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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 trans-
port into the continent via both the westerly winds (Gray et al., 2020; Lofverstrom, 2020; Löfverström & 
Liakka, 2016; Lora et al., 2016; Mikolajewicz et al., 1997; Okumura et al., 2009; Yanase & Abe-Ouchi, 2010) 
and subtropical jets (Lofverstrom, 2020; McGee et al., 2018). 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., 
Chiang & Bitz, 2005; Cvijanovic & Chiang, 2013; W. Liu & Hu, 2015; McGee et al., 2014), the strength of the 
tropical Pacific overturning circulation (e.g., DiNezio et al., 2009, 2011; Koutavas et al., 2002), summertime 
convection over the eastern Pacific Warm Pool (EPWP) (Wang & Enfield, 2001, 2003; Xie et al., 2005), and 
El Niño-Southern Oscillation (ENSO) frequency (e.g., S. S. 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 interpre-
tations of how the basin responded to local and remote climate forcings across the last termination. For 
example, the heterogeneous spatial expression of abrupt deglacial climate events—the Younger Dryas 
(12.9–11.7  ka), Bølling-Allerød (14.6–12.9  ka), and Heinrich Stadial 1 (17.5–14.8  ka)—has led to de-
bate over whether North Atlantic climate events are transmitted to the Pacific via oceanic (e.g., Lund & 
Mix, 1998; Okumura et al., 2009; Timmermann et al., 2005) or atmospheric (e.g., Gray et al., 2020; Miko-
lajewicz et al., 1997; Roberts et al., 2019; Yanase & Abe-Ouchi, 2010) teleconnections. Reconstruction of 
the tropical Pacific mean state has implications for understanding glacial ENSO variability, however it is 
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unclear whether Walker circulation in the Pacific was enhanced (e.g., DiNezio et al., 2011; Lea, 2004; Lea 
et al., 2000; Tierney et al., 2020) or suppressed (e.g., Ford et al., 2018; Koutavas & Lynch-Stieglitz, 2003; 
Otto-Bliesner et al., 2003) during glacial periods. Furthermore, the lack of paleoceanographic data between 
E  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 differ-
ent proxy types. For example, SST is a useful indicator of changes in surface circulation, but SST records 
based on the alkenone- 

37UKE  , and foraminifera-Mg/Ca and -  18E  O paleothermometers often disagree with one 
another in the tropical and extratropical NEP (Dubois et al., 2009; Gill et al., 2016; Hendy, 2010; Kiefer & 
Kienast, 2005; Pisias & Mix, 1997; H. B. 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 

37UKE  -based SST reconstruction for the northwest Mexican Mar-
gin from core NH8P (Ganeshram & Pedersen, 1998). This record provides insights into the paleoceanogra-
phy 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 

37UKE  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.

2. Materials and Methods
2.1. Mexican Margin SST Reconstruction

2.1.1. NH8P Core Description and Modern Environmental Setting

We present a new 23  kyr 
37UKE  -based SST reconstruction from core NH8P (22.5183°N, 106.5183°W, 1018 

mbsl), raised E  60 km offshore from the western Mexican Margin near Mazátlan, Mexico aboard the R/V 
New Horizon in 1990 (Ganeshram & Pedersen, 1998). Chronology for NH8P is based on 9 accelerated mass 
spectrometer 14C measurements of bulk organic carbon (Ganeshram & Pedersen, 1998). We re-calibrated 
these dates using the Marine13 radiocarbon curve and a local reservoir correction of 215 E  18 years (Keigwin 
& Jones, 1990) with the Bayesian age-depth R-program package BACON (Blaauw & Christen, 2011) (Fig-
ure 1). This age model suggests sedimentation rates were approximately 10.5–21.5 cm 1kyrE  between E  1–23 
ka.

The Mexican Margin lies at the confluence of the equatorward-flowing California Current and the pole-
ward-flow of the Costa Rica and Mexican Coastal Currents (Durazo,  2015; Gómez-Valdivia et  al.,  2015; 
Kessler, 2006; Lavín et al., 2009; Portela et al., 2016). As such, the surface waters of the Mexican Margin 
reflect the transition (Figure 2b) between the subtropical and tropical NEP (Portela et al., 2016). The influ-
ence 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 & 
Pedersen, 1998). SSTs reach minimum values of 23–24°C in February–March while isotherms in the Mar-
gin and the open Pacific are parallel (Lavín et al., 2009). In summer, Mexican Margin salinity is lowest and 
temperatures 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 result in isotherms along the coast that are 
perpendicular to those in the seasonally cooler waters of the open Pacific (Lavín et al., 2009). In the subsur-
face, an oxygen 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 surface ocean and the inflow of poorly ven-
tilated Pacific Intermediate Water at these depths (Bray, 1988; Keigwin & 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 & Pedersen, 1998).
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2.1.2. Lipid Analysis

Sediment samples from core NH8P were prepared for lipid analysis at the University of Arizona as follows: 
First, freeze-dried and homogenized sediments were extracted in a mixture of dicholoromethane (DC-
M):methanol (9:1, v:v) with a Thermo (DIONEX) Accelerated Solvent Extractor (ASE) 350. For quantifica-
tion 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- 2NHE  lower-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 2NE  and 
stored at 5°C until analysis.

For analysis, dry DCM fractions were diluted in hexane:ethyl acetate (1:2, v:v). Alkenone lipid concentra-
tions were measured on an Agilent 7890 GC with a programmable temperature vaporization (PTV) inlet. 
For each run, PTV temperature increased from a starting temperature of 60°C–325°C at a rate of 500°C/min 
while oven temperature increased from a starting temperature of 60°C–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 analyt-
ical error. The 1 E  mean analytical error was E  0.005 

37UKE  units, corresponding to E  0.14°C for SST E  23.4°C up 
to E  0.5°C for SST E  29.4°C based on the BAYSPLINE 

37UKE  -SST calibration from Tierney and Tingley (2018).

2.2. Identification of Trends in NEP SSTs

2.2.1. Compilation and Reanalysis of Proxy Records

To analyze spatiotemporal trends in NEP SSTs across the last deglaciation, we compiled published 
37UKE  -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 uncer-
tainties, we also limited the synthesis to records that have radiocarbon-based age models. Following these 

Figure 1. NH8P age model: Re-calibrated age model for NH8P based on 9 radiocarbon measurements of bulk organic 
carbon (Ganeshram &Pedersen, 1998).



Paleoceanography and Paleoclimatology

MEEGAN KUMAR ET AL.

10.1029/2021PA004264

4 of 21

criteria, we identified 15 sites, including NH8P (Table 1). These sites come from a diverse set of oceano-
graphic regions within the NEP, including the subpolar gyre, north Pacific subtropical Gyre, California Cur-
rent System, Gulf of California, northwest Mexico Transition Zone/Mexican Margin, EPWP, and the eastern 
Equatorial Pacific (EEP). Figure 2b outlines the approximate 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 & Christen, 2011). When re-calibrating core chronologies, 
the reservoir correction suggested by the original authors was applied if no updated estimate could be lo-
cated (Table 1). We additionally re-calculated 

37UKE  -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 × 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 

37UKE  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 E   (0,0.3°) was additionally applied 
to the sorted ensemble (Tierney et al., 2019).

2.2.2. Trend Empirical Orthogonal Function (TEOF) Analysis

Empirical orthogonal function (EOF) analysis is a useful tool for distilling complex, multivariate spatiotem-
poral 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 & Tierney, 2013). Second, as EOF analysis is 
designed to maximize variance, it can distort trends in the data by distributing 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 

  Core Name Lat (°) Lon (°) Depth (m) Material Dateda ΔRb References

EW0408-85JC 59.555 −144.154 682 oc, tr, shl 400 Praetorius et al. (2015) c, Davies-
Walczak et al. (2014) d

JT96-09 48.901 −126.884 920 mp 365/665 S. S. Kienast and McKay (2001) c, d

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

ODP 167-1017e 34.535 −121.107 955 mp 125.7 Seki et al. (2002) c, J. Kennett 
et al. (2000) d

MD02-2515 27.484 −112.074 881 oc, mp 600 McClymont et al. (2012) c, d

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

NH8P 22.518 −106.518 1,019 oc 215 Keigwin and Jones (1990) d

PC-17 21.358 −158.190 503 G. rub 0 Lee et al. (2001) c, d

MD02-2529 8.206 −84.122 1,619 N. dut 96.9 Leduc et al. (2007) c, d

ME0005A-43JC 7.856 −83.608 1,368 N. dut 96.9 Dubois et al. (2009) c, Benway 
et al. (2006) d

ME0005A-24JC 0.022 −86.463 2,941 N. dut 84 M. Kienast et al. (2006) c, d

VM21-30 −1.217 −89.683 617 N. dut 137 Koutavas and Sachs (2008) c, 
Koutavas and 

Lynch-Stieglitz (2003) d

ME0005A-27JC −1.853 −82.787 2,203 N. dut 121 Dubois et al. (2009) c, S. S. Kienast 
et al. (2007) d

KNR195-5-CDH26 −3.986 −81.309 1,023 N. dut 121 Bova et al. (2015) c, d

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

amp = mixed planktic foraminifera, mb = mixed benthic foraminifera, oc = organic carbon, tr = terrestrial, shl =   3CaCOE  shells, U. per = U. peregrina, G. 
rub = G. Ruber, N. dut = N. dutertrei, ha = humic acid. bReservoir correction for marine dates. cReference for 

37UKE   data. dReference for 14C data.

Table 1 
Metadata, Chronology, and SST Proxy Information for Records Included in the TEOF Analysis
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Figure 2. Locations and time-series of the 
37UKE  records analyzed in this study. (a) Location of the sea surface temperature (SST) records; the star represents 

the location of the new 
37UKE  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. (c) Median SSTs calculated 
with BAYSPLINE (black) versus 1 E  (dark blue shading) and 2 E  (light blue shading) uncertainties in interpolated SSTs from the BAYSPLINE and age model 
ensembles. Dashed gray lines mark the upper and lower time bounds (6.9 and 15.7 ka, respectively) of the Trend Empirical Orthogonal Function analysis.
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trends in a geophysical data set through the decomposition of the data into trend and non-trend compo-
nents. By performing TEOF analysis iteratively on an ensemble of possible age-depth realizations for each 
core, we were additionally able to estimate uncertainty in the structure and spatial expression of the identi-
fied trends related to chronological uncertainty (Anchukaitis & 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 
37UKE  -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 anal-
ysis 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 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 ( 1 2, , , mE q q q  ) 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:

 
     
 

  



1( ) 2( ) ( )

1( ) 2( ) ( )

1( ) 2( ) ( )

(1) (1) (1)
(2) (2) (2)

…
( ) ( ) ( )

i i n i

i i n i
i

i i n i

q q q
q q q

q m q m q m

Q (1)

The correlation matrix of Equation 1 is Ri. In traditional EOF analysis, the eigenvectors E V  (“loadings”) re-
sulting 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 ( E  ) 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  
1I T

n n nE
n

1 1  , InE  is the identity matrix, and nE 1  is a vector of ones (Bar-
bosa & Andersen, 2009; Hannachi, 2006). We specifically use the scaled PCs for the calculation of E  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 ΣE  , which was previously cal-
culated during the singular value decomposition of Ri, repeated for N PCs such that 



1( Σ )scaled

NPC

E PC PC D  .

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 atmosphere, ocean, land, and sea ice (Hurrell et al., 2013). The CESM1.2 
LGM simulation uses boundary conditions of Earth orbital parameters, GHGs, and ice sheets at 21 ka. A de-
tailed 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 ( E  ), precipitation rate, and mid-troposphere convection ( 500E  ) variables 
to evaluate how shifts in ocean and atmospheric circulation at the LGM may have contributed to the degla-
cial 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:



Paleoceanography and Paleoclimatology

MEEGAN KUMAR ET AL.

10.1029/2021PA004264

7 of 21

 
 

   
 

y x
x y (2)

Then calculated Ekman pumping velocity (wp) as a function of the Coriolis parameter, f, and the mean 
density of seawater, E  (1023.6 kg 1mE  ):



 

pw
f (3)

3. Results
3.1. NH8P 

37UKE


37UKE  -SSTs ranged from 20.8 to 24.2°C, with a mean of 22.8 E  0.7°C (Figure 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, 
E  24°C. There is a E  1°C decline in SSTs over the subsequent 18 kyr. Within this gradual cooling period, there 

Figure 3. NH8P 
37UKE  -sea surface temperature (SST) versus records of paleoproductivity. Comparison between 


37UKE  -derived SSTs with 1 E  (dark blue) and 2 E  (light blue) uncertainties calculated with the BAYSPLINE calibration 

(Tierney & Tingley, 2018), and weight % of organic carbon ( CorgE  and biogenic opal (Ganeshram & 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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is a E  1°C fluctuation in SST between 12.7 ka to 9.7 ka. The record ends with another 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 Mex-
ican Margin SSTs recorded at NH8P is similar in magnitude to the range in deglacial EEP SSTs (Figure 2), 
though NH8P is distinct because it does not have a deglacial warming trend. The 

37UKE  -SST record also has 
little relationship to previously measured indicators of biological productivity (organic carbon and opal, 
Figure 3) (Ganeshram & Pedersen, 1998).

3.2. TEOF Analysis

Significance of the TEOF results were evaluated with three tests: broken stick (Frontier,  1976; Jack-
son, 1993), North's “Rule of Thumb” (North et al., 1982), and Rule N (Overland & Preisendorfer, 1982). The 
broken stick method compares the eigenvalues 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% E  3% of the variance in the NEP SST data (Figure 4). Most sites are positively 
correlated with the trend except for NH8P, which has a small negative relationship with PC1 ( E   = −0.23 
E  0.25) (Figure 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 (  E  0.8). The SST records from the 
extratropics are variably correlated to PC1, with E  as low as 0.31 for the high latitude sites and high as 0.96 
along the southern California coast.

PC2 explains 11% E  1% of variance in the SST data (Figure 4b). Although PC2 did not pass our signifi-
cance tests, it does not necessarily mean the trend is invalid as long as it can be interpreted soundly within 
a geophysical framework (Overland & 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 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.

4. Discussion
4.1. PC1 and Deglacial Warming

PC1 clearly reflects mean deglacial warming. The large and overwhelmingly positive 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 asso-
ciated with a global forcing. Figure 5 compares the time evolution of PC1 to the record of 2pCOE  from EPICA 
Dome C (Bereiter et al., 2015; Augustin et al., 2004). The correlation between 2pCOE  and PC1 is especially 
strong prior to E  11 ka ( 2RE   = 0.90, p E  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 2pCOE  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 Laurentide Ice Sheet, however, we cannot definitively rule out the possibility that the mono-
tonic 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 Carl-
son (2010) and Clark et al. (2012), where the leading PC explained 61% and E  58% of deglacial SST variance, 
respectively. Both studies notably also cited 2pCOE  as the dominant driver of the deglacial warming trend, 
though our results actually show an improved fit between the primary PC and 2pCOE  . Specifically, the lead-
ing PC from Clark et  al.  (2012) contains an interval of warming coeval with the Bølling-Allerød that is 
not evident in the 2pCOE  record nor PC1 from this study (Figure 5). As Clark et al. (2012), and Shakun and 
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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 2pCOE  signal we capture might reflect the greater ability 
of TEOF analysis to isolate linear trends compared to traditional EOF analysis.

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

All EEP sites have PC1- E  values E  0.7 (0.82 E  0.08), indicating the evolution of SSTs in this region is domi-
nated by a monotonic warming trend (Figure 4d). Given the similarity between PC1 and 2pCOE  (Figure 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 circu-
lation (Vecchi & Soden, 2007; Held & Soden, 2006; DiNezio et al., 2011; DiNezio & Tierney, 2013). Elevated 

Figure 4. TEOF results. (a), (b) Median time series (solid black line), and 1 E  (dark blue shading) and 2 E  (light blue shading) uncertainty bounds for PC 1 and 
2, respectively. (c) Biplot of regression coefficients ( E  ) and 1 E  standard deviation on the two leading PCs. (d), (e) Spatial patterns in E  between the SST data 
and PC 1 and 2, respectively. Circle sizes are inversely proportional to the 1 E  error (i.e., larger circles represent proxy records that had more consistent E  values 
across all TEOF iterations).
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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 convec-
tion to maintain a balanced flow of water vapor through the system (Vecchi & 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 up-
welling 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 agreement with the findings of 
previous studies from the region based on 

37UKE  -SSTs (Koutavas & 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 car-
bonate paint a different picture, however. Mg/Ca-SSTs suggest the EEP underwent rapid warming at the 
onset of deglaciation followed by Holocene cooling, while 

37UKE  -SSTs do not show warming until ca. 16–15 
ka and indicate warming continued into the Holocene (Bova et al., 2015; Dubois et al., 2009; Koutavas & 
Sachs, 2008; Sadekov et al., 2013; Timmermann et al., 2014). Reconciling the differences between these 
regional 

37UKE  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 & Thunell, 2005), is likely biased towards 
summer temperatures, whereas local 

37UKE  records appear to reflect mean annual temperatures (Kienast 
et al., 2012). During the LGM, increased divergence over the cold tongue due to stronger Walker Circula-
tion would have limited the southward migration of the ITCZ in the eastern Pacific (Xie et al., 2008; Pena 
et al., 2008; Rincón-Martínez et al., 2011; Shaari et al., 2013; Kang et al., 2020). As the Walker circulation 
progressively decelerated across the termination, the ITCZ would be able to migrate farther south on a sea-
sonal 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 

Figure 5. PC1- 2pCOE  relationship. Comparison between PC1, with 1 E  (dark blue) and 2 E  (light blue) uncertainty, 
the leading PC for global SSTs from Clark et al. (2012), and the deglacial rise in p 2COE  , with 1 E  uncertainty (gray), 
as recorded in the EPICA Dome C and WAIS Divide ice cores (Bereiter et al., 2015; Augustin et al., 2004; Marcott 
et al., 2014; Monnin et al., 2001). 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.
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southward migration of the ITCZ (Atwood et  al.,  2020), we would ex-
pect 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 4e), it appears that EEP SSTs were 
not sensitive to millennial-scale variability during the deglaciation.

As 2pCOE  concentrations level off around 11 ka (Figure 5), GHG-forcing 
induced 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 the EEP to orbital forcing may dominate at 
this time (Clement et  al.,  1996,  1999; Koutavas & Joanides,  2012; Ot-
to-Bliesner et al., 2003). 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 con-
tinually increased towards the modern (Gill et  al.,  2016; Otto-Bliesner 
et al., 2003), nominally supporting the thermostat mechanism. Howev-
er, another possibility is that the Holocene trend in EEP SSTs is related 
to changes in the Asian monsoon system (Z. Liu et al., 2000; W. Zheng 
et al., 2007; Keigwin & Cook, 2007). Intensification of the Asian monsoon 
during 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 (W. Zheng et al., 2007). Indeed, Conroy et al. (2008) 
observed drier conditions in the Galápagos Islands based on sedimento-
logical proxies for lake level and runoff during the early Holocene when 
EEP SSTs are cooler and connected the dry conditions to the Asian mon-
soon teleconnection. As both the Asian monsoon and thermostat mech-
anisms impart the same SST signature in the EEP, they both sufficiently 
explain the decoupling of EEP SSTs and GHG forcing during the Hol-
ocene. 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.

4.3. Dynamical Response of High Latitude Pacific SSTs to North 
Atlantic Climate Variability

In contrast to the EEP, the high latitude sites ( E  40°N) have lower E  val-
ues with PC1 and a greater affinity for PC2 (Figures 4d and 4e). 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 E  with PC2 than PC1. The trend embodied in PC2 thus reflects 
the dominant driver of deglacial SST variability in the coastal regions around the subpolar gyre. As the vari-
ability in PC2 is synchronous with millennial-scale climate oscillations in the North Atlantic (Figure 6), this 
suggests that surface circulation in the subpolar NEP is highly sensitive to millennial-scale climate variabil-
ity during the last deglaciation, in agreement with previous work (e.g., Barron et al., 2003; Gray et al., 2020; 
Hendy et al., 2002; S. S. Kienast & McKay, 2001; Lund & Mix, 1998; Maier et al., 2015; Mix et al., 1999; Rae 
et al., 2014; Praetorius et al., 2015; Praetorius et al., 2020). The nature of this relationship is still a matter of 
debate as some paleoceanographic reconstructions show in-phase Atlantic-Pacific variability (e.g., Mikola-
jewicz et al., 1997; Maier et al., 2018; Okumura et al., 2009; Praetorius et al., 2020) while others suggest a 

Figure 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 1 E  
(dark blue) and 2 E  (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). Gray bars correspond to the Younger Dryas (YD) and 
Heinrich Stadial 1 (HS1) cooling events.
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delayed or anti-phase response (Lund & Mix, 1998; Okumura et al., 2009; Timmermann et al., 2005). Our 
results are consistent with observations of in-phase Atlantic-Pacific variability (Figure 6).

The synchronicity of the SST anomalies in the high latitude NEP and the North Atlantic implies an atmos-
pheric teleconnection existed between the two basins (Gray et al., 2020; Mikolajewicz et al., 1997; Roberts 
et al., 2019; Yanase & Abe-Ouchi, 2010). In their simulation of the NEP subpolar gyre's response to fresh-
water 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 cool-
ing 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 E  50°N, the significant positive correlation between Site 
1019 and PC2 that we observe suggests this boundary was located even further south. A displacement of the 
subpolar/subtropical boundary southward of E  40°N is supported by a number of other proxy records (Doose 
et al., 1997; Gray et al., 2020; Mix et al., 1999; Ortiz et al., 1997; Pisias et al., 2001; Praetorius et al., 2020; 
Sabin & Pisias, 1996), so it is possible that the latitudinal migration of the North Pacific Drift was underesti-
mated in the simulation from Mikolajewicz et al. (1997) due to their use of an intermediate complexity mod-
el with a fairly low horizontal resolution (5.6°). Mikolajewicz et al. (1997) do not explore the mechanism 
responsible for the Atlantic-Pacific teleconnection, 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 mim-
icked the patterns simulated by Mikolajewicz et al. (1997) (e.g., Maier et al., 2018; Praetorius et al., 2020). 
Where the two mechanisms differ is in the relationship between salinity and SST—local freshwater forcing 
would impose an inverse response in salinity versus 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 fo-
raminifera-based (Praetorius et al., 2020) reconstructions of  18OseawaterE  and benthic E  planktic foraminifera 

14ΔE  C (Praetorius et al., 2020), do show freshening and enhanced stratification during cold North Atlantic 
intervals, the simulated SST response to local meltwater discharge events is small ( E  0.5°C) and short-lived 
( E  15 years) (Praetorius et al., 2020). Determining whether freshwater inputs to the North Pacific can solely 
explain 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 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 

37UKE  in the North Pacific is biased towards summer SSTs such that cool-
ing of the high latitude NEP following this early Holocene SST maxima likely follows the decline in summer 
insolation in the Northern Hemisphere following the precession maximum at ca. 11 ka.

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 2b). Both sites have a strong affinity for PC1 (  E  0.8 E  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 previ-
ous syntheses of coastal California 

37UKE  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 
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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 varia-
bility. The North Atlantic freshwater 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 reduc-
tions in Atlantic overturning circulation. Proxy records of productivity based on trace metal concentrations, 
however, indicate that upwelling was reduced along the western Baja Peninsula coast during deglacial sta-
dials (Cartapanis 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 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 

37UKE  records in the region, 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?

4.5. Attenuation of Glacial Cooling in the EPWP

Our new SST record from the Mexican Margin shows minimal change after 20 ka (Figure 3), reflected in 
the near-zero correlation between NH8P SSTs and the two leading PCs (Figure 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 western Baja Peninsula are thus primarily dictated by the California Current 
(Gómez-Valdivia et al., 2015; Kessler, 2006; Portela et al., 2016), LPAZ-21P exhibits a strong positive corre-
lation with PC1 that is not evident in NH8P SSTs (Figure 2b).

The lack of similarity between MD02-2515, located in the central Gulf of California, and NH8P is somewhat 
more surprising as modern surface waters at NH8P and MD02-2515 are connected by the cyclonic circula-
tion in the Gulf of California that propagates tropical waters northward into the basin (Bray, 1988). It is pos-
sible that the high pressure center over the Laurentide Ice Sheet that weakened monsoonal circulation over 
the Gulf of California (Bhattacharya et al., 2017) also dampened the strength of the cyclonic circulation of 
Gulf of California surface waters during the last glacial period. Inhibition of seasonal monsoon develop-
ment 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 limited 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 anomalous anticyclonic circulation over the Mexican Margin at the LGM (Figure 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 E  8–10°N to E  15–20°N, and its position south of the Gulf of Califor-
nia 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 be-
havior 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 ( E   = 0.81 and 0.93, respectively; Fig-
ure 4d), similar to the pattern we observe in the EEP. Furthermore, unlike the E  2°C cooling at these coast-
al sites, proxy records from nearby cores in the southern EPWP that are located further offshore, includ-
ing microfaunal data from TR163-11 (6.45°N, 85.822°W), ODP 677B (1.202°N, 83.737°W), and ODP 506B 
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(0.61°N, 86.092°W) (Martínez et al., 2003), and 
37UKE  data from ODP 1241 (5.843°N, 86.445°W) (H. B. 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 E  PI anomalies in CESM1.2 and found a high degree of heterogeneity in 
Ekman pumping in the EPWP and tropical Pacific (Figure 7). The largest change occurs within the Panama 
Basin, where a substantial increase in upwelling is associated with strong northeasterly wind anomalies 
(Figure 7). It is important to note that CESM1.2 might overestimate the increases in glacial upwelling in 
some locations as wind-driven upwelling is actually concentrated in narrow regions where the cross-isth-
mus winds are funneled 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 (Fig-
ure 7). These results provide plausible explanations for the spatial heterogenity in SSTs we observe 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 weak-
ening 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 during the LGM in the Panama 
Basin is also well-supported by other proxy records (Dubois et al., 2014; M. Kienast et al., 2006; Pahnke 
et al., 2007) 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 3). 

Figure 7. Last Glacial Maximum (LGM) E  PI wind-driven upwelling and low level wind anomalies: Colored contours 
refer to CESM1.2 LGM E  PI upwelling anomalies based on changes in Ekman pumping velocity, where negative values 
and warm colors correspond to less upwelling and positive values and cool colors correspond to increased upwelling. 
Ekman pumping was calculated from surface wind stress via Equation 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 
anomalies, calculated from mean u and v wind fields at 850 mb.
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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 increased ventilation of sub-
surface waters during glacial times (Hendy et al., 2004; J. P. Kennett & In-
gram, 1995; Rae et al., 2014; Y. Zheng et al., 2000) and thus might not be 
direct proxies for local upwelling. Regardless, neither productivity proxy 
begins 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 3).

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  8) because this is where CESM1.2 
simulates reduced glacial cooling. We quantify the contributions to the 
mixed-layer (upper 100 m) ocean temperature change from surface heat 
fluxes, advection by the mean flow, mesoscale eddies, and vertical mix-
ing. For the PI simulation, the box over the northwest Mexican Margin 
is warmed by surface heat flux, primarily due to incoming shortwave ra-
diation, and cooled by ocean dynamics (Table 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 simulation 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 hypothe-
size 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 regional winds and ocean-atmos-
phere coupling. Specifically, CESM1.2 LGM exhibits a strengthening of 
the ITCZ over the EPWP and possibly a northward shift in its mean lati-
tudinal position, which is reflected by the anomalies in precipitation and 
the vertical velocity at 500 hPa (Figures 8b and 8c). 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 precipita-
tion in the northern tropical Pacific represents one half of a cross-equatorial dipole, as the equatorial and 
southern tropical Pacific experienced anomalous descent and reductions in precipitation at the LGM rela-
tive to the PI (Figures 8b and 8c). This supports the notion that increased subsidence and associated cooling 

Figure 8. CESM LGM–PI SST, 500E  , and precipitation anomalies: (a) 
Anomalous SST cooling relative to mean tropical cooling during the Last 
Glacial Maximum ( E  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 ( E  ). 
(c) Anomalies in precipitation rate (mm day−1) (c). The box indicates the 
region targeted for the heat budget analysis (Table 2).

Simulation Storage

Surface Shortwave Longwave Sensible Latent Mean Eddy Vertical

ResidualFlux Radiation Radiation Heat Flux Heat Flux Advection Advection Mixing

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

Table 2 
Trends in K/year for Last Glacial Maximum and PI Mixed Layer Heat Budgets
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of the EEP cold tongue may have limited the southward migration of the ITCZ in the offshore eastern Pacif-
ic, thereby enhancing tropical convection in the EPWP and warming the underlying sea surface, similar to 
what is observed during modern La Niña events (Xie et al., 2008; Xu et al., 2005).

5. Conclusions
In this study, we used TEOF analysis to identify trends in NEP 

37UKE  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 mil-
lennial-scale oscillations related to North Atlantic climate variability.

PC1 was most strongly expressed in the tropical and subtropical NEP. The pattern 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. Continued warming in the EEP in the early Holocene despite the stabilization of 2pCOE  marks a shift 
to a dynamical response of SSTs to orbital forcing. The lack of correlation between EEP temperatures and 
PC2 implies local SSTs are insensitive to Norther Hemisphere millennial-scale climate variability during the 
deglaciation, in contrast to previous studies that suggest the migration of the ITCZ in response to millen-
nial-scale climate events would impact EEP SSTs (Atwood et al., 2020; Dubois et al., 2014; Xie et al., 2008).

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 Aleu-
tian Low drives synchronous cooling in the subpolar NEP via enhanced upwelling on the coasts (Mikola-
jewicz 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 (Doose et al., 1997; Herbert et al., 2001; Mikolajewicz et al., 1997). However, a deeper un-
derstanding 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 varia-
bility 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 ma-
rine 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; Dubois et al., 2009; Dubois et al., 2014; Ford et al., 2015, 2018; Horikawa et al., 2006). Whether 
or not these records are truly representative of the entire EPWP is an outstanding question.
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