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A multi-proxy, reduced-dimension methodology blends magnesium-calcium

(Mg/Ca) and alkenone (Uk
37) paleo sea surface temperature (SST) records

from the eastern and western equatorial Pacific, to recreate snapshots of full

field SSTs and zonal winds from 10 to 2 ka BP in two-thousand year incre-

ments. In the multi-proxy reconstruction, the coldest SST anomalies of ∼

-1◦C occur at 10 ka in the eastern equatorial Pacific with concurrent east-

erly maximum wind anomalies of ∼ 8 m s−1 throughout the central Pacific.

The largest zonal temperature anomaly differences (average east Pacific SST

minus average west Pacific SST) are -0.36◦C and -0.33◦C, which occur at 6

and 10 ka, respectively. The eastern equatorial Pacific warms and central Pa-

cific easterly winds weaken gradually from 10 to 2 ka, but western Pacific

SSTs fluctuate throughout the period. Although both Mg/Ca and Uk
37 act

as SST proxies, comparisons of the single proxy SST field reconstructions

(Mg/Ca-only versus Uk
37-only) reveal differences in the timing and duration

of maximum cooling across the equatorial Pacific. Due to this, the multi-proxy

approach is beneficial in revealing the common patterns of variability between

the two different SST proxies.
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1. Introduction

Paleoclimatic proxy records spanning the early- to mid-Holocene (∼ 10-6 thousand years

ago, ka) suggest that the equatorial Pacific was in an “enhanced La Nia-like state” during

this time, consistent with reduced El Nio - Southern Oscillation (ENSO) variability due

to a cooler eastern [e.g. Koutavas et al., 2006] and perhaps a slightly warmer western

[e.g. Stott et al., 2004] Pacific. Not all paleo records show reduced ENSO variability

Cobb et al. [2013], and those that do tend to disagree on timing and duration. Clastic

sediment records from lakes in the Andes [Moy et al., 2002; Rodbell et al., 1999] and

marine records [Koutavas et al., 2006; Tudhope et al., 2001] show reduced ENSO variability

around 6 ka, which agrees with GCM simulations [Liu et al., 2000; Otto-Bliesner et al.,

2003; Timmermann et al., 2007; Zheng et al., 2008] and has been theorized to be tied to

orbital forcing [Clement et al., 1999; Zheng et al., 2008; Luan et al., 2012]. From pollen,

Shulmeister and Lees [1995] inferred a drying of Australia at ∼ 4 ka, which they attributed

to an onset of modern-like ENSO conditions. Other more recent marine records [Carré

et al., 2014; McGregor et al., 2013] have challenged the timing of these results and suggest

that ENSO variability was at its lowest around 4-5 ka.

Paleoclimatic proxy data are intrinsically point measurements, and therefore associating

one paleoclimate time series with a process that reaches over a huge area takes a risk.

Moreover, because of dissolution of carbonate tests and low sedimentation rates at great

depth, useful cores for SSTs proxy records (Tables 1 and 2, Figures 1 and 2) are commonly

limited to regions of relatively shallow depth, near coasts, from aseismic ridges, or over

young oceanic crust. As a result, the absence of long-term records from the central Pacific
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makes it difficult to draw conclusions about large-scale spatial patterns of ENSO-relevant

SST fields over paleoclimatic timescales. The records that exist along the ocean margins

are often irregularly sampled (spatially and temporally), and different proxies from the

same core can sometimes yield contradictory inferences. With these limitations in mind,

we use all available SST information at various points from the east and west Pacific in

order to reconstruct the full field of tropical Pacific SSTs and zonal winds (10◦S to 10◦N

and 100◦E to 60◦W) over the past 10 ka.

Previous studies have used paleo-proxy data with various statistical approaches to re-

construct full fields [e.g. Cook et al., 1999; Kaplan et al., 1998; Luterbacher et al., 2004;

Mann et al., 1998, 2008; Tingley and Huybers , 2010] or time-series [e.g. Kaufman et al.,

2009; Lee et al., 2008; Li et al., 2010; Moberg et al., 2005; Mann et al., 2008] of climate

variables. We use reduced-dimension reconstruction approaches, in which contemporary

patterns of variability are related to a sparse sampling of points to resolve full fields or

time-series of climate variables. Reduced-dimension approaches have been used to recon-

struct surface temperature [e.g. Luterbacher et al., 2004; Mann et al., 1998; Rutherford

et al., 2005], pressure [e.g. Luterbacher et al., 2002], and drought [e.g. Cook et al., 1999;

Zhang et al., 2004]. Evans et al. [2002] provide an example of a reduced-dimension SST

field reconstruction using δ18O proxy records from coral.

2. Data

Contemporary (1854-2013) gridded (2◦ by 2◦) monthly SSTs were obtained from the

NOAA NCDC Extended Reconstruction Sea Surface Temperature (ERSST) version 3b

dataset [Smith et al., 2008]. Contemporary (1949-2013) gridded (2.5◦ by 2.5◦) monthly
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zonal winds were obtained from NOAA NCEP-NCAR CDAS-1 Global Reanalysis [Kalnay

et al., 1996]. Monthly anomalies were calculated for each dataset using 1981-2010 clima-

tology. Monthly anomalies for SSTs and winds were then converted into annual averages

by averaging from May to the following April in order to capture the annual ENSO cycle.

Two common proxies for paleothermometry in the Pacific exploit magnesium-calcium

(Mg/Ca) ratios from foraminifera shells and alkenones (Uk
37) from coccolithophores to

infer SSTs. Numerous Mg/Ca and Uk
37 proxy records have been reported for the east

and west Pacific (see Leduc et al. [2010] for a review). At high temperatures, more Mg is

incorporated in the shells of foraminifera, and a ratio of Mg/Ca can be used to infer SSTs

back through time [e.g. Lea et al., 1999; Nürnberg et al., 1996]. Alkenones are a trans-

fat altered by cocclithophores, or algae, under various temperatures: lower temperatures

lead to an increasein the degree of unsaturation. The ratio of di- to tri-unsaturated

alkenones is used to create an Unsaturation Index named Uk
37 [e.g. Brassell et al., 1986;

Herbert , 2003]. The remains of foraminifera and coccolithophores sink to the bottom of

the ocean and are preserved in the sediment record. Mg/Ca (Table 1 and Figure 1) and

Uk
37 (Table 2 and Figure 2) SST records (Tables 1 and 2) were obtained from the archives

of NCDC (http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets) and

Pangaea (http://www.pangaea.de/).

Most proxy records listed in Tables 1 and 2 reach back to 10 ka, but some records

stop prior to 0 ka. All the records were generated at various resolutions of at least one

SST value per 1,000 years. In order to reconstruct 2, 4, 6, 8, and 10 ka snapshots of

the equatorial pacific SST and wind fields, each paleoceanographic record was smoothed
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(Figures 1) and 2) using a local polynomial method with a second order polynomial

and a local neighborhood consisting of 70% of the nearest data points [e.g. Loader et al.,

1996]. These records were then converted to SST anomalies using the climatological mean

temperature from ERSST at the grid-cell closest to the location of the proxy record.

3. Methodology

Our work is rooted in similar methodologies and assumptions to the work of [Mann

et al., 1998] who used a multi-proxy reduced-dimension approach to combine instrumen-

tal records with proxies from tree rings, ice cores, and corals to reconstruct global annual

temperature patterns over the past six centuries. We use a principal component analy-

sis (PCA) approach (Figure 3) to reconstruct SSTs and a canonical correlation analysis

(CCA) approach to reconstruct winds.

3.1. Principal Component Analysis (PCA) Reconstruction of SSTs

In PCA, multivariate space-time data is decomposed into orthogonal space-time compo-

nents via eigen-decomposition of the covariance matrix. These components, also referred

to as patterns or modes, are ordered based on the percentage of total variance that each

resolves. For most climatological datasets, the first few modes capture the majority of the

variance of the original data thus, reducing the dimension of the data. Using bold-faced

uppercase variables to denote matrices, with brackets used only when specifying the di-

mensions of the matrix, and lower-case bold-faced variables as vectors, the formulation

for a PCA is as follows:
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[X]NxG = [Y ]NxG[U ]GxG (1)

[Y ]NxG = [X]NxG[U ]TGxG (2)

where X is the matrix of the original data, Y is a matrix of principal components

(PCs), and U is a matrix of eigenvectors, N is the length of data at each location (i.e.

the number of times sampled), and G is the number of grid-points. U is considered

a transformation matrix, as it transforms the correlated data X into the orthogonal

Principal Component (PC) space of Y , or transforms the PCs back into the data-space.

In theory, the eigenvectors are obtained sequentially by solving a constrained optimization

problem. The first eigenvector, u1, is found such that ε1 = E[X −Xu1]
2 is minimized

and subjected to the orthonormality constraint of u1u
T
1 = 1. The subsequent eigenvectors

are obtained to minimize the residual mean squared errors. Thus the variance of all

the PCs sum to the variance of the original data. Von Storch and Zwiers [2001] give

details of PCA and other multivariate analysis techniques. In practice, eigenvectors are

obtained simultaneously by decomposing the covariance matrix into left-singular vectors

or eigenvalues (U), right singular vectors (V ) and a diagonal matrix of singular values

(λ). The application steps of this method to our reconstruction is described below and

shown as a flowchart (Figure 3).

3.1.1. Step (i)

Let T be an NxG matrix of contemporary average annual (May-Apr) SST anomalies

composed of 160 years of data (1854-2014) at each of 973 grid-points spanning the equa-
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torial Pacific from 10◦S to 10◦N and 100◦E to 60◦W (300◦E). A PCA is performed on T ,

such that:

[T ]NxG = [Y ]NxG[U ]GxG (3)

T =
G∑
i=1

λiyiui (4)

whereby T is decomposed into G orthogonal eigenvectors, U . For each ith eigenvector

or mode, we find an G-vector empirical orthogonal function (EOF) represented by ui and

an N -vector principal component (PC) represented by yi, which respectively describe the

spatial and temporal variability of that particular eigenvector. In addition, λi is a scalar

that provides the fraction of total variance of the original data that is resolved by the ith

mode. The first four EOFs (Figure 4a) and PCs (Figure 4b) explain almost 90% of the

total variance of the full field SST data (λ1 = 0.688, λ2 = 0.111, λ3 = 0.071, λ4 = 0.025).

3.1.2. Step (ii)

Let T † be a matrix of contemporary SST anomalies at the locations for which we have

proxy records (referred to as the ”limited field” hereafter), which makes it order NxP ,

where P is 26. A PCA is performed on T †, which similarly results in P orthogonal

eigenvectors U †, each with an P -vector u†i , N -vector y†i , and a scalar λ†i .

[T †]NxM = [Y †]NxM [U †]MxM (5)
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T † =
P∑
i=1

λ†iy
†
iu
†
i (6)

The first four modes (Figure 5) explain almost 95% of the total variance of the limited

field SST data (λ†1 = 0.782, λ†2 = 0.126, λ†3 = 0.022, λ†4 = 0.017)

3.1.3. Step (iii)

We performed the following steps for each of six reconstruction periods: 2, 4, 6, 8, and

10 ka. It should be noted that although there are 29 independent proxy records, there are

three locations at which the sediment core was analyzed for both Mg/Ca and Uk
37. For

those three cases in the multi-proxy reconstruction, the Mg/Ca records were kept, and

the Uk
37 records were ignored to maintain equal representation from each proxy in each

part of the Pacific. When removing the Mg/Ca records and keeping the Uk
37, however,

differences in the results were negligible. Using the smoothed proxy records, all 26 values

for, say, 10 ka are contained in matrix R of order 1 by P , where P = 26. R undergoes

eigenvalue decomposition by multiplying it with the eigenvalue transformation matrix U †

obtained from the limited field PCA in Step (ii):

[Y R]1xP = [R]1xP [U †]TPxP (7)

where Y R represents the PCs of the proxy SST values for 10 ka.

3.1.4. Step (iv)

For the reconstruction model, we use a few of the PCs of the limited field as predictors

to model each of the first few full-field PCs. The decision to keep a certain number of PCs

and predictors is somewhat arbitrary, but depends on the distribution of variance resolved
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across the modes. Although keeping more modes may increase the total resolved variance,

inclusion of too many PCs can introduce noise into the calculated fields. Given the

eigenvalue spectrum (EVS) of the full-field and limited-field λ-values (Figure 6), we were

faced with a few reasonable options in deciding how many limited-field predictor PCs to

use and how many full-field PCSs to reconstruct. First, we could limit the reconstruction

to only the dominant mode, or first PC (represented by the green points on Fig. 6). In

this case, we would model the first PC of the full field as a function of the first PC of the

limited field. As a second option, we could choose some percentage of resolved variance as

a threshold. If we choose PCs that resolve 10% or more of the variance, we would model

the first two PCs of the full field (green dot and orange dot in Fig. 6a) each as functions

of the first two PCs of the limited field (green dot and purple dot in Fig. 6b). If we chose

5% as a threshold, the number of predictors would remain the same, but we would now

model the first three PCs of the full field (green, orange, and purple dots in Fig. 6a).

A final option would be to use the “knee” in the eigenvalue spectra as thresholds. The

“knee” (purple points in Figure 6) of each EVS is located at the PC just before each noise

floor (grey points in Figure 6). Coincidentally, it turns out that using either 5% or the

“knee” as a threshold achieves the same combination of PCs (first three) and predictor

PCs (first two). Reconstructions of SSTs for each of these three scenarios were considered.

Using only the first PC of each did not reconstruct modern day SSTs well enough because

it omitted other important non-noise modes. Although the second (10% threshold) and

third (5% threshold, or “knee”) scenarios reconstructed both modern day and Holocene

SSTs similarly, we chose to use the latter to include the most possible PCs. Under this
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combination, the first three full-field PCs capture 87% of the full-field variance, and the

first two limited-field PCs capture 91% of the limited-field variance.

With this reasoning in mind, we model the first three PCs of the full field each as a

linear function of the first two PCs of the limited field:

y1 = f(y†1,y
†
2) y2 = f(y†1,y

†
2) y3 = f(y†1,y

†
2) (8)

The best linear regression model for each is identified via step-wise model selection

based on Bayesian Information Criterion.

3.1.5. Step (v)

We use the PCs of the proxy data Y R to reconstruct the first three PCs representative of

10 ka (ŷ1, ŷ2, ŷ3), and similarly for other times. The remaining G minus 3 reconstructed

PCs (ŷ4...G) are the means of the PCs from the full field (y4...G).

3.1.6. Step (vi)

Finally, we transform the reconstructed PCs into a field of reconstructed SST anomalies

via eigenvalue expansion, by multiplying by the original eigenvalue matrix from Step (i):

[T̂ ]1xG = [Ŷ ]1xG[U ]GxG (9)

Since T̂ is estimated using only the first few PCs, the reconstructed SSTs represent

only the dominant signal. Steps (ii-vi) are repeated for 8, 6, 4, and 2 ka.

Standard errors from the regressions in Step (iv) are used to generate 500 ensembles

of the first three PCs. 500 ensembles for each of the remaining PCs were created by

bootstrapping values from the original PCs at each grid point. The standard deviation of
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these ensembles provides an estimate of uncertainty. As these errors were similar across

the five reconstruction periods, we present the standard errors only from 2 ka in Figure

7. Standard errors are generally between 0.1-0.2◦C throughout the central Pacific, with

some errors reaching 0.3◦C immediately along the coast of South America. Present-day

variance is concentrated in the cold tongue of the eastern and east-central Pacific. In most

places, the standard errors are only a small fraction, <10%, of the present-day variance

(Figure 7).

3.2. Canonical Correlation Analysis (CCA) Reconstruction of Zonal Winds

The CCA-reconstruction method is quite similar to the PCA-based method depicted

in Figure 3 and described in Section 3.1. CCA, however, is preferred over standard

PCA in a scenario such as this where the patterns of one variable, e.g. SSTs, are being

used as predictors of patterns for a related variable, e.g. winds. This method is widely

used for multi-site forecasting of precipitation [e.g. Barnston, 1994; Barnston and Smith,

1996], temperature [e.g. Barnett and Preisendorfer , 1987; Barnston, 1994; Barnston and

Smith, 1996; Mo, 2003], streamflow [e.g. Salas et al., 2010], and SSTs [e.g. Barnston and

Ropelewski , 1992]. See Bretherton et al. [1992], Von Storch and Zwiers [2001], and Cherry

[1996] for details on CCA. Here, we use SST patterns to reconstruct zonal winds across

the equatorial Pacific. We choose to reconstruct zonal winds because in this region zonal

winds are much larger than meridional winds.

For the most part, the CCA method follows the PCA method described in Figure

3 through Steps (i-iii), and then differs from Step (iv) onward. For steps (i) and (ii),

T becomes a matrix of 1949-2013 zonal wind anomalies, which we will call Z, and T †
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remains a matrix of SST anomalies for the limited field. Since we only have 65 years of

zonal wind data, N is now 65. As before, a PCA on both of these fields results in:

[Z]NxG = [Y ]NxG[U ]GxG (10)

[T †]NxP = [Y †]NxP [U †]PxP (11)

where Y and U are the full field PCs and eigenvectors of the zonal winds (Figures 6c

and 8), and Y † and U † are still the limited field PCs and eigenvectors (Figures 5 and 6b).

Step (iii) is the same: the proxy data R are decomposed into PCs, Y R, by multiplying

by the limited field eigenvalues, U †.

At this point, NPC from Y and Y † are retained. Note that the numbers of full-field and

of limited-field PCs retained must be equal. It is also worth noting that since a canonical

correlation resolves the joint correlation between two PCs, it is acceptable to retain more

PCs than one typically does during a standard PCA reconstruction. In fact, for zonal

winds, keeping the first six PCs (NPC = 6), which involves keeping PCs below the “knee”

in Figure 6c, strengthened the model statistics (Section 3.3) and allowed us to account

for 85% of the full-field variance. A canonical correlation is performed between the two

to resolve the joint correlation between the two sets of PCs:

[Y ]NxNPC
= [S]NxNPC

[A]NPCxNPC
(12)
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[Y †]NxNPC
= [S†]NxNPC

[B]NPCxNPC
(13)

where A and B are now the canonical transformation functions, S and S† are NPC

pairs of canonical components (CCs), each of which explains more of the joint variance

than the next, and all of which are uncorrelated to each other. The CC of the full-field

are regressed against the corresponding CC of the limited field, such that:

sj = âj + βjs
†
j (14)

where j is 1 through NPC , and β̂ is the solution to the least squares optimization. The

first NPC reconstructed PCs of the full wind field Ŷ are obtained through expansion by

multiplication of first NPC proxy PCs with the full-field canonical transformation matrix

A and the β̂ solution to the regression:

[Ŷ ]1xNPC
= [Y R]1xNPC

[A]NPCxNPC
[β̂]NPCxNPC

(15)

We calculate the remaining G−NPC PCs (ŷ7...M) by taking the means of the PCs from

the full field. Finally, we obtain the reconstructed zonal winds Ẑ by eigenvalue expansion:

[Ẑ]1xG = [Ŷ ]1xG[U ]GxG (16)

We repeated this process for each of the six time periods (10, 8, 6, 4, and 2 ka).

Implicit in this approach are a few assumptions. First, we assume that the calibration

equations used by the authors of each proxy record represent the “best” calibration for
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that particular record. There are a number of calibration equations that can be used to

transform Mg/Ca or Uk
37 to SST. The “best” equation is typically chosen by considering

proxy type, location, dissolution effects (in the case of Mg/Ca), and sampling method.

We do not convert all records using the same calibration equation because we assume

that the authors of each proxy record have chosen the calibration equation that is most

appropriate for their particular record. Second, we assume that spatial patterns of the

proxy network are linearly related to spatial patterns in the contemporary period. Third,

we assume that the main patterns of variability that exist in the contemporary dataset

have not changed over the past 10 ka. Molnar and Cane [2002, 2007] show that ENSO

teleconnection patterns of present-day seems to have existed as far back as the early

Pliocene (∼ 5 Ma), suggesting that the major patterns of variability have not changed

significantly over the relatively short period of time considered in this analysis.

3.3. Calibration and Verification

To assess the reliability of the procedure above to reproduce contemporary SSTs and

zonal winds from the limited field contemporary SST data, we use the ‘resolved variance’

statistic β, given by:

β = 1 −
∑

(y − ŷ)2∑
y2

(17)

where y is the contemporary data and ŷ is the reconstructed data for the full period of

each dataset (1854-2014 for SST, 1949-2013 for winds). We compute this statistic at each

grid-point over the reconstruction domain (Figure 9, top). For a perfect fit, one would

expect β = 1, and for two random series, one would expect β = -1. Across most of the
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reconstruction region, β is greater than 0.6 for both SSTs and zonal winds. The lowest

β-values are found over the central Pacific for SSTs and over the landmasses in the west

and east Pacific for zonal winds.

We also correlated data and calculated values at each grid-point, and plot maps of the

squared correlation coefficient, R2 (Figure 9, bottom). For SSTs, the east and west Pacific

show the highest correlations, which we should expect, as those areas provide the SST

data for the reconstruction. The western “cold tongue” region of the east-central Pacific,

where there are no data, shows correlations greater than or equal to 0.5. The lowest

correlation region for SSTs is the west-central Pacific with values of 0.2-0.3. For zonal

winds, the R2 values are largest in the central Pacific, which is perhaps not surprising, as

the central Pacific winds depend on SSTs at either end of the Pacific. As with the β-test,

the worst performance for winds is seen over continental landmasses east and west of the

Pacific.

For additional calibration, we compare the actual and reconstructed SST and zonal

wind fields for the anomalous ENSO years of 1988-1989 (strong La Niña with standardized

SST anomalies of -1.5◦C in the NINO3 index region of 150◦W - 90◦W and 5◦S - 5◦N) and

1997-1998 (strong El Niño with standardized NINO3 index SST anomalies of +2.8◦C). For

1988-1989, the model captures anomalies slightly cooler than -1◦C, which are not as cold

and do not extend as far westward as the actual anomalies seen during this particular La

Niña year (Figure 10, top). The reconstructed zonal wind pattern for this year follows a

similar shape to that of actual zonal winds, with strongly negative anomalies (strengthened

easterlies) across the central Pacific and into the western Pacific north of the equator, with

D R A F T July 15, 2015, 3:42pm D R A F T



GILL ET AL.: MULTI-PROXY HOLOCENE SST FIELD RECONSTRUCTION X - 17

positive anomalies over the Indonesian archipelago (Figure 11, top). The reconstruction

captures the two regions of highest negative anomalies (-3.5 m s-1 for the central Pacific

and -2.5 m s-1 for the western Pacific), but switches the magnitudes in the reconstruction.

The negative anomalies in winds over the far eastern Pacific off the coast of South America

are not captured by the reconstruction, which is consistent with the relatively low β- and

R2- values seen in that region (Figure 9).

The magnitude and spatial pattern of anomalous SSTs is reconstructed better for the

strong El Niño year of 1997-1998 (Figure 10, bottom) than for 1988-1989. Consistent

with actual warming, the reconstructed “warm tongue” extends just west of the dateline,

the greatest magnitude of warming, which is off the coast of Peru in the far eastern

Pacific, reaches approximately +3.5◦C, and the distribution of temperatures within the

reconstructed “warm tongue” closely resemble those of the observed SSTs. It is likely

that the failure of the limited-field model to capture La Niña and El Niño SST anomalies

across the entire Pacific is due to the restricted locations of the proxy records. The cold

La Niña anomaly of 1988-1989 is centered in the east-central Pacific, where there are no

proxy records. The maximum warm anomaly of the 1997-1998 El Niño, however, is located

in the far eastern Pacific, which the paleoceanographic data sample well. Reconstructed

winds for the El Niño year are arguably better than those for the La Niña year as well. The

spatial patterns resemble one another, but the magnitude of the maximum reconstructed

easterlies is underestimated by about 1 m s-1.

For model verification, we train the PCA and CCA models using only the most recent

data (1980-2013) and withhold the data from earlier periods (1854-1979 for SST, 1949-1979
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for winds). Then, we reconstruct the fields from the earlier epoch using each respective

model. As expected, the distribution of β and R2 statistics (Figure 12) show smaller

values than the calibration statistics for the complete data sets (Figure 9), but the regions

that were reconstructed best during the calibration experiments (Figure 9) match those

reconstructed best in the verification test (Figure 12). For SSTs, the training model

reconstructs the earlier period everywhere except the west-central Pacific and areas near

10◦S and 10◦N in the central Pacific. For zonal winds, the central Pacific is the only region

that is reconstructed using the training model. These patterns are consistent across both

the β and R2 statistics.

4. Multi-proxy Reconstruction of SSTs and Zonal Winds

We reconstruct full-field SSTs and zonal winds for 10, 8, 6, 4, and 2 ka using the

multi-proxy approach described above (Figure 13). We choose not to reconstruct 0 ka

since many of the proxy records do not extend to 0 ka and extrapolation of late Holocene

SST trends introduces bias, especially in the east. Instead, we provide the mean present-

day state (1854-2013 for SSTs and 1949-2013 for zonal winds) as reconstructed using the

limited-field data (Figure 13). The multi-proxy SST reconstructions show the far-eastern

Pacific to have been a maximum of -1◦C cooler than today at 10 ka, along with a cooler

(-0.8◦C) “cold tongue” extending to about 140◦E at 10 ka. The western Pacific was -

0.6◦C cooler for the same time period. From 10 to 6 ka, conditions changed little, both

in magnitude and location, with the exception of a slight warming in the west and west-

central Pacific. By 4 to 2 ka, the majority of the region had warmed by 0.4-0.6◦C since

10 ka. The present-day reconstructions show small cool anomalies of 0.4C throughout
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the Pacific. Recall that anomalies in Figure 13 are relative to the 1981-2010 climatology

of each variable.

The multi-proxy reconstruction of winds (Figure 13) reveals maximum easterlies (large

negative zonal winds) at 10 ka, which is also the period of lowest SSTs in the east-

ern Pacific, consistent with increased easterlies seen during present-day La Niña events.

Consistently throughout the reconstructions, the zone of strongest easterlies is centered

around 140◦W. Easterlies are strongest at 10 ka, as much as 8 m s-1 stronger than present.

Between 8 and 2 ka, the difference between past and present winds decreases and the lo-

cation of the maximum difference moves eastward. Present-day reconstructions of zonal

winds show the weakest easterlies of the Holocene (only -1 m s-1) concentrated in the

east-central Pacific.

The zonal difference in SSTs from west to east is also of interest, as some [e.g. Koutavas

et al., 2006] have argued that an “enhanced zonal gradient” characterized the early- to mid-

Holocene Pacific. To quantify such gradients, Table 3 provides various indices throughout

the Pacific (WPAC, NINO4, NINO3.4, NINO3, and NINO1+2) as well as difference indices

(TNI and WTNI). The domain used in calculating each index is depicted in Figure 14

and provided in the notes of Table 3. The TNI index quantifies the zonal SST difference

by subtracting NINO4 from NINO1+2. NINO4, however, is farther east than all of

the western proxy records. For this reason, we also report a difference index called the

WTNI, which is calculated by subtracting the WPAC (120◦E - 180◦E and 4◦S to 4◦N)

from NINO1+2. Although the period of maximum eastern Pacific cooling was 10 ka, both

6 and 10 ka appear to have had the largest zonal difference in SSTs with -0.36 ± 0.29◦C
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and -0.33 ± 0.30◦C, respectively (Table 3a). The next largest zonal difference occurs at 8

ka (-0.25◦C ± 0.29◦C). From 4 to 2 ka, the zonal difference was only -15◦C ± 0.28◦C.

A comparison of reconstructed SST values with proxy SST anomalies from the western

(Figure 15) and eastern (Figure 16) Pacific reveals better matches at some locations than

others, which we quantify with the residual sum of squares (RSS) in the top right of each

scatterplot. Recall that the first two modes of the limited field were used as predictors of

SSTs. Eigenvalues from the first and second modes under each scatterplot help explain

why some proxy records are replicated better than others. These eigenvalues correspond

to those plotted in the first two maps of Figure 5. Although not always the case, high

RSS values, and hence poor fits, can often be attributed to low EOF values assigned to

those locations, which suggests that these data contributed little to the reconstructed SST

fields.

For the first mode (Figure 5, EOF no. 1), the signal is dominated by the east Pacific,

with eigenvalues of much greater magnitude than those from the west Pacific (note the

low EOF1 values on all of the west Pacific scatterplots of Figure 15). Of all the locations

in the east Pacific, the three most northern records (proxy no. 11, 22, and 23) have the

lowest EOF1 values, and of these, records 11 and 23 have high RSS values. Proxy no. 22,

despite a low EOF1 value, is reconstructed quite well (RSS = 1.49◦C2). The two records

with the lowest RSS values (RSS = 0.9◦C2), proxy no. 27 and 14, have two of the highest

EOF1 values.

The second mode EOF no. 2 (Figure 5) is dominated by records from the western

Pacific (note the low EOF2 values on the east Pacific scatterplots of Figure 16). It
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is important to remember, however, that the second mode explains only 12.6% of the

limited-field variance (as compared to 78.2% by the first mode). Nevertheless, only 3

out of 15 reconstructions for the west Pacific show RSS values greater than 10◦C2, which

suggests that reconstructions match proxy records better in the west than in the east, for

which RSS >10◦C2 for 5 of 11 reconstructions.

5. Sensitivity to Proxy Type

Although Mg/Ca and Uk
37 both provide reconstructions of SSTs, they differ in method-

ology and calibration. Furthermore they are produced by two different groups of organisms

that may each reflect biases related to season of production, depth habitat, water column

stratification, and preservation [Leduc et al., 2010]. It is clear from Figures 1 and 2 that

for a given location, records based on different proxies are not always consistent, but also

within proxy type. In a case for which there are many records, a reduced-dimension re-

construction approach is particularly beneficial, assuming that biases across the various

proxy reconstructions cancel out. By combining all records, this method extracts common

features across the proxies and allows for a robust reconstruction of the most dominant

patterns of variability. Additionally, including all the proxy records together allows for

wider coverage in both space and time, than if one were to reconstruct using only one

proxy type. For these reasons, we recommend the multi-proxy approach. We recognize,

however, that comparing a reconstruction based only on Mg/Ca with one based only on

Uk
37 provides a test of the sensitivity of proxy type to the multi-proxy reconstruction. All

15 records listed in Table 1 were used in the Mg/Ca-only reconstruction (Figure 17, top),

D R A F T July 15, 2015, 3:42pm D R A F T



X - 22 GILL ET AL.: MULTI-PROXY HOLOCENE SST FIELD RECONSTRUCTION

and all 14 records listed in Table 2 were used in the Uk
37-only reconstruction (Figure 17,

bottom).

SST reconstructions based on either Mg/Ca or Uk
37 show negative anomalies throughout

10-2 ka, and weak negative anomalies for the present-day 1854-2013 period. They differ,

however, in magnitude and timing of cold anomalies. First, for Mg/Ca, the coldest

eastern equatorial SST anomalies occur in a well-defined “cold tongue” pattern at 6 ka,

which is also the period of largest zonal difference in SSTs of -0.77◦C ± 0.30◦C (Table

3b). For Uk
37, however, maximum eastern equatorial cooling occurs at 10 ka. The zonal

difference during this time is slightly positive, though, since larger negative anomalies are

seen in the western Pacific (Table 3c).

Second, the evolution of SSTs in the west Pacific is strikingly different: In the Mg/Ca

reconstruction, the western Pacific cold anomalies are always smaller than those of the

eastern Pacific, but in the Uk
37 reconstruction, west Pacific cold anomalies is almost always

as large as and sometimes larger than those of the eastern Pacific. This characteristic in

the Uk
37 reconstruction is inconsistent with a typical La Niña-like SST configuration, where

the western Pacific is warmer than the eastern Pacific, and is also inconsistent with model

results for the early- to mid-Holocene [Liu et al., 2000; Otto-Bliesner et al., 2003; Zheng

et al., 2008].

Lastly, only the Uk
37 reconstruction shows warmer eastern equatorial SSTs during 2 ka

than present-day. This would be consistent with marine records Koutavas et al. [2006];

Tudhope et al. [2001] and sediment records Moy et al. [2002]; Rodbell et al. [1999] that have
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suggested an abrupt return of ENSO variability (i.e. more El Niños and thus, warmer

eastern equatorial SSTs) at around 2 ka.

6. Discussion

We apply PCA-based and CCA-based reduced-dimension reconstructions of the full

field of SSTs and ENSO variability during the past 10 ka. Using a limited spatial field

of 26 locations provides enough data to resolve the major patterns of variability for the

entire Pacific SSTs and most of the central Pacific zonal winds.

For the multi-proxy reconstruction, the period with the coolest eastern equatorial Pacific

(-1◦C) and strongest easterly winds (-8 m s−1) across the central Pacific occurred at 10

ka, with similar patterns, but gradually decreasing magnitudes persisting until 6 ka. By

4 to 2 ka, the Pacific remained in a state cooler than present, but with SST anomalies

around 6 to -4 ◦C.

Assuming decreased ENSO variability is consistent with an enhanced La Niña-like state,

the timing of maximum cooling in these findings is consistent with the timing recon-

structed by both [Rodbell et al., 1999] and [Moy et al., 2002], who used records of sed-

imentation in lakes in Ecuador to infer ENSO variability over the past 15 and 12 ka,

respectively, and who showed an increasing occurrence of ENSO following 7 ka along with

a low frequency of ENSO events prior to that. Additionally, in a comparison of east and

west Pacific proxy SST reconstructions, Koutavas et al. [2006] claimed that the period

of an enhanced zonal gradient across the Pacific, and thus, an enhanced La Niña-like

state, existed from 11 ka until 5 ka. [Clement et al., 2000], who used an orbitally forced

model to reconstruct ENSO variability during the past 12 ka, found that the amplitude of
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ENSO events increased from 10 ka to present, but that both the amplitude and frequency

increased during the latter half of that period. Our reconstructions are consistent with

this if one assumes that increased ENSO amplitude and frequency would result in warmer

anomalies during the mid- to late-Holocene.

Koutavas et al. [2006] emphasized the role of the zonal difference between the east

and west Pacific that helped create persisting La Niña conditions, and they inferred that

although the enhanced zonal SST difference lasted from 11-5 ka, it was strongest at 6 ka.

This calls attentino to the importance of considering not only periods of greatest cooling,

but also the periods when the SST difference between eastern and western Pacific was

greatest. As noted in Table 3a, the zonal difference in the multi-proxy reconstructions

was largest at 6 and 10 ka. This timing coincides well with the timing suggested in

the multi-proxy reconstructions: (1) the largest zonal difference, and presumably lowest

ENSO variability, occurs at 10 and 6 ka, (2) between 10 and 6 ka, the zonal difference

decreases slightly, but remains ”La Niña-like,” and (3) the late Holocene (4 to 2 ka) show

only small negative zonal differences.

The PCA and CCA based methods offer several advantages: they are conceptually sim-

ple, and have a well-developed theoretical foundation and rich history of application to cli-

mate field reconstructions. They are, however, limiting in other ways: the reconstructions

are based on only linear projections, quantification of uncertainty in the reconstructions

can be unwieldy and, it is not straightforward to incorporate uncertainty information of

the proxy data. Emerging Bayesian Hierarchical Modeling framework offers attractive
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alternatives to addressing these limitations, especially in estimating uncertainties in a

robust manner by including data and model uncertainties.
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Figure 1. Maps of western and eastern Mg/Ca based SST records. The second row provides

raw SST time series as calibrated by the authors listed in Table 1. The third row provides the

records smoothes by a second order local polynomial method with a local neighborhood of 70%

nearest data points.
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Figure 2. Maps of western and eastern Uk
37 based SST records. The second row provides raw

SST time series as calibrated by the authors listed in Table 1. The third row provides the records

smoothes by a second order local polynomial method with a local neighborhood of 70% nearest

data points.
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Figure 3. Flow chart of principal component analysis approach used for the multi-proxy SST

reconstruction. The steps are given for producing SSTs representative of 10 ka. Steps (iii− vi)

are repeated for 8, 6, 4, and 2 ka.

D R A F T July 15, 2015, 3:42pm D R A F T



GILL ET AL.: MULTI-PROXY HOLOCENE SST FIELD RECONSTRUCTION X - 39

EOF no.1

-1
0

0
10

PC no.1

1854:2013

pc
s[

, i
]

EOF no.2

-1
0

0
10

PC no.2

1854:2013

pc
s[

, i
]

EOF no.3

-1
0

0
10

PC no.3

1854:2013

pc
s[

, i
]

EOF no.4

-1
0

0
10

100 140 180 -140 -100 -60

PC no.4

pc
s[

, i
]

1854 1874 1894 1914 1934 1954 1974 1994 2014

EOF no.4

-0.10 -0.05 0.00 0.05 0.10

Figure 4. This figure provides the EOFs and PCs of the four leading modes of the PCA

performed on the full field of equatorial Pacific annually averaged (May to April) SSTs obtained

from the 1854-2013 2◦ x 2◦ ERSST dataset [Smith et al., 2008]. The first four eigenvectors

account for 68.8%, 11.1%, 7.1%, and 2.5%, respectively, of the total variability in the full field

SST data.
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Figure 5. This figure is the same as Figure 4, but for the limited field of equatorial Pacific

annually averaged (May to April) SSTs obtained from the 1854-2013 2◦ x 2◦ ERSST dataset

[Smith et al., 2008]. The first four eigenvectors account for 78.2%, 12.6%, 2.2%, and 1.7%,

respectively, of the total variability in the limited field SST data. The radius of each circle is
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Figure 6. Eigenvalue spectrums (EVS) for the (a) full SST field (1854-2013), (b) limited

SST field (1854-2013), and (c) full zonal wind field (1949-2013). The limited SST field consists

of contemporary SSTs only at locations for which there exists either Mg/Ca or alkenone SST

records. The green points represent the variance explained by the first mode of each field. The

purple dots represent the variance explained at the knee, which is the point just before the noise

floor (represented by the grey dots). The orange dot on the full field EVS represents the mode

that would be included in the model if the threshold for variance resolved was at least 10%.

Description of how these are used to determine the number of retained PCs and predictors used

in the model is provided in the text under Section 3.1.
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Figure 7. (a) Variance of 1854-2013 observed SSTs and (b) standard error SST map for 2 ka.

The standard error map was produced by using the standard errors from the model regression

and generating 500 ensembles of the first three PCs. The remaining PCs were bootstrapped from

the original PCs to complete ensembles for each grid-point. This map is similar to those for other

time periods reconstructed.
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Figure 8. EOFs and PCs of the six leading modes of the PCA performed on the full field

of equatorial Pacific annually averaged (May to April) zonal winds obtained from the 1949-2013

2.5◦ x 2.5◦ NCEP-NCAR Reanalysis [Kalnay et al., 1996]. The first four eigenvectors account

for 41.3%, 28.0%, 7.0%, and 4.9%, respectively, of the total variability in the full field zonal wind

data.
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Figure 9. Model calibration statistics for the PCA-based SST model and the CCA-based zonal

wind model showing the skill of the models in reconstructing each contemporary dataset (1854-

2013 for SSTs and 1949-2013 for zonal winds). The β-statistic represents the resolved variance

captured by the reconstructed contemporary data. The R2 provides the correlation between the

observed contemporary data and the reconstructed contemporary data.
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Figure 10. Actual and reconstructed SST anomalies (◦C) for 1988-1989 (a strong La Niña

year) and 1997-1998 (a strong El Niño year).
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Figure 11. Actual and reconstructed zonal wind anomalies (m s-1) for 1988-1989 (a strong La

Niña year) and 1997-1998 (a strong El Niño year).
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Figure 12. Model verification performed by training the model on 1980-2013 data, and using

that model to validate SSTs and zonal winds from the period prior (1854-1979 for SSTs and

1949-1979 for zonal winds). The β- and R2-statistics are used once again to quantify model skill.
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Figure 13. Multi-proxy reconstructed SSTs and zonal winds for 10, 8, 6, 4, and 2 ka. The

top panel of each provides a reconstruction of present-day SSTs (1854-2013) and zonal winds

(1949-2013) using the limited-field data.
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Figure 14. Regions used for the various ENSO indices reported in Table 3.
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Figure 15. Scatterplots the each original proxy record from the western Pacific (blue) along

with the reconstructed SST values for the grid-point nearest each record (orange). A nominal

error value of ±1◦C is shaded in light blue around each proxy record. Standard errors from the

reconstruction model are plotted as orange whiskers. Proxy numbers in the upper left correspond

to the numbers in Tables 1 and 2 and Figures 1 and 2. The residual sum of squares is provided

to quantify how closely the reconstructed SSTs match the proxy SSTs. Recall that the first two

PCs of the limited field were used as predictors for the PCA-based reconstruction model. The

first two eigenvalues are written on the lower part of each scatterplot.
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Figure 16. Same as Figure 15 but for eastern Pacific records.
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Figure 17. Single proxy reconstructions of 10, 8, 6, 4, and 2 ka SSTs using only Mg/Ca proxies

(top) and Uk
37 proxies (bottom). The top panel of each provides a reconstruction of present-day

(1854-2013) SSTs using the limited-field data.
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Table 1. A list of the Mg/Ca-based proxy records from the western and eastern equatorial

Pacific used in the SST and zonal wind reconstruction.
Record # Core Lat Lon Calibration Reference

Western Equatorial Pacific (Figure 1, left)
1 MD98 - 2176 -5.00 133.45 Nürnberg et al. [1996] Stott et al. [2004]

2 MD98 - 2181 6.30 125.83 Nürnberg et al. [1996] Stott et al. [2004]

3 MD98 - 2162 -4.69 117.90 Hastings et al. [2001] Visser et al. [2003]

4 MD01 - 2390 6.64 113.41 Dekens et al. [2002] Steinke et al. [2008]

5 MD97 - 2141 8.80 121.30 Rosenthal and Lohmann [2002] Rosenthal et al. [2003]

6 MD97 - 2138 * 1.25 146.14 de Garidel-Thoron et al. [2005] de Garidel-Thoron et al. [2007]

7 ODP - 806b 0.32 159.35 Lea and Martin [1996] Lea et al. [2000]

8 MD98 - 2165 -9.65 118.34 Dekens et al. [2002] Levi et al. [2007]

9 MD98 - 2170 -10.59 125.39 Nürnberg et al. [1996] Stott et al. [2004]

10 MD06 - 3067 6.51 126.50 Anand et al. [2003] Bolliet et al. [2011]

Eastern Equatorial Pacific (Figure 1, right)
11 ODP - 1242 7.86 -83.61 Anand et al. [2003] Benway et al. [2006]

12 TR163 - 22 0.52 -92.40 Dekens et al. [2002] Lea et al. [2006]

13 ODP - 1240 0.02 -86.45 Dekens et al. [2002] Pena et al. [2008]

14 V21 - 30 * -1.22 -89.68 Dekens et al. [2002] Koutavas et al. [2006]

15 V19 - 28 * -2.51 -84.65 Dekens et al. [2002] Koutavas et al. [2006]
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Table 2. A list of the Uk
37-based proxy records from the western and eastern equatorial Pacific

used in the SST and zonal wind reconstruction.
Record # Core Lat Lon Calibration Reference

Western Equatorial Pacific (Figure 2, left)
16 SO139 - 74KL -6.54 103.83 Conte et al. [2006] Lückge et al. [2009]

17 GIK 17964 6.16 112.21 Müller et al. [1998] Pelejero et al. [1999]

18 GIK 18252-3 9.23 109.38 Pelejero and Grimalt [1997] Kienast et al. [2001]

19 GIK 18287-3 5.65 110.65 Pelejero and Grimalt [1997] Kienast et al. [2001]

20 MD97 - 2151 8.72 109.87 Pelejero and Grimalt [1997] Zhao et al. [2006]

21 MD97 - 2138 * 1.25 146.14 Prahl et al. [1988] de Garidel-Thoron et al. [2007]

Eastern Equatorial Pacific (Figure 2, right)
22 MD02 - 2529 8.21 -84.12 Sonzogni et al. [1997] Leduc et al. [2007]

23 KNR176 - JPC32 4.85 -77.96 Prahl et al. [1988] Pahnke et al. [2007]

24 V19 - 27 -0.47 -82.67 Prahl et al. [1988] Koutavas and Sachs [2008]

25 ME0005A - 24JC 1.50 -89.68 Prahl et al. [1988] Kienast et al. [2006]

26 V21 - 30 * -1.22 -89.68 Prahl et al. [1988] Koutavas and Sachs [2008]

27 V19 - 30 -3.38 -83.52 Prahl et al. [1988] Koutavas and Sachs [2008]

28 RC11 - 238 -1.52 -85.82 Prahl et al. [1988] Koutavas and Sachs [2008]

29 V19 - 28 * -2.51 -84.65 Prahl et al. [1988] Koutavas and Sachs [2008]
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Table 3. Reconstructed SST anomalies for various NINO indices.

ka BP
Single Indices Trans-Pacific Indices

WPAC NINO4 NINO3.4 NINO3 NINO 1+2 TNI WTNI
a. Multi-proxy Reconstruction

10 -0.64 ± 0.13 -0.65 ± 0.18 -0.72 ± 0.17 -0.81 ± 0.17 -0.97 ± 0.27 -0.33 ± 0.33 -0.33 ± 0.30
8 -0.59 ± 0.13 -0.58 ± 0.18 -0.63 ± 0.18 -0.71 ± 0.17 -0.84 ± 0.26 -0.26 ± 0.32 -0.25 ± 0.29
6 -0.48 ± 0.13 -0.57 ± 0.18 -0.67 ± 0.18 -0.74 ± 0.17 -0.84 ± 0.26 -0.27 ± 0.32 -0.36 ± 0.29
4 -0.56 ± 0.12 -0.52 ± 0.18 -0.54 ± 0.17 -0.60 ± 0.17 -0.71 ± 0.26 -0.18 ± 0.31 -0.15 ± 0.28
2 -0.44 ± 0.13 -0.46 ± 0.18 -0.50 ± 0.18 -0.54 ± 0.17 -0.60 ± 0.27 -0.14 ± 0.33 -0.16 ± 0.30

b. Mg/Ca-only Reconstruction
10 -0.12 ± 0.12 -0.41 ± 0.18 -0.58 ± 0.17 -0.61 ± 0.17 -0.57 ± 0.26 -0.16 ± 0.32 -0.44 ± 0.29
8 -0.14 ± 0.12 -0.45 ± 0.17 -0.65 ± 0.17 -0.69 ± 0.17 -0.67 ± 0.26 -0.22 ± 0.31 -0.52 ± 0.29
6 -0.16 ± 0.13 -0.57 ± 0.18 -0.84 ± 0.17 -0.91 ± 0.17 -0.93 ± 0.27 -0.37 ± 0.32 -0.77 ± 0.30
4 -0.46 ± 0.12 -0.59 ± 0.18 -0.73 ± 0.17 -0.81 ± 0.17 -0.91 ± 0.25 -0.31 ± 0.31 -0.45 ± 0.28
2 -0.34 ± 0.13 -0.47 ± 0.19 -0.57 ± 0.18 -0.62 ± 0.18 -0.65 ± 0.27 -0.18 ± 0.33 -0.31 ± 0.30

b. Uk
37-only Reconstruction

10 -1.52 ± 0.15 -1.07 ± 0.22 -0.91 ± 0.24 -1.05 ± 0.23 -1.42 ± 0.31 -0.36 ± 0.38 +0.09 ± 0.35
8 -1.28 ± 0.14 -0.85 ± 0.20 -0.67 ± 0.22 -0.77 ± 0.22 -1.04 ± 0.29 -0.19 ± 0.35 +0.24 ± 0.32
6 -1.04 ± 0.14 -0.67 ± 0.20 -0.48 ± 0.20 -0.55 ± 0.20 -0.73 ± 0.28 -0.07 ± 0.33 +0.32 ± 0.29
4 -0.82 ± 0.13 -0.52 ± 0.19 -0.36 ± 0.18 -0.39 ± 0.18 -0.51 ± 0.26 +0.02 ± 0.33 +0.32 ± 0.29
2 -0.58 ± 0.13 -0.41 ± 0.19 -0.24 ± 0.18 -0.20 ± 0.18 -0.14 ± 0.27 +0.27 ± 0.33 +0.45 ± 0.30

a Single indices are calculated by averaging the mean SST anomaly over the following regions:

WPAC (120◦E to 160◦E, 4◦S to 4◦N), NINO4 (160◦E to 190◦E, 4◦S to 4◦N), NINO3.4 (190◦E to

240◦E, 4◦S to 4◦N), NINO3 (210◦E to 270◦E, 4◦S to 4◦N), NINO1+2 (270◦E to 280◦E, 10◦S to

0◦). Note that typically, NINO4, NINO3.4, and NINO3 are averaged over 5◦S to 5◦N, but the

ERSST dataset used in this study is gridded only for every 2◦, and we therefore average over 4◦S

to 4◦N.TNI is calculated as NINO1+2 minus NINO4. WTNI is calculated as NINO1+2 minus

WPAC.
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