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Abstract Understanding the mechanisms behind any changes in the climate system often requires
establishing the timing of events imprinted on the geological record. However, these proxy records are
prone to large uncertainties, which may preclude meaningful conclusions about the relative timing of
events. In this study, we put forth a framework to estimate the uncertainty in phase relationships inferred
from marine sedimentary records. The novelty of our method lies in the accounting of the various sources
of uncertainty inherent to paleoclimate reconstruction and timing analysis. Specifically, we use a Monte
Carlo process allowing sampling of possible realizations of the time series as functions of uncertainties in
time, the climate proxy, and the identification of the termination timing. We then apply this technique to
15 published sea surface temperature records from the equatorial Pacific to evaluate whether we observed
any significant changes in the termination timing between the east and the west. We find that the
uncertainty on the relative timing estimates is on the order of several thousand years and mainly stems from
age model uncertainty (90%). However, even small differences in mean termination timings can be detected
with a sufficiently large number of samples. Improvements in the dating of sediment records provide an
opportunity to reduce uncertainty in studies of this kind.

1. Introduction

The most striking features of the climate of the late Quaternary are the repeated changes between glacial
and interglacial periods. However, the mechanisms behind these large reorganizations of the climate system
are sill poorly understood (Paillard, 2015, for a review and references therein). Two main theories have been
put forward to explain these cycles: (1) the astronomical (Milankovitch) hypothesis and (2) a geochemical
hypothesis, which highlights the active role of atmospheric CO, (Paillard, 2015). A central question of climate
science has been to quantify the respective roles of the insolation forcing and of greenhouse gases changes
(Paillard, 2015). Settling this question will require a better understanding of the physical mechanisms leading
to the terminations as well as a better handle on the phase relationship with estimates of the lead or the lag
between various components of the climate system (Billups, 2015; Denton et al., 2010; Saikku et al., 2009; Stott
et al,, 2007; Waelbroeck et al., 2001). Proxy reconstructions can help distinguish among different proposed
mechanisms and test paleoclimate models; however, a proper accounting of the uncertainty associated with
these records is crucial to assess the significance of any observed differences.

Paleoclimate studies present a unique challenge in the estimation of uncertainty since both errors in the age
and the reconstructed parameter need to be accounted for. Traditionally, these errors have been reported
separately, a process which may overestimate/underestimate the actual errors associated with the reconstruc-
tion since it does not take into account the time sampling of the data. Furthermore, the assumption that the
uncertainties can be described as random and independent is often not justified. For instance, the interpo-
lation scheme in between age control time points is a source of dependent uncertainties. In other words,
stratigraphic constraints need to be preserved in the estimation of uncertainty. To this end, a variety of tech-
niques based on Monte Carlo simulations and Bayesian statistics have been developed and used by the ice
core community (e.g., Mudelsee, 2000; Parrenin et al., 2013; Réthlisberger et al., 2008; Schmitt et al., 2012),
in sea level studies (e.g., Grant et al.,, 2012; Kopp et al., 2009; Rohling et al., 2014; Sambridge, 2016; Stanford
etal., 2011), in reconstructions of past climate variability (e.g., Hoffman et al., 2017; Khider et al., 2015, 2014;
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Marcott et al., 2013; Marino et al.,, 2015; Shakun et al.,, 2012; Tierney & Tingley, 2014; Thirumalai et al., 2016),
and in age modeling (e.g., Blaauw & Christen, 2011; Breitenbach et al., 2012; Comboul et al., 2014; Haslett &
Parnell, 2008). Here we present an example of how such techniques can be applied to the analysis of proxy
data from marine sediment cores. Marine sediments can provide long and continuous archives of ocean con-
ditions; however, they present further challenges in the estimation of uncertainty since multiple processes can
affect the signal in both age and the reconstructed parameter. These include sedimentation rate changes, bio-
turbation, and sediment distortion due to coring. Therefore, it is important to use methodologies specifically
designed for marine sedimentary archives when estimating the uncertainty in these records.

1.1. Glacial Terminations

The current preferred paradigm to explain glacial terminations involves the collapse of the Northern
Hemisphere ice sheets in response to summer insolation and its effect on the Atlantic Meridional Overturning
Circulation (AMOC) (Denton et al., 2010). However, this hypothesis has been called into question by paleo-
records, which suggest that tropical sea surface temperatures (SST) led continental ice volume changes
(e.g., Lea et al., 2006; Visser et al., 2003). The role of surface ocean conditions in the tropical Pacific in influ-
encing the global climate on interannual and decadal timescales further prompted the hypothesis that the
tropical Pacific could play an active role in controlling climate on longer timescales (Broecker & Clark, 2003;
Cane, 1998; Clement & Cane, 1999a; 1999b; Pierrehumbert, 2000; Seager & Battisti, 2007), perhaps through
hydrological changes and theirimpacts on the energy budget (Clement & Peterson, 2008), through changes in
the mass balance of the Northern Hemisphere ice sheets (Rodgers et al., 2003; Yin & Battisti, 2001), or by exert-
ing a direct control on the thermohaline circulation (Latif et al., 2000; Schmittner & Clement, 2002; Schmittner
et al., 2000).

Distinguishing between these competing hypotheses requires an analysis of the timing of SST changes dur-
ing glacial terminations (Billups, 2015) between the North Atlantic and the tropical Pacific as well as within
the tropical Pacific itself. Many modern climate changes around the globe have been forced from the tropical
Pacific through various SST and convection patterns (Seager & Battisti, 2007). Because the dominant pattern
of interannual tropical climate variability is the El Nifo—Southern Oscillation (ENSO), this particular SST pat-
tern has often been invoked to explain the paleorecord on millennial and longer timescales (e.g., Conroy et al.,
2010; Koutavas & Lynch-Stieglitz, 2003; Koutavas et al., 2002; Mann et al., 2009; Stott et al., 2002). Although
there is modeling evidence (e.g., An et al., 2004; Clement & Cane, 1999a; Otto-Bliesner et al., 2003; Zhang
etal., 2008) for orbital changes in ENSO behavior, the spatial pattern of abrupt climate change does not follow
the ENSO blueprint, suggesting that an ENSO-like mean state of the tropical Pacific cannot adequately pro-
vide a mechanism through which the tropics can affect a global climate response at the glacial terminations
(Seager & Battisti, 2007). However, changes in the distribution and strength of tropical convection are capa-
ble of affecting midlatitude wind regimes, propagating the deglaciation signal throughout the globe (Lee &
Kim, 2003; Son & Lee, 2005). These mechanisms would leave distinct SST patterns across the tropical Pacific,
with differences in the timing of SST changes in the eastern (EP) compared to the western Pacific (WP). For
instance, an El Nifo-like signature (e.g., Koutavas et al., 2002) would manifest as a rise in SST in the EP before
the WP while changes in tropical convection (Lee & Kim, 2003) do not require a differential warming within
the tropical Pacific.

Furthermore, although recent work has focused on the last glacial termination when independent,
radiocarbon-based chronologies can be developed (e.g., Koutavas et al., 2002; Stott et al., 2007; Timmermann
etal., 2014), any conclusions about a tropical role in orbital climate change should hold for other terminations
as well. Because absolute dating using radiocarbon dating techniques is limited to the last ~40 kyr, relative
age models produced by stratigraphic alignments are one of the most common age modeling techniques
applied beyond this time frame (Govin et al., 2015; Lang & Wolff, 2011; Shackleton, 1967). This is particularly
true for marine sedimentary records. The question then becomes the following: Are these proxy reconstruc-
tions precise enough to establish phase relationships among various components of the climate system in
order to shed more light on possible mechanisms leading to the glacial terminations?

Here we seek to evaluate whether relative age dating can be used to assess phase relationships among various
components of the climate system by testing the tropical Pacific hypothesis using a conceptual framework
for the determination of phase relationships, and most importantly their significance, among time-uncertain
proxy SST records. This framework allows sampling renditions of the time series based on the uncertainty in
age (Lin etal,, 2014) and the temperature proxy (Khider et al., 2014). Although the use of Monte Carlo sampling
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is not a new concept in the estimation of uncertainty in paleoceanographic reconstructions, a probabilistic
alignment algorithm was not available until recently. Furthermore, we quantify the relative contributions of
the various sources of uncertainty, which can be used to identify ways to improve future estimates of phase
relationships.

2. Methods

2.1. Data

The timing of glacial terminations across the tropical Pacific (defined here as the latitudinal band from 30°S
to 30°N) was assessed from 15 published SST records (Table 1). The SST records were selected based on four
criteria: (1) SSTs were derived from either Mg/Ca of the planktonic foraminifer Globigerinoides ruber or the U’;;
proxy, (2) the resolution of the records was at least 2.5 kyr on average, (3) the records were at least 100 kyr long,
and (4) a benthic 6'0 record was available for age modeling purposes (section 2.2.1). The 15 data sets are
distributed equally between the EP and WP. Our database includes 5 Mg/Ca and 10 U’;; records, allowing an
assessment of proxy biases on the timing of the glacial terminations. Since the age model for the MD05-2920
record (WP, Table 1; Tachikawa et al., 2014) could be derived from two benthic curves based on Uvigerina
peregrina and Cibicidoides wuellerstorfi, respectively, we treated the SST time series as two distinct records.
Here we used the SST time series obtained from the alignment based on U. peregrina as the reference to infer
the relative termination timing across the tropical Pacific. Because both time series have a similar temporal
resolution (0.15 kyr) and similar number of data points (n = 242 for the series based on Uvigerina peregrina and
n = 234 for the series based on Cibicidoides wuellerstorfi), choosing one record over the other as the reference
should not affect the analysis. Comparing the relative termination timing between the two alignments for
MDO05-2920 further allows testing the sensitivity of our technique to the various sources of uncertainty, which
are detailed in the following section.

2.2. Uncertainty Quantification

The uncertainty associated with the timing of the glacial terminations includes the uncertainty in the age
model, the uncertainty in the SST reconstruction, and the uncertainty in timing of SST changes, which we
assessed based on change points. To take into account these various sources of uncertainty in our estimates of
the relative timing of the glacial terminations in the EP and the WP, we used a Monte Carlo approach (n = 1,000
trials), in which we created possible realizations of the time series (Khider et al., 2014), which are a function of
the uncertainties in the benthic 6’0 alignment in abscissa and analytical and calibration errors in ordinates.
The timing of glacial terminations, that is, the change point, was then assessed on each Monte Carlo realization
of the time series. A review of each of these sources of uncertainty and their treatment in the Monte Carlo
scheme is described below and illustrated in Figure 1.

2.2.1. Age Model

The age model for each of the records considered in this study was based on the alignment to the global
benthic §'80 stack of Lisiecki and Raymo (2005, hereafter LR04) using a Hidden Markov model probabilistic
alignment algorithm (HMM-Match) (Lin et al., 2014). The advantage of this algorithm over the more tradi-
tional manual, qualitative comparison (Prell et al., 1986; Shackleton et al., 2000) or deterministic algorithms
(e.g., Huybers & Wunsch, 2004; Lisiecki & Lisiecki, 2002; Martinson et al., 1987) is its ability to sample directly
and exactly from the distribution of ages given the data and to use these samples to construct 95% confi-
dence bands for the alignment by considering the probability of every possible alignment based on its fit to
the 6'80 data (the emission model, which is based on benthic §'80 residuals) and transition probabilities for
sedimentation rate changes (Lin et al., 2014). Since the emission model and transition probabilities are mod-
eled for marine sediment cores, alignment to ice core or speleothem chronologies is not possible at this time.
Here we considered each of the 1,000 alignments returned by the algorithm as a possible age model for the
Monte Carlo time series. The benthic 6’80 alignments for each of the records considered in this study along
with their estimated uncertainties are presented in the supporting information.

The HMM-Match uncertainty does not include the absolute uncertainty in the age of the LR04 stack, which
does not need to be considered for the determination of the relative timing. However, relative age modeling
requires the assumption that the deglacial onset of benthic 580 changes are globally synchronous and can,
therefore, directly be derived from the LR04 global stack. A review of seven regional benthic §'80 stacks with
independent radiocarbon age models suggests that the termination onset occurred ~1 kyr later in the inter-
mediate Pacific (1000-2000 m water depth) than in the deep Pacific (Stern & Lisiecki, 2014). Since the records
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Table 1

SST Records Considered in This Study

Name Lon °E Lat °N Water depth (m) Period (kyr) Res (kyr) Age Cl (kyr) Proxy Reference
LPAZ-21P —109.5 23.0 624 1-236 1.3 8.7 Uls(; Herbert et al. (2001)
MDO05-2920 144.5 -2.9 1,843 0-388 0.7 5.0 Mg/Ca Tachikawa et al. (2014)
MDO06-3067 126.5 6.5 1,575 4-158 0.4 1.6 Mg/Ca Bolliet et al. (2011)
ODP1143 1133 9.4 2,272 0-403 1.7 9.2 Ug; Cheng et al. (2004); Li et al. (2011)
ODP1146 116.2 19.5 2,091 5-400 2 4.5 U’3‘/7 Herbert et al. (2010)
ODP1012 -1184 323 1,783 2-400 1.2 5.1 U’3"7 Brierley et al. (2009)
ODP1145 117.6 19.6 3,175 2-143 0.5 4.1 Mg/Ca Oppo and Sun (2007)
ODP846 -90.8 -3.1 3,296 4-400 25 6.3 UI3"7 Lawrence et al. (2006)
TR163-19 -91.0 23 2,348 0-361 1.7 5.9 Mg/Ca Lea et al. (2002, 2006)
TR163-19 -91.0 23 2,348 0-36 1.7 5.9 U’3‘/7 Dubois et al. (2009)
TR163-22 -924 0.5 2,830 1-135 0.3 2.1 Mg/Ca Lea et al. (2006)
MJ0005A-27JC -82.8 -19 2,203 3-163 0.8 34 U’;’7 Dubois et al. (2009)
MD97-2151 109.9 8.7 1,598 1-145 0.1 2.1 UI3‘/7 Zhao et al. (2006)
MD06-3075 125.9 6.5 1,878 0-115 0.4 25 U’3‘/7 Fraser et al. (2014)
ODP1239 —-82.1 -0.7 1,414 0-500 1.6 6.1 Uk Rincon-Martinez et al. (2010)

Note. We use the MD05-2920 record with the age model based on U. peregrina as reference to calculate the relative timing of the terminations. For long records,
only the first 300 kyr of record was used and aligned for computation speed. Lon: Longitude, Lat: Latitude, Res: Resolution, Cl: 95% confidence interval width.

considered in this study include cores extending across this boundary, we will also evaluate the relative timing
of SST changes based on the intermediate and deep sites, respectively (section 3.2.2).

2.2.2, Sea Surface Temperature

SSTs for the records used in this study were derived from either the G. ruber Mg/Ca or the Ug; proxy. We
considered two sources of uncertainty in the SST estimates: the analytical uncertainty on the Mg/Ca or U’;’7
measurements, which we assumed to be normally distributed and independent from sample to sample, and
the uncertainty in the calibration equation, which would affect a group of measurements similarly (i.e., only
one equation is used to obtain SSTs for each downcore record). We combined these sources of uncertainty in
the Monte Carlo simulations using Bayesian inference, which allowed us to enumerate possible solutions for
the calibration equation (Khider et al., 2015). Bayesian statistics is a framework permitting inferences on the
uncertain parameters (in this case, the coefficients of the calibration equation), which can be updated as new
information (data) becomes available. Bayes’ rule takes the form

z(unknowns | data) « f(data | unknowns) - z(unknowns)

The term z(unknowns | data) represents the probability of the unknown given the data and is called the pos-
terior distribution; f(data | unknowns) is the likelihood of the data given the unknowns; and z(unknowns)
is the prior information of the unknowns, which encode previous information about the unknowns avail-
able before the current data have been analyzed. For the Mg/Ca and U’B‘; calibration models considered here,
the unknowns represent the regression coefficients. Following the original studies referenced in Table 1,

- Bayesian

LR0O4 HMM-Match Change Point
~— °  SawmPLE AGES Combine Algorithm Build CDF

Benthi TERMINATION

gflo'c SST Tive SAMPLE REFERENCE COMPARE
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SampPLE SST /
Mg/Ca
or U, < Bayesian

Calibration

Figure 1. Monte Carlo scheme for the estimation of relative termination ages and associated uncertainty.

KHIDER ET AL.

LEAD/LAG UNCERTAINTIES 4



@ AG U Paleoceanography 10.1002/2016PA003057

22

Hottom
204 |y

181 18—1
16 T o ; 0 16 4t - 0

T T T

T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Age (kyr B.P.) Age (kyr B.P.)

Sea Surface Temperature (°C)
Sea Surface Temperature (°C)

T
(]
[6)]
Auigeqold
T
o
(6]
Aungeqoud

Figure 2. (left, top) Five Monte Carlo renditions of the SST time series (illustrated in different colors) for the reference
record MD05-2920, whose age model was based on U. peregrina (Tachikawa et al., 2014). The Monte Carlo rendition
takes into consideration the uncertainty in age from the HMM-Match alignment and the uncertainty in SST, including
analytical and calibration errors. (left, bottom) The curves correspond to probability of a change point occurring at each
time point for each of the Monte Carlo renditions. Tall, thick spikes indicate relative certainty in the timing of a change
point, while shorter and wider peaks indicate more uncertainty (Ruggieri, 2013). (right, top) Median (thick black curve)
and 95% confidence interval (shaded area) SST reconstruction for the reference MD05-2920 record inferred from the
1,000 Monte Carlo simulations. (right, bottom) One thousand posterior distributions obtained from the Bayesian change
point algorithm. The red vertical bars correspond to the Termination age range considered for the phase calculation.

we assumed that Mg/Ca and U’;; are only affected by SST changes and we, therefore, only considered a
one-parameter exponential and linear model, respectively. A more detailed discussion of the methodology
can be found in the supporting information (Conte et al., 2006, 1998; Kienast et al., 2012; Prahl et al., 1988; Prahl
& Wakeham, 1987; Sadekov et al., 2009; Sonzogni et al., 1997). A discussion about the validity of this assump-
tion is presented in section 3.2.1. Details about the Bayesian calibrations are provided in the supporting
information and follow the same mathematical basis described by Khider et al. (2015). The result of this exer-
cise is the generation of 1,000 Monte Carlo SST series, which can then be paired with the 1,000 age models
obtained independently as described in section 2.2.1 to create the Monte Carlo realizations of the time series.
The Monte Carlo time series were considered independent of each other and therefore contributed equally
in the assessment of the terminations timing (Figure 1).

2.3. Change Point Detection

We defined the timing of the glacial terminations as the change point in the SST records. A change point
identifies when the probability distribution of a time series changes. In this particular instance, we define the
termination as a regime shift in SST. To identify the change point in each Monte Carlo realization of the time
series, we used the Bayesian Change Point algorithm by Ruggieri (2013) and Ruggieri and Lawrence (2014).
This algorithm objectively assesses the uncertainty in both the number and location of change points. Here
we used linear models to describe each substring of the Monte Carlo SST time series. We restricted the analysis
to the first 300 kyr of record (or the entire length for shorter records) and set the maximum number of change
points in any given Monte Carlo record to 10, with a spacing of at least 10 kyr between change points. The
Bayesian Change Point algorithm returns the probability of a change point being selected at each time point
(Figure 2), drawing 500 samples for each of the 1,000 SST series. Tall, thin spikes indicate relative certainty
in the timing of the change point while small, broad pikes indicate a larger uncertainty in the timing of the
glacial terminations.

The change point analysis not only returned changes at the deglaciation but also identified other change
points in the records. For instance, the transition out of MIS5e (~115 kyr B.P)) in the example record shown in
Figure 2 is also identified as a change point. Therefore, we limited the analysis to the spikes that correspond
to increases in SST coincident with changes in benthic 580 identified in LR04 as transitions from glacial to
interglacial (Lisiecki & Raymo, 2005). The targeted intervals for each record are given in Table 2 and illustrated
by red bars in Figure 2 and the supporting information. Although the record from ODP1012 spans Termination
II, we could not identify the change point corresponding to prior information on the timing of this termination
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;;:il:gzof the Terminations as Observed in the Sea Surface Temperature Records
Termination | Termination Il Termination llI

Age range Tl timing Age range Tl timing Age range TIll timing
Name Proxy (kyr B.P) (kyr B.P, 95% Cl) (kyr B.P) (kyr B.P, 95% Cl) (kyr B.P) (kyr B.P, 95% Cl)
MD05-2920 (ref) Mg/Ca 11-22 16 (15-18) 125-145 131(129-133) 240-255 246 (244-249)
MD05-2920 Mg/Ca 11-24 17 (16-20) 125-145 131 (129-134) 235-255 243 (241-246)
TR163-19 Mg/Ca 10-25 17 (14-23) 125-150 132 (130-136) 235-255 249 (244-254)
ODP1145 Mg/Ca 12-20 15 (14-15) 122-135 131 (130-132)
MD06-3067 Mg/Ca 18-23 21 (20-23) 120-140 130 (127-133)
TR163-22 Mg/Ca 12-22 16 (16-19)
LPAZ-21P U’3"7 9-35 13(12-21) 125-165 134 (132-142)
ODP1146 U’;; 12-25 17 (15-21) 118-135 129 (123-130)
ODP1143 U’3‘; 10-50 22(18-31) 125-175 134 (132-136) 235-255 242 (239-247)
ODP846 U’;’7 11-40 20(16-33) 122-150 135(131-138)
ODP1012 U’;; 20-35 27 (25-28) 240-255 246 (245-247)
TR163-19 U’3‘; 10-30 13(12-17) 130-150 133 (130-137)
MJ0005A-27JC Uk 10-14 13(12-14)
MD97-2151 U’3‘; 11-18 13(12-16) 130-138 136 (133-138)
MDO03-3075 U’;; 11-30 16 (12-23)
ODP1239 Uk 10-30 16 (13-20) 130-150 134 (133-136) 234-254 242 (242-246)

Note. The age range refers to the time interval targeted for analysis, while the timing represents the inferred timing (median 95% confidence interval in parentheses)
returned through our Monte Carlo analysis.

Sample Record Reference Record Sample-Reference
1 ......... | 1 ......... Lo oo a 10 -1 ......... Lo pa a1
20.2 kyr 18.0kyr | 3.94 kyr
0.9+ - 0.94 - 0.94 -
0.8 - 0.8 - 0.8+ -
Z 0.7 - 2 0.7 o 0.7 -
g ] 2 £
§ 067 - § 067 - §0.6- -
o 1 o 1 [ = [
c 05 17.1 kyr c 05 16.40 kyr T 05 0.77 kyr
S S =
T ] I S
£ 0.4 - S 0.4 - 5 0.4 -
€ E ] g
P 0.3 - 2 0.3 -~ 0.3 -
0.2 - 0.2 - 0.2 -
0.1+ - 0.1+ - 0.14 L
159 kyr T 1 15.50 kyr | 1 -1.31 kyf
0 . 0 e 0 ~
10 20 30 10 20 30 -20 0 20
Age (ky B.P.) Age (ky B.P.) Age (ky B.P.)

Figure 3. (left) Cumulative probability distribution of the absolute Termination | timing in the MD05-2920 record (age
model based on C. wuellerstorfi). (middle) Cumulative probability distribution of the absolute Termination | timing in the
reference MD05-2920 record (age model based on U. peregrina). (right) Cumulative probability distribution on the
Termination | timing difference between the MD05-2920 record (age model based on C. wuellerstorfi) and the reference
MD05-2920 record (age model based on U. peregrina). The horizontal lines and numbers in each panel indicate the
median termination timing and associated 95% confidence interval.
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Figure 4. (top row) Median relative glacial termination timing as a function of water depth. The relative timing was
assessed in reference to the MD05-2920 record (age model based on U. peregrina). The filled symbols represent records
from the WP, while the empty symbols represent records from the EP. Triangles: SSTs inferred from U’3"7 Circles: SSTs
inferred from Mg/Ca. The squares represent the average timing difference in the WP (filled) and EP (empty) inferred from

both Mg/Ca and U’3‘/7 records. The error bars represent the standard error on the mean and only includes the uncertainty

associated with local environmental factors. (bottom row) Same as top with 95% confidence limits inferred from the
Monte Carlo trials. These error bars take into consideration the uncertainty in age, SST, and change point but not the
uncertainty associated with local environmental factors.

and we, therefore, omitted this record for Termination Il. The change point probability across all Monte Carlo
simulations was used to determine the cumulative probability distributions (CDF) of termination ages in each
record, including the reference record (Figure 3). The absolute median termination timing and its associated
95% confidence interval were then directly inferred from the CDF (Table 2). Because the absolute age is prone
to errors in the LR0O4 curve, we calculated the difference in absolute ages between a particular record and the
reference record (WP core MD05-2920, age model based on the benthic curve obtained from U. peregrina) for
each of the glacial terminations and propagated the associated uncertainty in this estimate. A positive number
(Figure 4) indicates that the termination in a particular record occurred before the termination in the reference
record. A full mathematical description of the phase calculation is provided in the supporting information.

3. Results and Discussion

The median and 95% confidence intervals on the relative timing of the glacial terminations for the 15 records
considered here range from —4.5 kyr to 10.2 kyr (mean: 0 kyr) and from 2.8 kyr to 18.3 kyr (mean: 7.3 kyr),
respectively (Figure 4, Table 3, and supporting information). This large uncertainty is not unexpected and
reflects the errors in age, SST, and change point detection. In section 3.1, we explore the relative contribution
of these sources of uncertainty for the determination of the relative timing of glacial terminations to provide
some guidelines on how to improve the precision of the estimates in future studies. We find no significant rela-
tionship among the median timing of Termination | and Il between the eastern and western tropical Pacific
(Figure 4). We do not have a sufficient number of records for Termination Ill to estimate the significance of the
results, which are presented in the supporting information. We performed Mann-Whitney U tests to assess
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Lae':il:zr? (and 95% Confidence Interval Width in Kiloyears) Relative Glacial Termination Timing

Name Proxy Termination | Termination Il Termination Il
MDO05-2920 Mg/Ca 0.77 (5.26) 0.3 (5.47) —3.22 (6.71)
TR163-19 Mg/Ca 0.38(9.83) 0.95 (7.68) 2.43(9.87)
ODP1145 Mg/Ca —1.61(2.85) —0.01 (4.11)

MDO06-3067 Mg/Ca 4.8 (3.49) —1.19 (6.89)

TR163-22 Mg/Ca 0.08 (4.22)

LPAZ-21P Uk ~3.55(10.36) 3.62(10.48)

ODP1146 U’S(; 0.29 (7.42) —-2.19(8.31)

ODP1143 UI;; 5.72 (13.66) 2.75 (5.46) —4.5(9.06)
ODP846 Uk 4.06(18.27) 3.94(7.57)

ODP1012 U’;; 10.16 (4.29) —0.56 (5.66)
TR163-19 Uk -3.27(6.39) 2.03 (8.05)

MJ0005A-27JC Uk —3.23(3.04)

MD97-2151 U’;; —3.69 (4.43) 5.23(5.58)

MD03-3075 Uk 0.11(10.50)

ODP1239 U’;7 0.33(8.27) 2.9(3.88) —4.20 (6.89)

Note. The relative timing was assessed in reference to the MD05-2920 record with the age model based on U. peregrina.

the significance of the differences in mean. We could never reject the null hypothesis that two samples come
from the same population at the 5% significance level. The more traditional t test, which requires the distribu-
tion to be Gaussian, returned the same answer. The results of these significance tests are not surprising given
the large uncertainty associated with each record. The large disparity in the timing among cores from the same
geographical area could also reflect (1) additional controls on the SST proxy records, which would bias one
paleothermometer compared to the other, (2) age biases across different water masses (Stern & Lisiecki, 2014),
and/or (3) random noise in the climate system such as localized coastal dynamics or differential preservation
at the seafloor. In section 3.2, we investigate the contribution of these various factors.

3.1. Timing Uncertainty

The average total uncertainty on the phase relationship across all the records considered here is 7.5 kyr at
Termination |, 6.7 kyr at Termination Il, and 7.4 kyr at Termination Ill (Figure 4 and supporting information). In
this study, we have considered three main sources of uncertainty on the proxy records: the alignment to the
LR04 benthic curve (i.e., the age uncertainty), the uncertainty in the SST reconstruction, and the uncertainty
in the change point detection. Each of these sources of uncertainty was propagated into the reported 95%
confidence interval.

Because most of the uncertainty in SST is associated with calibration and thus dependent from one sample
to the next, we hypothesized that the calibration does not introduce a significant uncertainty in the timing
error. To test this hypothesis, we repeated our analysis on the proxy records themselves without conversion to
SST but allowing for the white noise resulting from analytical uncertainty, which influences the change point
detection (Figure 5). We find that conversion to SST does not affect the overall uncertainty and this step can
be omitted in the future for computation purposes.

Therefore, the uncertainty reported in this study mainly stems from age model uncertainty and the change
point detection, itself dependent on the age model. The age uncertainty resulting from the alignment to the
LRO4 curve through the HMM-Match algorithm, expressed as the 95% confidence interval, varies from 0.9 kyr
to 10 kyr at the glacial terminations. The large range of uncertainty found among the different records is
mainly a function of the resolution of the data (supporting information; Lin et al., 2014). In fact, the correlation
between the average resolution of a record and the mean age uncertainty is 0.71 (p value < 0.01, Table 1).

The impact of age model uncertainty on the determination of the phase relationship is especially appar-
ent in MD05-2920 (Figure 3) since the age models were derived from two distinct benthic curves based
on different species routinely used in paleoceanographic studies but the termination timing was assessed
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Figure 5. Cumulative probability distribution on the (left) Termination I, (middle) Termination Il, and (right)

Termination IIl timing difference between the MD05-2920 record (age model based on C. wuellerstorfi) and the reference
MD05-2920 record (age model based on U. peregrina) using the data converted to SST (solid line) and the raw Mg/Ca
(dashed line). The calibration does not introduce a large uncertainty in the phase relationship determination, and the
conversion to SST can be omitted for computational speed.

on the same SST series. The median phase relationship of SST (95% confidence interval width given in paren-
thesis) as assessed by independently aligning the §'80 from two benthic species in the same core is 0.8 kyr
(5.3 kyr) at Termination |, 0.3 kyr (5.5 kyr) at Termination Il, and —3.2 kyr (6.8 kyr) at Termination Ill. Since the
benthic curves were generated at similar resolution, the age uncertainty is similar for both records and is prop-
agated in the 95% confidence interval on the phase. However, our calculation suggests that the process of
aligning a benthic curve to the LR04 curve can create an apparent phasing of up to 3 kyr that is independent
of SST proxy or local climate variability and reflects the uncertainty associated with benthic §'80 (for instance,
analytical uncertainty, bioturbation, and/or infaunal versus epifaunal signal). The larger bias and uncertainty
at Termination lll reflects not only the greater uncertainty in the alignment (supporting information) but also
the lower resolution of the data, perhaps associated with stretching of the core at the top (Skinner & McCave,
2003), and the lower signal-to-noise ratio at Termination Ill.

The average age uncertainty across all records considered in this study at Termination | is lower (2.8 kyr) than
at Termination Il and Termination Ill (4.5 kyr and 5.5 kyr, respectively), which mainly indicates the availabil-
ity of high-resolution records at Termination I. For most of the records presented here, the measurements
for the temperature proxies were made at a higher resolution than their benthic 580 counterparts, perhaps
reflecting the focus of the original studies on SST reconstructions. However, increasing the SST resolution at
the expense of the benthic curve used for age modeling may be counterproductive for studies that aim to
understand timing differences among various records.

The last source of uncertainty is in the location of the change points corresponding to the glacial termina-
tions, itself dependent on age model uncertainty. In order to evaluate the relative contribution of these two
sources of uncertainty on the overall timing, we used Shannon entropy which is a measure of uncertainty in
information theory. In information theory, entropy represents the uncertainty associated with a message. If
the message is close to random, then its entropy increases. This measure has three advantages: (1) it can be
estimated directly for the joint probability distribution of two or more variables or samples drawn from these
distributions; (2) it directly accounts for the dependence and thus the correlation between variables; and
(3) it is a very well-established measure of uncertainty (Cover & Thomas, 1991; Shannon, 1948). A full math-
ematical description is given in the supporting information. We find that age uncertainty represents 76% to
nearly 100% of the total uncertainty (Figure 6). We find no significant relationship between the absolute age
uncertainty and its relative contribution to the total uncertainty (r = 0.3, p > 0.05). However, the contribution
of age uncertainty to the overall uncertainty at Termination | is lower than at Termination Il and Ill. Termina-
tion lis also characterized by an overall lower age uncertainty. We hypothesize that the increased contribution
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Figure 6. Relative contribution of age (black) and change point (grey) uncertainties on the overall error of the (top)
Termination |, (middle) Termination I, and (bottom) Termination Il timing. The dashed line separates Mg/Ca and U’B‘;

records.

of change point uncertainty at Termination | reflects the relative shortness of the Holocene, which in turns
affects the linear models used in the change point algorithm (Ruggieri, 2013). This source of uncertainty is
often ignored in paleoclimate studies, but we have demonstrated here that it can have an impact on the
interpretation of phase relationships in the climate system.

3.2. Biases
3.2.1. Temperature Proxy Biases

Using a compilation of records based on the Mg/Ca and U37, Timmermann et al. (2014) suggested an earlier
deglaciation signal for Termination | in Mg/Ca records compared to U’;; records. This is especially apparent
in records from the EP in their original study. They attributed these different termination onsets to seasonal
biases among the proxies. Differences between the two proxy reconstructions may be spatially system-
atic, affecting all the tropical Pacific records similarly. For instance, disparate ecological constraints on the
proxy-producing organism (namely, seasonality; e.g., Laepple & Huybers, 2013; Leduc et al,, 2010; Lohmann
et al., 2013; Schneider et al., 2010; Timmermann et al., 2014) would bias the deglacial response to insolation
changes toward a particular season. Similarly, secondary environmental factors such as the effect of salinity
on the incorporation of Mg into the foraminiferal calcite lattice (e.g., Honisch et al., 2013; Khider et al., 2015;
Kisaktrek et al., 2008; Lea et al., 1999) may create a systematic bias in the timing estimates from Mg/Ca and
U’;; arising from global ice volume changes.

However, random processes can also play a large role in the overall uncertainty. Lateral transport through
oceanic current (Ohkouchi et al,, 2002), postdepositional influences on Mg/Ca (Regenberg et al., 2014), and
U’s‘; (Gong & Hollander, 1999; Hoefs et al., 1998), and the water depth at which the temperature signal is
being recorded are examples of random processes that would create disparate conditions in the world ocean,
adding random noise to our estimates. For instance, since G. ruber is a symbiont-bearing foraminifer and
alkenones are produced by photosynthetic coccolithophorids, these proxies should register the temperature
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of the photic zone. In oceanic regions where the photic zone extends below the surface mixed layer, the sedi-
mentary signal may not strictly represent SST but rather a composite temperature of the mixed layer and the
thermocline (e.g., Miller et al., 1998; Prahl et al., 2006).

We find no statistically significant biases associated with the use of the Mg/Ca or U’B"7 proxies (Figure 4). The
TR163-19 core, in which both proxies have been measured (Table 1), further allows testing for the consistency
of termination timing offsets between the two proxies, independent of age model errors. At Termination |, the
Mg/Ca-based SST yields a deglacial onset earlier than alkenone-based SST by 3.7 kyr. On the other hand, at
Termination ll, the alkenone-based SST record leads the deglacial onset in Mg/Ca by 1.0 kyr. The discrepancy
between the two terminations results from noise associated with the different proxies, including the effect
of local environmental factors on the proxies (e.g., ocean currents), and represents an additional source of
uncertainty not accounted for in our model. Therefore, we conclude that the systematic errors affecting the
Mg/Ca and alkenone proxies are smaller than the random noise within each proxy in our database (n = 15).
Identifying and possibly accounting for the biases between the two SST proxies awaits a larger database.
3.2.2. Water Mass Bias

A recent study by Stern and Lisiecki (2014) suggests that the deglacial onset of benthic §'80 changes are not
globally synchronous, with ~1 kyr lag in the intermediate Pacific (1000-2000 m water depth) compared to
the deep Pacific. However, this estimate is sensitive to the identification method, which was different than
the one employed here. In their original study, Stern and Lisiecki (2014) defined the glacial termination onset
“as the first stacked 6'80 point that is at least 0.1%o lighter than the maximum §'80 value” rather than using
the change point algorithm by Ruggieri (2013). Applying the Bayesian methodology to the regional stacks
returns a similar termination timing in the deep and intermediate Pacific (supporting information). A plot of
the median termination timings for each record as a function of depth (Figure 4) does not show any significant
correlation between timing and water depth (r = 0.08, p value = 0.78 for Termination | and r = —0.09, p
value = 0.78 for Termination Il). Because we found a very weak and insignificant correlation between depth
and timing in these data, there is no reason to attempt to control for this factor in our analysis.

3.3. Timing of SST Changes in the Tropical Pacific

Averaging over all the available records should lead to a more precise estimate of the termination timing dif-
ference between the WP and EP. The average difference in the median Termination | timing between records
from the WP and the reference MD05-2920 record is 0.9 + 3.3 kyr, where the uncertainty is expressed as
the standard error on the mean. Repeating the calculation for the EP records suggests an average timing
difference of —0.7 + 2.8 kyr with the reference record, resulting in an average phase between the WP and
EP of 1.6 + 4.3 kyr. Since the 95% confidence band widely overlaps 0, there is no evidence in these combined
records to support the hypothesis of earlier SST change in the WP than in the EP. Repeating our calculation
for Termination Il and Termination Ill yields phase estimates of —1.9 + 3.0 kyr and —3.1 + 3.4 kyr, respectively.
The finding of confidence limits widely overlapping 0 and in the opposite direction of Termination | shows no
support of the hypothesized lead of WP over EP.

Based on the Mann-Whitney U test and t test, we cannot reject the null hypothesis that the data sets are
the same at the 5% significance level. Therefore, the change in the relationship between the EP and the WP
at Termination | compared to Termination Il and Termination Ill does not hold any climate significance. The
large uncertainty in our estimates prevents any conclusions about the phase relationship between the EP
and WP at the terminations on millennial timescales. Since the random sources of uncertainty dominate the
overall uncertainty, increasing the size of the database, especially with high-resolution records which tend to
carry a lower age uncertainty, would lead to better estimates of relative termination timing across the tropical
Pacific. This is especially true for Terminations Il and Il to be able to test whether the tropical Pacific response
is consistent across several glacial terminations.

Assuming that there should be a difference in the termination timing between the WP and EP and that our
estimate of the uncertainty expressed as the error on the mean is an accurate approximation of the actual vari-
ance, then we can calculate the number of samples (i.e., records) needed to achieve an accuracy of 1,000 years
using the formula o7 = ”—Sn where o} represents the total standard deviation, o5 is the sample standard devi-
ation (i.e., £3.3 kyr), and n is the number of records (n = 7 in the WP at Termination I). We find that we would
require 77 records of the same resolution as the records comprising the current data set to determine the
relative timing of a termination within 1,000 years (305 samples for a precision of 500 years). However, if the
tropical Pacific plays an important role during termination, then the assumption that the phase relationship
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between the WP and EP is constant across all terminations should be valid. Therefore, the number of individ-
ual records needed for such an estimate decreases to n = 25 for records spanning three glacial-interglacial
cyclesand to n = 20 for records spanning four cycles. These results clearly indicate the need forimprovements
in the technology for estimating the ages of stratigraphic records.

3.4. Caveats

In this study, we modeled terminations using linear models for each substring. While these represent a rea-
sonable first-order assumption, improved models of glacial-interglacial changes such as a sawtooth model
may reduce uncertainty in the change point aspect of our work. Réthlisberger et al. (2008) used RAMPFIT
(Mudelsee, 2000) to identify the termination but had to allow for exceptions to model some terminations. For
instance, an idealized sawtooth model may not be able to capture the cooling in Marine Isotope Stage (MIS) 7,
which is a real feature of the climate system. This may lead to biased estimates at Termination lll. Furthermore,
this model may be inappropriate for SST records that exhibit a slower warming trend than would otherwise
be implied in an abrupt termination model such as the warming for Termination Il in cores MD06-3067 (Figure
S25), ODP1145 (Figure S33), or TR163-19 (Figure S41). Finally, the sawtooth model would have to account for
the lower frequency variability superimposed on the glacial-interglacial cycle (e.g., core TR163-19, Figure S41).
Therefore, our simple linear model should be appropriate to estimate the termination timing in SST records
from the tropical Pacific. Furthermore, since most of the uncertainty is associated with age, improving upon
the change point model would only have a limited effect on the overall precision.

HMM-Match assumes a constant variance in benthic §'80 over the full alignment interval. The use of prob-
abilistic models that provide more specific estimates of variance by garnering information from multiple
records should help reduce uncertainty in the assignment of age. Such models are a probabilistic extension
of the model used to build the LR04 stack, and we await these developments.

Better constraints on the timing of Termination | should be possible through the use of radiocarbon dating. To
examine this, we created an age model for cores where *C AMS ages were available using the Bchron Bayesian
software (Haslett & Parnell, 2008). This analysis shows age uncertainty comparable to, if not greater than,
the uncertainty associated with HMM-Match (supporting information). Furthermore, a recent study (Timmer-
mann et al., 2014) showed that the onset of Termination | in Mg/Ca records from the EP occurred on average
~2 kyr prior to the onset in alkenone records from the same region. This estimate is within the uncertainty of
the phase relationship among the two proxies inferred in this study for Termination I. The age models for the
sedimentary records referenced in the Timmermann et al. (2014) study were based on radiocarbon dating,
suggesting that the two techniques yield similar results.

Exact calculation of probability distributions using a forward-backward algorithm, which are possible with
HMM-Match and the Bayesian Change Point algorithm, would eliminate uncertainty stemming from Monte
Carlo sampling. However, we expect only a small improvement from this because the large 1,000 samples
used in this work will be close to the exact solution obtained by forward-backward values.

4, Conclusions

We investigated the relative timing of the last three glacial terminations in the EP and the WP using 15 pub-
lished records of SST variability inferred from either the G. ruber Mg/Ca or U’3"7 paleothermometers. The novelty
of our study is in the quantitative assessment of the various sources of uncertainties inherent to paleoceano-
graphic records and relative timing analysis. Specifically, we used a Monte Carlo process to infer possible
realizations of the time series based on age model uncertainty stemming from the alignment to the LR04
curve and SST uncertainty, including that arising from the instrumental analyses and the calibration. Finally,
we considered the uncertainty associated with the detection of the glacial terminations, which we took here
as the change point in the SST series.

We found that the uncertainty on the relative timing of the glacial termination is large, on the order of several
thousand years, and stems mostly (~90%) from age model uncertainty. Therefore, increasing the resolution of
the benthic 680 curve may improve estimates in the future. Our calculations suggest that phase uncertainty
estimates of less than 3 kyr correspond to records with an average age uncertainty of 2 kyr and a resolution
of less than 0.5 kyr. Finally, we demonstrated that random errors originating from the proxies themselves or
from within the climate system are more important than their systematic counterparts (i.e., systematic differ-
ences between the Mg/Ca and U’;; thermometers or age uncertainty associated with water mass differences).
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Therefore, averaging the median timing across all sites may lead to more accurate and precise estimates of the
termination timing in the WP and EP than considering each record separately. However, at this time, we are
lacking a sufficient number of records to identify any significant phase relationships within the tropical Pacific
across all three glacial terminations. Furthermore, understanding the mechanisms through which the climate
system responds to orbital insolation changes will require comparing the phase relationships of proxy records
to the insolation curve, therefore requiring the use of absolute chronologies. In turn, these will be prone to
higher uncertainties and, therefore, will require more paleoproxy records than available at this time.
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