertainty.
Grey rectangles highlight the duration of the Holocene (HOL) and Last Interglacial
(LIG) warm periods.
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C.3 Results

C.3.1 Leaf Wax δDprecip Reconstructions

δDprecip at Sites 480/479 exhibits more positive interglacial compared to glacial

values, with a glacial–interglacial range of ∼26‰ (Figure C.3a). Mean Holocene and

LIG δDprecip is similar within uncertainty (−50‰±4 and −51‰±5, respectively).

δDprecip at this site generally tracks the global benthic δ18O stack (Lisiecki and

Raymo, 2005) until the end of MIS 3 (ca. ∼29 ka). After which, δDprecip begins

climbing, maintaining an increasing trend across the LGM and deglaciation except

for a brief reversal at 12.3 ka. δDprecip is elevated in the early to mid-Holocene

compared to the late Holocene, where an abrupt ∼8‰ decrease in δDprecip between

∼4–3 ka marks the end of this record.

At NH22P, the highest δDprecip values observed over the last ∼150 ka occur

during the LIG (−48‰±3) following an ∼9‰ increase from the penultimate glacial

maximum. Similar to Sites 480/479, δDprecip at NH22P largely tracks variability in

the benthic δ18O stack until MIS 3. At the MIS 2/3 boundary there is an ∼18‰

positive excursion, after which δDprecip decreases to the lowest values of the entire

record at the start of the Holocene (−61‰±2). The evolution of δDprecip across

Termination I (∼20–11 ka) is thus opposite of the pattern observed for Termination

II (∼130–125 ka). However, the mean δDprecip for both of the last two glacial maxima

(MIS2, MIS 6a) are broadly comparable (−54‰±4 and −52‰±3, respectively).

C.3.2 LGM–PI Anomalies

We compare simulated LGM–PI anomalies of NAM-relevant climate variables–

precipitation-weighted δDprecip, precipitation rate, and mid-troposphere convection

(ω500)–in Figure C.4. At the LGM, δDprecip was generally more positive in the trop-

ics, including over the eastern equatorial Pacific and Eastern Pacific Warm Pool

regions, except for a NW-SE oriented band of negative δDprecip anomalies extend-

ing from 15°N & 120°W to the Panama Basin that is most prominent in boreal

summer. Mean annual and seasonal δDprecip over the Gulf of California and the
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Figure C.4: Mean annual, winter (January-Feburary-March, JFM), and sum-
mer (July-August-September, JAS) LGM–PI anomalies of NAM-relevant climate
variables simulated with iCESM: (a–c) precipitation-weighted δDprecip compared to
LGM (18.5–24ka)–Late Holocene (0–4ka) anomalies of proxy δDprecip from Sites
480/479 and NH22P, (d–f) precipitation rate, and (g–i) mid-troposphere convection
(ω500) and 850 mb winds. In panels d–i, core locations are indicated by black dots.
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Sierra Madre Occidentals are more negative at the LGM relative to the Holocene.

The boundary between positive and negative δDprecip anomalies lies ∼20°N on the

western Mexican coast, near Jalisco, Mexico (Figure C.4a). Negative anomalies in

the northern Gulf of California are similarly reflected in LGM–Late Holocene (0–4

ka) anomalies in δDwax-estimates of δDprecip in the Guaymas Basin (−8‰±1). Pos-

itive δDprecip anomalies at NH22P (5‰±2) agree with the magnitude of simulated

δDprecip anomalies in southern Mexico and Central America and over the Eastern

Pacific Warm Pool. Precipitation anomalies vary by season. In boreal winter, in-

creased precipitation occurs west of 100°W between 5–15°N, with smaller positive

precipitation anomalies near NH22P (Figure C.4d). In boreal summer, reductions in

precipitation extend from the South American coast westward, reaching a maximum

northern latitude of 10°N in the central Pacific. Meanwhile, increased precipitation

occurred over much of the Eastern Pacific Warm Pool and Panama Basin. These

increases appear limited to the marine realm, as negative anomalies are present over

the Sierra Madre Occidentals, southern Mexico, and most of Central America (Fig-

ure C.4f). The pattern of convection largely follows that of precipitation. In the

annual mean average, the most pronounced changes to the lower tropospheric (850

mb) wind field (Figure C.4a) are the northeasterly to easterly wind anomalies flow-

ing over Central American and the eastern tropical Pacific, anomalous anticyclonic

flow that is present along the Mexican Pacific coast west of 100°W between 15–25°N,

and anomalous westerly flow over the northern Gulf of California poleward of 25°N.

C.3.3 LIG–PI Anomalies

LIG–PI anomalies in boreal summer rainfall are shown in Figure C.5. The strongest

positive increases in all of SWNA are centered over the Sierra Madre Occidental and

occur earlier in the summer (June–July–August, JJA). Increases in summer rainfall

over the northern Gulf of California and southwest United States are smaller overall

and peak slightly later during the late summer (July–August–September, JAS).

Strong positive anomalies are additionally located over the north-central tropical

Pacific ∼15°N & 120°W from June–September. Drier conditions in southern Mexico
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and Central America are persistent throughout the summer, but are stronger earlier

in the season (JJA). In JAS, reduced precipitation anomalies expands northwest

over the Pacific coast, though rainfall over the southern Sierra Madre Occidental

mountains remain slightly positive. A strong dipole in precipitation anomalies west

and east of the Rocky Mountains is evident in both the late and early summer

season.

JJA JAS

Figure C.5: LIG (127 ka) – PI (1850 CE) anomalies in early (June-July-August,
JJA) and late (July-August-September, JAS) summer rainfall over SWNA simulated
with CESM2. Black dots indicate core locations. Black boxes encompass the areas
used to calculate mean seasonal precipitation anomalies that are compared to δDwax-
based estimates of %JAS change (Section C.4.2).

C.4 Discussion

C.4.1 NAM Sensitivity to Ice-Sheet Forcing

The coherent evolution of δDprecip and global δ18Obenthic (Lisiecki and Raymo, 2005)

at Sites 480/479 (r = −0.68, p < 0.05) points to a mostly consistent response

of reduced NAM rainfall to increased ice-sheet forcing, though the correlation is

stronger for the interval between 35–152 ka (r = −0.74, p < 0.05) due to the reversal

in δDprecip trend direction at the beginning of MIS 2 (Figure C.3a). There is also

some temporal dependencies on the strength of the correlation between δDprecip and

δ18Obenthic at NH22P, which we find is only significant between 35–130 ka (r = −0.50,
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p < 0.05). Relatively enriched δDprecip during the last two glacial maxima (MIS 2

and 6a) mark a departure from the dominant δDprecip–δ
18Obenthic relationship at this

site (Figure C.3b).

Studies have found that the albedo of the Laurentide Ice Sheet drives cooling

and subsidence over North America that results in anomalous westerly flow and

depleted moist static energy over SWNA (Bhattacharya et al., 2017, 2018; Lora and

Ibarra, 2019; Lei et al., 2022). The so-called “ventilation mechanism” provides a

thermodynamic link between ice-sheet forcing and suppressed monsoonal convec-

tion in SWNA, however, it has so-far only been applied to explain changes in NAM

intensity across the most recent deglaciation. The exceptional length of our δDprecip

reconstructions enable us to examine the linearity of the NAM’s response to the in-

cremental growth of continental ice sheets across a full glacial cycle. The ventilation

mechanism appears consistent with the temporal evolution of NAM rainfall at both

of our sites for the majority of the last glacial period, however, our observations of

anomalously positive δDprecip at the LGM at the southern site suggests that the hy-

droclimatic signal reflected in local δDwax may be more complex under peak glacial

conditions (Löfverström et al., 2014).

C.4.1.1 Peak Glacial Regime Shift: 35–15 ka

LGM anomalies in δDwax-based δDprecip estimates, calculated by subtracting mean

Late Holocene (0–4 ka) from mean LGM (18.5–24 ka) values, are negative at Sites

480/479 but positive at NH22P (Figure C.4a–c). The contrast in the sign of anoma-

lies between our two sites suggests different influences on the proxy signal in the

central vs. southern NAM domains. A distinct north-south dipole is also present in

the isotope-enabled simulations of LGM–PI δDprecip anomalies, transitioning from

negative to positive ca. 20°N (Figure C.4a–c), consistent with the latitude at which

spatial patterns of modern δDprecip transition from a moisture-source to an amount

effect dominated regime (Figure C.1a). The anomalously positive δDprecip we ob-

serve at NH22P does not appear related to glacial climate variability in the Sierra

Madre Occidental/northwest Mexico (Bhattacharya et al., 2018), where negative
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δDprecip anomalies occurred in both the winter and summer seasons (Figure C.4b,c).

Instead, the similar magnitude of δDprecip anomalies at NH22P and in southwestern

Mexico (Figure C.4a) implies a tropical origin for the signal.

Anomalously positive δDprecip in the southern Mexico and northern Central

America tropics is related to reductions in precipitation and convection (Figure

C.4c–i). These terrestrial changes are decoupled from rainfall variability over the

eastern Pacific, where convection and precipitation was actually enhanced over the

northeastern Pacific ITCZ region at the LGM, particularly west of 100°W. These

circulation changes over the eastern Pacific are consistent with reports of higher

SST in the northern Eastern Pacific Warm Pool (Meegan Kumar et al., 2022) and a

strengthened Walker Circulation at the LGM (DiNezio et al., 2011; Tierney et al.,

2020; Meegan Kumar et al., 2021).

Typically, this “La Niña-like” configuration of Pacific climate amplifies south-

westerly flow that increases moisture convergence in the NAM domain and Central

America (Gochis et al., 2007; Liebmann et al., 2008). At the LGM, lower SST and

higher sea level pressures in the Gulf of Mexico coupled with reduced land-sea ther-

mal contrast likely contributed to the reduced strength of these onshore winds and

therefore moisture convergence along the southwest Mexican coast (Small et al.,

2007; Xie et al., 2007; Wang et al., 2008; Englehart and Douglas, 2010). This mech-

anism is supported by anomalous easterly flow that is particularly strong in summer

over southern Mexico in our iCESM simulation (Figure C.4c). These easterlies ac-

company strongly positive ω500 anomalies over central Mexico (Figure C.4i) that

are indicative of broad-scale divergence. Anomalous easterlies also characterize the

Mid-Summer Drought, a period of low precipitation intensity in Central America

during the summer rainy season (Rauscher et al., 2008).

C.4.2 The Holocene vs. Eemian interglacials

In the Guaymas Basin, Holocene δDprecip is ∼12‰ greater than during the last

glacial period, suggesting that the NAM intensified in response to deglacial climate

forcings. This observation lends further support to the many previous studies that
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similarly provide evidence for a stronger NAM during warm, interglacial climates

compared to glacial periods (e.g. Barron et al., 2012; Metcalfe et al., 2015; Bhat-

tacharya et al., 2018; Peng et al., 2020). Though we have lower resolution in the

Holocene, we observe a maximum in Holocene δDprecip at ca. 7 ka. This is addition-

ally consistent with proxy evidence from continental (Metcalfe et al., 2015; Antinao

and McDonald, 2013; Vázquez et al., 2017; Hermann et al., 2018) and marine (Bar-

ron et al., 2005, 2012; Bhattacharya et al., 2018) records that show NAM intensity

peaked in the mid-Holocene, ∼6–8 ka, coinciding with a period of high boreal sum-

mer insolation and loss of the Laurentide Ice Sheet. Retreat of the North American

ice-sheet allowed for the enhanced heating of the continental extratropics and tropics

in summer in response to Mid-Holocene orbital forcing. This heating lead to more

northerly positions of both the eastern Pacific ITCZ and North Pacific Subtropi-

cal High and deepened the thermal low over the southwestern United States (Zhao

and Harrison, 2012; Atwood et al., 2020). The result was a steepened meridional

SST gradient in the Pacific and enhanced land-sea thermal contrast strengthened

monsoonal convection that intensified southerly flow and moisture advection in the

NAM domain (Weng and Jackson, 1999; Harrison et al., 2003; Barron et al., 2012;

Metcalfe et al., 2015; Zhao and Harrison, 2012; Zhang et al., 2021).

During the LIG, positive anomalies in boreal summer insolation relative to the

PI were even greater than during the Mid-Holocene due to higher eccentricity in ad-

dition to perihelion occurring near the summer solstice (Otto-Bliesner et al., 2020).

We thus would expect an even stronger NAM during the LIG based on the system’s

response to Mid-Holocene orbital forcing. CESM2 indeed simulates positive LIG–PI

summer rainfall anomalies over the entirety of SWNA (Figure C.5). Our δDprecip

records provide an opportunity to validate model simulations of the LIG NAM to

proxy observations for the first time. Using the relationship between δDprecip and

%JAS rainfall from Bhattacharya et al. (2018), we estimate anomalies in summer

rainfall at our sites during the LIG relative to the Late Holocene (0–4 ka). The max-

imum LIG δDprecip at Sites 480/479 that occurs between 120–125 ka corresponds to

an estimated ∼5.2% or ∼13 mm increase in summer rainfall (assuming increases the
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percent change in rainfall seasonality is entirely due to increased summer rainfall).

This is comparable to simulated anomalies in JJA and JAS precipitation (∼17 mm

and ∼15 mm, respectively), though the fit is slightly better with JAS. At NH22P,

larger differences between LIG and Holocene δDprecip results in an estimated 21.5%

increase in summer precipitation, amounting to ∼157 mm. Meanwhile, CESM2

suggests lower increases in summer rainfall, ∼70 mm for JJA and ∼4 mm for JAS.

Holocene values of δDwax at NH22P are lower than expected based on core top mea-

surements from Bhattacharya et al. (2018). Consequently, δDwax-based estimates of

δDprecip at this site are more negative than observations in the modern climatology

and likely results in the overestimation of LIG–PI anomalies. The maximum posi-

tive LIG–PI anomalies in precipitation over the Sierra Madre Occidental mountains

in JJA while JAS anomalies are low or negative could be due to the centering of the

LIG simulation on the timing of insolation maxima at the boreal summer solstice

(127 ka) (Otto-Bliesner et al., 2020).

Nevertheless, the better agreement between simulated anomalies in seasonal rain-

fall totals for JJA and our δDwax-based estimate at NH22P (Figure C.5) is consistent

with modern NAM climatology wherein rainfall is greater in the southern domain

in the early summer and in the northern domain later in the season (Liebmann

et al., 2008; Hu and Dominguez, 2015). The enhanced contrast between early sea-

son wetting vs. late season drying near NH22P in the LIG (Figure C.5) may reflect

an amplification of the modern seasonal cycle in response to the increased orbital

forcing at the LIG. Lower precipitation over the Great Plains region of the United

States and positive precipitation in the eastern Pacific ITCZ region are addition-

ally consistent with the impact of higher summer insolation on regional aridity

(Williams et al., 2010; Atwood et al., 2020; Williams et al., 2022). Interestingly,

while we find that the NAM was strengthened across its domain during the LIG,

our δDwax data from NH22P imply there was a muted response to Holocene orbital

forcing in the southern NAM domain. Boreal summer insolation peaked ∼11 ka,

yet, the Laurentide Ice Sheet retained much of its mass until ∼8 ka (Ullman et al.,

2016). The decline in summer insolation between the Early- and Mid-Holocene may



137

have resulted in seasonal anomalies of insufficient magnitude to impart a regime

shift in the southern domain at this time, which is supported by the lack of signifi-

cant and/or comparatively smaller rainfall anomalies in the southern NAM domain

in Mid-Holocene climate model simulations (Harrison et al., 2003; Williams et al.,

2020). Exceptionally high SST at NH22P during the LIG that are absent during

the Holocene (Meegan Kumar et al., 2022) may additionally explain the difference

between the two interglacial periods, as the warm SST coupled with high summer

insolation during the LIG may have been required to elevate surface fluxes that

contributed to increased rainfall in the southern NAM domain (Small et al., 2007;

Williams et al., 2020).

C.5 Conclusions

In summary, δDwax records from the core NAM domain expand our understanding of

the spatial and temporal patterns of hydroclimate variability in SWNA. δDwax-based

estimates of δDprecip are generally more enriched during interglacials relative to the

last glacial period and track variability in global δ18Obenthic, though this pattern is

more pronounced in the Guaymas Basin compared to the Mexican Margin. Overall,

our records support the conclusions of Bhattacharya et al. (2018) that variability in

rainfall seasonality, particularly as related to mid-latitude frontal systems in winter

and the NAM in summer, is the dominant control on δDwax.

These results provide additional evidence for the dominant role of ice-sheet forc-

ing in suppressing monsoonal convection during glacial periods, likely through the

ventilation mechanism wherein cooling and subsidence near the Laurentide Ice Sheet

margin drives anomalous westerly flow and depletes moist static energy over SWNA

(Bhattacharya et al., 2017, 2018; Lora et al., 2017). A sharp peak in δDprecip at the

Mexican Margin during MIS 2 is a conspicuous exception to this overall pattern of

variability. Isotope enabled simulations of the LGM confirm summertime convec-

tion and precipitation were low in SWNA relative to the PI, ruling out the NAM

as the source of elevated δDwax at NH22P. Anomalous easterly winds reduced pre-
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cipitation over southern Mexico and northern Central America at the LGM during

the summer rainy season, where this increased aridity imparted a positive δDwax

signal at the site. The leaf wax proxy data from NH22P ultimately provides addi-

tional evidence for a northward expansion of the tropical circulation regime at the

LGM. This finding provides important constraints for interpreting other terrestrial

hydroclimate reconstructions from the region that cover the last glacial period.

The pattern of proxy and modeled changes in NAM precipitation during the

LIG vs. Holocene interglacial periods indicate NAM intensity is also sensitive to

orbital forcing, though its effects are secondary to those of the ice-sheets. Maximum

Holocene δDprecip at Sites 480/479 does not occur for ∼3-5 kyr after the peak in

boreal summer insolation maxima (ca. 11 ka) likely due to the persistence of the

Laurentide Ice Sheet until ca. 8 ka (Ullman et al., 2016). The thinner and less

expansive Laurentide Ice Sheet during the penultimate glacial maximum (Obrochta

et al., 2014; Colleoni et al., 2016) and its more rapid retreat during Termination II

relative to Termination I (Parker et al., 2022) instead led to the timing of maximum

δDprecip at both sites during the LIG that was coeval with the timing of boreal sum-

mer insolation maxima (∼127 ka), within the bounds of the age model uncertainties.

Our data show that during periods of high boreal summer insolation, orbital forcing

drives a greater land-sea thermal contrast that amplifies monsoonal circulation and

thus confirm that thermal forcing, rather than mechanical forcing, is the primary

driver of NAM intensity.
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Roy, P. D., C. M. Chávez-Lara, L. E. Beramendi-Orosco, J. L. Sánchez-Zavala,
G. Muthu-Sankar, R. Lozano-Santacruz, J. D. Quiroz-Jimenez, and N. López-
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