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Abstract Sr/Ca ratios recorded in the aragonite skeleton of massive coral colonies are commonly used to

reconstruct seasonal- to centennial-scale variability in sea surface temperature (SST). While the Sr/Ca

paleothermometer is robust in individual colonies, Sr/Ca-SST relationships between colonies vary, leading to

questions regarding the utility of the proxy. We present biweekly-resolution calibrations of Sr/Ca from five

Porites spp. corals to satellite SST across 10° of latitude in the Red Sea to evaluate the Sr/Ca proxy across both

spatial and temporal scales. SST is significantly correlated with coral Sr/Ca at each site, accounting for 69–84%

of Sr/Ca variability (P ≪ 0.01). Intercolony variability in Sr/Ca-SST sensitivities reveals a latitudinal trend,

where calibration slopes become shallower with increasing mean annual temperature. Mean annual

temperature is strongly correlated with the biweekly-resolution calibration slopes across five Red Sea sites

(r2 = 0.88, P = 0.05), while also correlating significantly to Sr/Ca-SST slopes for 33 Porites corals from across the

entire Indo-Pacific region (r2 = 0.26, P < 0.01). Although interannual summer, winter, and mean annual

calibrations for individual Red Sea colonies are inconsistently robust, combined multicoral calibrations are

significant at summer (r2 = 0.53, P ≪ 0.01), winter (r2 = 0.62, P ≪ 0.01), and mean annual time scales

(r2 = 0.79, P ≪ 0.01). Our multicoral, multisite study indicates that the Sr/Ca paleothermometer is accurate

across both temporal and spatial scales in the Red Sea and also potentially explains for the first time

variability in Sr/Ca-SST calibration slopes across the Indo-Pacific region. Our study provides strong evidence

supporting the robustness of the coral Sr/Ca proxy for examining seasonal to multicentury variability in

global climate phenomena.

1. Introduction

As the impact of anthropogenic climate change evolves, understanding past climate variability is essential to

constraining future variability. Relatively short instrumental climate records, however, limit our knowledge of

long-term changes in natural systems (Abram et al., 2016). Temperature observations often extend only to

the 19th century, with reliable observations in some tropical regions only available from themid-20th century

(Giese & Ray, 2011; Smith et al., 2008). Paleoclimate archives overcome the limitations of instrumental records

by recording climate variability over past centuries and beyond (Gagan et al., 2000; Grottoli, 2001; Jones et al.,

2009; Lough, 2004).

Massive coral colonies provide multicentury climate records at subannual resolution due to their annual den-

sity banding and high linear extension rates (Corrège, 2006; Grottoli, 2001; Grottoli & Eakin, 2007). As corals

grow, chemicals are incorporated into their skeletons based on the physical conditions of the surrounding

seawater (Gagan et al., 2000). The Sr/Ca ratio in coral aragonite, for example, inversely correlates to variability

in sea surface temperature (SST) at the time of deposition (Smith et al., 1979). To reconstruct SST, coral Sr/Ca

measured from the uppermost skeleton in living corals is ideally calibrated to local in situ or gridded SST data

(Beck et al., 1992; Corrège, 2006). The calibration is then applied down core to reconstruct SST variability for

decades to centuries. Some studies have previously applied calibrations utilizing local SST across colonies to

reconstruct seasonal to interdecadal Sr/Ca-SST anomalies (e.g., Felis et al., 2004, 2012). However, colony-

specific calibrations are necessary to reconstruct absolute SSTs, making the accuracy of calibrations crucial

(e.g., DeLong et al., 2014; Linsley et al., 2000).
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Many studies have demonstrated that Sr/Ca is a robust paleothermometer (e.g., Alibert & McCulloch, 1997;

Beck et al., 1992; Bolton et al., 2014; Calvo et al., 2007; Corrège et al., 2000; DeLong et al., 2007, 2011, 2012;

Fallon et al., 2003; Gagan et al., 1998; Heiss et al., 1997; Hendy et al., 2002; Linsley et al., 2000, 2004;

Marshall & McCulloch, 2001; Pfeiffer et al., 2009; Quinn & Sampson, 2002; Quinn et al., 2006; Ramos et al.,

2017; Stephans et al., 2004; Sagar et al., 2016; Wu et al., 2013, 2014), although caution must be used during

sampling to avoid nontemperature artifacts. Cold-temperature biases in the Sr/Ca temperature proxy can

result when sampling massive corals with large corallites (e.g., Orbicella faveolata and Diploria strigosa) along

different skeletal structures, including the columella and corallite walls (Giry et al., 2010; Smith et al., 2006).

Massive corals with smaller corallites (e.g., Porites lobata/lutea) instead show cold-temperature biases in

Sr/Ca when sampling corallites found in the “valleys” of the fan-like structure (Alibert & McCulloch, 1997;

Cohen & Hart, 1997), and warm temperature biases when sampling corallites that extend at an angle to

the slab surface (DeLong et al., 2007, 2013). Careful sampling is thus necessary to accurately reconstruct

SST using the coral Sr/Ca, and indeed any, proxy.

Even with proper sampling techniques, Sr/Ca variability across colonies, both between and within differ-

ent genera, requires further careful calibration. It has long been established that there are significant

intergeneric differences in Sr/Ca-SST sensitivities (e.g., de Villiers et al., 1994; Weber, 1973). To avoid

potential discrepancies, previous work has focused on single genus calibrations, primarily reconstructing

SST using Porites corals in the Indo-Pacific (Alibert & McCulloch, 1997; Beck et al., 1992; Bolton et al.,

2014; Corrège et al., 2000; Heiss et al., 1997; Linsley et al., 2004; Wu et al., 2014) and Diploria and

Siderastrea corals in the Atlantic (DeLong et al., 2011, 2014; Giry et al., 2012; Goodkin et al., 2005,

2007; Hetzinger et al., 2006, 2010). However, even within a single genus, mean Sr/Ca can differ spatially

in the modern ocean (Corrège, 2006) due to variability in the Sr/Ca ratio in seawater, influenced by ocea-

nographic processes such as upwelling and coastal runoff (de Villiers et al., 1994; Shen et al., 1996; Sun

et al., 2005). The difference in mean Sr/Ca becomes even more pronounced during glacial periods, owing

to the erosion of aragonite on exposed continental shelves (Stoll & Schrag, 1998). Additionally, offsets in

mean Sr/Ca ratios between modern coral colonies from vital and local effects can influence mean SST

reconstructions from fossil corals (Felis et al., 2004, 2012, 2014; Giry et al., 2012; Linsley et al., 2006).

With such spatial and intercolony disparities, Sr/Ca must be carefully compared to SST for each location

in order to reconstruct absolute SST, as generalized calibrations that incorporate data influenced by

different oceanographic conditions may result in inaccurate SST estimates when applied to individual

records (Alpert et al., 2016).

With no universal calibration, studies commonly utilize individual colony-specific and local intraspecies

calibrations applied downcore or to locally collected fossil corals. Published slopes for subannual resolution

calibrations range from �0.04 to �0.08 mmol mol�1 °C�1 for Porites corals, with average slopes of

�0.06 mmol mol�1 °C�1 (Corrège, 2006). Although Gagan et al. (2000) determined that the slopes were

overall similar, shallower slopes of �0.042 mmol mol�1 °C�1 (±0.001; ordinary least squares [OLS]; Sagar

et al., 2016), and �0.054 mmol mol�1 °C�1 (±0.002; OLS; Bolton et al., 2014) are statistically different from

steeper slopes of �0.068 mmol mol�1 °C�1 (±0.002; OLS; Ramos et al., 2017), �0.063 mmol mol�1 °C�1

(±0.005; OLS; Wu et al., 2014), and �0.0593 mmol mol�1 °C�1 (±0.0006; OLS; Marshall & McCulloch,

2001). Previous studies have attributed these differences to numerous factors, including biological or

kinetic processes (e.g., Allison & Finch, 2004; Gagan et al., 2012), spatial differences in seawater Sr/Ca (de

Villiers, 1999; de Villiers et al., 1994; Shen et al., 1996), interlaboratory offsets (Hathorne et al., 2013), and

methodological differences (DeLong et al., 2010). For example, DeLong et al. (2010) suggest that continu-

ous milling of the coral skeleton (e.g., DeLong et al., 2010; Quinn et al., 1996) may reduce climate signal

variability due to time averaging, in contrast with drilling discrete amounts of coral skeleton at defined

increments (e.g., Felis et al., 2004; Linsley et al., 2000). Varying sampling resolutions present further potential

for error in resolving climate signals, where lower-resolution (e.g., bimonthly) records may result in

decreased variability compared with higher resolution monthly or submonthly records (DeLong et al.,

2010). Furthermore, uncertainty in age assignment can increase if inflection points of the Sr/Ca record

are not included as tie points (in addition to the maxima and minima) when aligning the record with instru-

mental SST (DeLong et al., 2014). Thus, factors ranging from varying methodologies to oceanographic and

biological differences may influence discrepancies in the sensitivity of Sr/Ca to SST observed in subannual

resolution single colony calibrations.
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Additional differences between Sr/Ca-SST sensitivities can occur when

comparing calibrations that do not similarly account for bio-smoothing

effects. In order to reconstruct low-frequency variability in mean SST,

Gagan et al. (2012) argue that seasonally resolved calibrations must

be rescaled to account for bio-smoothing of the records during the

formation of the calcium carbonate skeleton in the tissue layer. This

rescaling results in Sr/Ca-SST sensitivities ranging between �0.08 and

�0.09 mmol mol�1 °C�1, which is much steeper than the average

sensitivity of �0.06 mmol mol�1 °C�1 reported by Corrège (2006).

One approach to overcome potential bio-smoothing effects is to com-

pare bulk Sr/Ca to mean SST across sites experiencing variable average

temperatures (Gagan et al., 2012). The calibration of mean Sr/Ca to

mean SST for sites across the southwestern Pacific Ocean (DeLong

et al., 2010) reveals a sensitivity of �0.089 mmol mol�1 °C�1, which is

within the range of rescaled calibration slopes, but much steeper than

calibrations that do not account for bio-smoothing effects. This

regional “core-top” calibration exemplifies the importance of examin-

ing the influence of mean temperature on the Sr/Ca proxy regionally.

However, no study has yet evaluated the influence of mean annual

SST on individual-colony Sr/Ca-SST slopes, which can vary significantly

across scales from reefs to ocean basins. The Red Sea, oriented on a

north-south axis over roughly 15° of latitude, provides a distinct region

optimal for examining both the strength of the Sr/Ca proxy across

temporal and spatial scales, as well as the contribution of mean annual

SST to variability in Sr/Ca-SST sensitivities.

In this paper, we present Sr/Ca-SST calibrations from five Porites corals

in the Red Sea to examine the temporal and spatial coherency of the

Sr/Ca paleothermometer. Through individual and multiple-coral cali-

brations, we find that Sr/Ca is a robust proxy for SST at both biweekly

and interannual time scales, across nearly 10° of latitude in the Red

Sea. We also examine the influence of mean annual temperature on

calibration slope variability in the Red Sea and the entire Indo-Pacific region. Our study emphasizes the

strength of Sr/Ca as a paleothermometer and may further constrain the factors that drive spatial differences

in calibrations throughout the Indo-Pacific region.

2. Methods

2.1. Study Sites

Between 2008 and 2010, five living P. lutea coral colonies (3–5 m depths) were drilled along a north-south

transect of the Red Sea using an underwater hydraulic drill (Semicolon [SC]: 27.98°N, 34.81°E; Popponesset

[P]: 25.58°N, 36.55°E; Abu Galawa [AG]: 23.75°N, 37.97°E; Coral Gardens [CG]: 21.78 N, 38.83°E; Maghabiyah

[MB]: 18.27°N, 40.74°E; Figure 1). Spanning roughly 10° of latitude, the sites vary in average annual ranges

of SST. The northernmost SC has an SST range of 22.0 °C to 29.7 °C, while southernmost MB ranges from

26.5 °C to 32.3 °C (see section 2.3 for information of the satellite-derived SST product used). Mean annual

temperatures are 25.4 °C (SC), 26.9 °C (P), 27.8 °C (AG), 28.4 °C (CG), and 29.8 °C (MB) for the calibration period

of each coral record (see section 2.2).

2.2. Coral Sampling and Analysis

Cores were split parallel to the maximum growth axis and cut into 1-cm-thick slabs at the Woods Hole

Oceanographic Institution. Prior to sampling and analysis, the slabs were cleaned in an ultrasonic bath of

deionized water and dried at 50 °C overnight. X-radiographs were taken using 65 kV, 2 mAs, and a focal dis-

tance of 30 cm to visualize the density banding and identify themajor growth axis for sampling (see Figure S1

in the supporting information). Subsamples were drilled at 0.5-mm (approximately biweekly) resolution

along a continuous path using a manual drill press with a 1-mm diameter drill bit. Samples were drilled to

Figure 1. Map of Red Sea study sites. Drill cores from massive Porites spp. coral

colonies were collected along a north-south transect on the eastern edge of the

Red Sea (white circles) between 2008 and 2010. The sites span roughly 10° of

latitude. The coloring indicates mean annual sea surface temperature in °C from

1986 to 2010.
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a depth of ~1 mm, controlled by fixing the allowable range of motion of the drill press. The resulting records

span 5 (MB), 24 (SC, AG, and CG), and 25 (P) years. From each drilled sample ~250 μg of coral powder was

used for Sr/Ca analysis.

Samples were dissolved in 2 mL of 1 N HNO3
� overnight and analyzed to determine the Sr/Ca ratios using an

Inductively Coupled Plasma-Atomic Emission Spectrometer at Woods Hole Oceanographic Institution.

Solution standards were used to correct for drift and matrix effects due to varying Ca concentrations

(Schrag, 1999). To determine the Sr/Ca precision, an in-house coral standard of homogenized powder from

an Indonesian P. lobata was repeatedly analyzed, yielding a relative standard deviation of 0.31% (1σ;

n = 453). Accuracy of Sr/Ca was verified against certified coral powder standard JCp-1 (Hathorne et al.,

2013), providing an in-house coral standard value of 8.8279 ± 0.0091 mmol mol�1 (1σ; n = 124 pairs).

2.3. Satellite SST Data

Satellite SST data at 4-km resolution from Advanced Very High Resolution Radiometer (AVHRR) Pathfinder

version 5.2 from the U.S. National Oceanographic Data Center and Group for High Resolution Sea Surface

Temperature (http://pathfinder.nodc.noaa.gov) were used to calibrate the Sr/Ca records. The Pathfinder ver-

sion 5.2 data are updated from the 5.0 and 5.1 versions described in Casey et al. (2010). The gridded SSTs were

spatially interpolated to obtain biweekly SST records at the GPS coordinates for each site, as listed in

section 2.1. The AVHRR SST data also contain relative quality scores for each data point, calculated using a

series of tests (Kilpatrick et al., 2001). A quality value of 0 is the lowest quality, while a value of 7 indicates

the highest quality data. The National Oceanographic Data Center recommends using data with quality

scores between a minimum of 4 and 7. For our study, low-quality data with a score less than 5 for each record

were removed. Removing low-quality data resulted in some short gaps in the SC and P time series (SC: 1995,

2002; P: 2001, 2002).

2.4. Age Model Development and Calibration

Subannual age models for the Sr/Ca records were developed with the AVHRR SST product using Analyseries

version 2.0 software (Paillard et al., 1996). Minima, maxima, and inflection points of the Sr/Ca seasonal cycle

were tied respectively to SST maxima, minima, and inflection points each year. Sr/Ca values were then

resampled at biweekly resolution using linear interpolation to match the AVHRR SST product. Calibrations

of paired Sr/Ca and SST were performed using reduced major axis (RMA) linear regressions at biweekly

and interannual time scales. RMA regression differs from the commonly employed ordinary least squares

(OLS) regression by assuming error in both the dependent and independent variables. For this reason, we

employ RMA regressions throughout our study, in addition to OLS regressions that are included to facilitate

comparison to published work. For both regression techniques, the SC and P calibrations do not include years

where there was insufficient high-quality SST data to calibrate the Sr/Ca proxy (see section 2.3). Interannual

winter- and summer-averaged calibrations were calculated using the coldest 1 and warmest 2.5 consecutive

months each year, respectively, based on the satellite SST data. The difference in the temporal length of

the summer and winter averages is due to the asymmetrical structure of SST seasonality in the Red Sea.

Regionally, coldest temperatures occur rapidly, while higher summer temperatures extend over a more

sustained period.

2.5. Calculation of Extension Rates

The annual extension rate of each coral was calculated from the distance between Sr/Ca maxima for

consecutive years. The calculated extension rates were then regressed against winter, summer, and mean

annual Sr/Ca for each coral to determine whether growth rate significantly influences coral Sr/Ca in the

Red Sea corals.

3. Results

3.1. Individual Biweekly Calibrations

Coral Sr/Ca at SC, P, AG, CG, and MB in the Red Sea all show seasonal cycles that inversely correspond to

AVHRR SST (Figure 2). Highest SSTs occur on average from July and August (SC, P, AG, and CG) or

September and October (MB), while coldest SSTs occur in February and March in all corals. RMA linear regres-

sions of biweekly Sr/Ca to AVHRR SST reveal significant relationships at all sites (Figure 2 and Table 1),

10.1029/2017PA003276Paleoceanography and Paleoclimatology

MURTY ET AL. 446

http://pathfinder.nodc.noaa.gov


Figure 2. Biweekly Sr/Ca-SST calibrations for five Red Sea corals. Scatter plots of Advanced Very High Resolution

Radiometer (AVHRR) sea surface temperature (SST) versus coral Sr/Ca reveal significant correlations at all five sites using

reduced major axis regression (r
2
= 0.84, 0.69, 0.79, 0.83, and 0.80 for Semicolon [SC], Popponesset [P], Abu Galawa [AG],

Coral Gardens [CG], and Maghabiyah [MB], respectively; P ≪ 0.0001 for all sites). Below each scatterplot is the corresponding

biweekly time series of AVHRR SST (black line) and coral Sr/Ca (red points) for each site. Gaps in the SC and P time series

are due to insufficient high quality SST data (section 2.3), preventing calibration of the Sr/Ca proxy for those years.

10.1029/2017PA003276Paleoceanography and Paleoclimatology

MURTY ET AL. 447



although some individual calibration slopes differ (Table 1). Notably, northernmost SC has the steepest

calibration slope and is within error of a previously published calibration slope for Eilat in the Gulf of

Aqaba, northern Red Sea (Felis et al., 2004; OLS regression). The Red Sea calibration slopes are overall

shallower than most published, seasonally resolved, Porites Sr/Ca-SST calibrations (e.g., Corrège, 2006, and

references therein; Bolton et al., 2014; DeLong et al., 2007; Nurhati et al., 2011; Ramos et al., 2017; Wu et al.,

2013, 2014; Zinke et al., 2014), although with the exception of AG, all are within the range of reported

values. The dampened slopes in the Red Sea may be due to a flattened Sr/Ca-SST relationship at maximum

temperatures. To investigate further, we calculated interannual Sr/Ca-SST calibrations at each of the five

sites for mean winter, summer, and annual SSTs.

3.2. Individual Interannual Calibrations

Reduced major axis linear regressions of winter Sr/Ca to winter AVHRR

SST reveal significant relationships for SC, AG, CG, and MB (Table S1 in

the supporting information). Results for CG are shown as an example in

Figure 3. No winter relationship was found for P, likely due to the high

Sr/Ca values in the winters of 1999 and 2000. These years are near the

bottom of the first slab (1A), where the skeletal structure appears to be

more disorganized (see Figure S1). The lack of coherent corallite struc-

ture may contribute to the augmented Sr/Ca values, similar to the cold

temperature biases observed by DeLong et al. (2013) when sampling

disorganized coral slab sections. RMA linear regressions of mean annual

Sr/Ca to AVHRR SST are significant for SC, P, AG, and CG (Table S2). No

relationship was found for MB, likely due to the limited temporal period

of the calibration caused by alteration of the aragonite skeleton down

core. Additionally, a significant summer interannual relationship was

only found at P (r2 = 0.31, P = 0.01). Average extension rates for SC, P,

AG, CG, and MB are 0.90 (± 0.23), 1.1 (±0.32), 1.3 (±0.15), 1.4 (±0.16),

and 1.5 (±0.06) cm yr�1, respectively. Coral Sr/Ca was not significantly

correlated with average annual extension rates for winter, summer, or

mean annual time scales at any site. The lack of consistent sensitivity

of Sr/Ca to SST at interannual time scales is likely due to the relatively

small signal in seasonally averaged data, compared to the full range of

biweekly resolution calibrations. We therefore investigate whether

using multiple corals to increase the range of temperature variability

can increase the significance and strength of the calibrations.

3.3. Multicoral Calibrations

Reduced major axis regression of biweekly Sr/Ca and SST for all sites

together results in a significant relationship with an intermediate

slope (Figure 4):

Table 1

Sr/Ca-SST Calibrations Using Red Sea Porites Corals

Coral site m 1σm b 1σb r
2

n P

Eilat (Felis et al., 2004) �0.0597 0.005 10.78 0.12 0.78 NA NA

Semicolon (SC) �0.054 0.001 10.60 0.03 0.84 387 ≪0.0001

Popponesset (P) �0.053 0.001 10.63 0.04 0.69 461 ≪0.0001

Abu Galawa (AG) �0.037 0.001 10.08 0.02 0.79 566 ≪0.0001

Coral Gardens (CG) �0.049 0.001 10.47 0.03 0.83 552 ≪0.0001

Maghabiyah (MB) �0.042 0.002 10.15 0.05 0.80 114 ≪0.0001

Note. Calibrations as follows: Sr/Ca (mmol mol
�1

) = b +m * SST (°C). 1σm is the 1σ error of the slope, 1σb is the 1σ error of
the y-intercept, r

2
is the square of the correlation coefficient, n is the number of data points used in the regression, and P

is the P value of the regression. For sites from our study, calibrations were performed using reduced major axis (RMA)
regression. The Felis et al. (2004) calibration was performed using ordinary least squares (OLS) regression.

Figure 3. Example of an interannual winter-average Sr/Ca-sea surface tempera-

ture (SST) calibration for Coral Gardens (CG). (top) Scatterplot of Advanced Very

High Resolution Radiometer (AVHRR) SST versus CG Sr/Ca for 1-month winter

averages. Reduced major axis regression (black line) reveals a significant

relationship (r
2
= 0.53, P ≪ 0.0001) for the calibration period 1985–2009. (bottom)

Time series of AVHRR SST (black line) and CG coral Sr/Ca (red line and points)

for the coldest 1 month each year. The error bars represent 1σ error.
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Sr=Ca ¼ 10:61 ±0:02ð Þ–0:055 ±0:001ð Þ� SST

1σ; r2 ¼ 0:72; P << 0:0001; n ¼ 1; 829ð Þ
(1)

Multicoral combined winter and summer interannual calibrations also

show significant relationships (Figure 5 and Table 2). In each case, the

combined correlations are stronger than the individual-coral calibra-

tions, likely due to the extended temperature ranges reducing the

amount of noise relative to signal. The combined calibrations reveal

steeper slopes compared to the biweekly-resolution regressions and

are more similar to the majority of previously published slopes, which

average 0.06 mmol mol�1 °C�1 (Corrège, 2006). The combined winter

calibration yields the steepest slope (�0.083 mmol mol�1 °C�1), while

the combined summer calibration has a shallower slope of

�0.068 mmol mol�1 °C�1. To facilitate comparison with the majority

of published studies, we also calculate slopes using OLS rather than

RMA regressions. This again reveals slightly steeper relationships for

colder temperatures than for warm, with winter and summer slopes

of �0.065 and �0.049 mmol mol�1 °C�1, respectively (Figure S2 and

Table S3).

Similar to the winter and summer interannual calibrations, a multicoral

combinedmean annual RMA calibration is also significant (Figure 5 and

Table 2) and is stronger than the individual-coral mean annual calibra-

tions. The combined mean annual calibration reveals an intermediate

slope of �0.074 mmol mol�1 °C�1 when compared to the combined

summer and winter interannual calibrations. OLS regression of the combined mean annual calibration also

reveals a significant relationship, where the slope (�0.063 mmol mol�1 °C�1) is similar to that of the winter

interannual calibration (Figure S2 and Table S3). With both RMA and OLS regression, the combined mean

annual calibration slope is steeper than those of the biweekly resolution regressions (Tables 1 and S4), though

not as steep as the mean annual slope reported in Felis et al. (2009;

�0.140 mmol mol�1 °C�1). While Felis et al. invoked calcification and

coral physiology to explain the steeper mean annual slope compared

to their seasonal calibration, our moderate mean annual Sr/Ca sensitiv-

ity does not imply the influence of vital effects.

Mean annual AVHRR SST, averaged over the entire calibration period

for each coral, was additionally regressed using RMA regression against

mean Sr/Ca across all sites to perform a bulk or “core-top” Sr/Ca-SST

calibration. This calibration (not shown) reveals a robust relationship

(r2 = 0.92, P = 0.01) with a slope (�0.081 mmol mol�1 °C�1) similar to

that of the winter interannual calibration.

3.4. Calibration Slopes Versus Mean Annual Temperature

Calibration slopes from both OLS and RMA regression become shal-

lower with decreasing latitude in the Red Sea (Tables 1 and S4).

Mean annual AVHRR SST was regressed against the individual

Sr/Ca-SST RMA calibration slopes for the Red Sea corals to assess the

influence of mean annual temperature on the decreasing sensitivity

of the Sr/Ca proxy. This regression reveals a positive correlation, where

the relationship is significant with AG removed as an outlier (r2 = 0.86,

P = 0.07; Table 3 and Figure 6a). Performing the regression using OLS

calibration slopes allows for the inclusion of Eilat (Felis et al., 2004) and

does not change the trend of decreased slope with increased mean

annual temperature. In fact, the relationship is significant with and

without AG (r2 = 0.67 and 0.88, respectively; P < 0.05 for both;

Figure 4. Combined multicoral biweekly Sr/Ca-sea surface temperature (SST)

calibration. Sr/Ca versus Advanced Very High Resolution Radiometer SST data

are plotted for each site: Semicolon (SC, dark blue), Popponesset (P; light blue),

Abu Galawa (AG, green), Coral Gardens (CG, orange), and Maghabiyah (MB, red).

Reduced major axis regression through all points combined (black line) reveals a

significant, biweekly-resolution calibration (r
2
= 0.72, P ≪ 0.0001).

Figure 5. Combined multicoral interannual Sr/Ca-sea surface temperature (SST)

calibrations. Reduced major axis regressions of Advanced Very High Resolution

Radiometer SST and Sr/Ca for 1-month winter (blue), mean annual (black), and

2.5-month summer (red) data for the five sites combined reveal significant

relationships (r
2
= 0.62, 0.73, and 0.53, respectively; P ≪ 0.0001 for all). The winter

calibration has the steepest slope, and the summer slope is the shallowest

(�0.083 and �0.068 mmol mol
�1

°C
�1

, respectively).
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Table 3 and Figure 6b). This mean annual temperature influence is likely not impacted by the variable growth

rates between the northern and southern Red Sea, as no significant relationship was found between average

growth rates and biweekly calibration slope across the five Red Sea sites, with or without the AG site.

To assess the influence of mean annual temperature on calibration slopes across the entire Indo-Pacific

region, we compiled data from all studies using Porites spp. corals and OLS regression where we could deter-

mine (1) the mean annual SST using the same SST record used to derive the calibration, (2) a weekly to

bimonthly resolution calibration where SST accounted for at least 50% of variability in Sr/Ca, and (3) a calibra-

tion slope that the paper determined was robust enough to reconstruct SST at their site (see Table 4 for a

complete list of included studies). In instances where local or in situ SST data were used, we calculated mean

annual SST at the coral site using 1° × 1° Integrated Global Ocean Services System SST (http://iridl.ldeo.colum-

bia.edu/SOURCES/.IGOSS/.nmc/.Reyn_SmithOIv2/), as this product is most commonly employed for

calibrations. Mean annual SST is significantly correlated with the individual Sr/Ca-SST slopes from the Red

Sea sites and the published studies (r2 = 0.26 P = 0.003), revealing a similar slope compared to the Red Sea

regional relationship (Table 3 and Figure 6c).

Mean annual temperature is also significantly inversely correlated with SST seasonality for sites across the

Red Sea (including Eilat) with and without the AG outlier (r2 = 0.67 and 0.79, respectively, P < 0.05 for both;

Figure S3). Similarly, sites across the Indo-Pacific (Table 4) also reveal a decrease in the SST range with increas-

ing mean annual temperature (r2 = 0.28, P = 0.002; Figure S3).

4. Discussion

Significant biweekly-resolution Sr/Ca-SST calibrations from six corals suggest that Sr/Ca is a robust

paleothermometer throughout the Red Sea. In each case, the calibration is strong, where changes in SST

account for 69 to 84% of the coral Sr/Ca variability (r2 = 0.69, 0.79, 0.80, 0.83, and 0.84), similar to a calibration

from Eilat in the northern Red Sea, where SST accounted for 78% of Sr/Ca variability (Felis et al., 2004). Our

study confirms that the Sr/Ca proxy is robust across spatial scales that extend over much of the Red Sea basin.

While the biweekly calibrations are consistently strong, the sensitivity of Sr/Ca to SST is overall significantly

different between sites, revealing a latitudinal trend. Sites in the northern Red Sea exhibit steeper calibration

Table 2

Combined Sr/Ca-SST Calibrations Using Red Sea Porites Corals

Calibration m 1σm b 1σb r
2

n P

Combined winter �0.083 0.006 11.22 0.13 0.62 97 ≪0.0001

Combined summer �0.068 0.005 11.03 0.15 0.53 98 ≪0.0001

Combined mean annual �0.074 0.004 11.16 0.11 0.73 97 ≪0.0001

Note. Calibrations as follows: Sr/Ca (mmol mol
�1

) = b +m * SST (°C). 1σm is the 1σ error of the slope, 1σb is the 1σ error of
the y-intercept, r

2
is the square of the correlation coefficient, n is the number of data points used in the regression, and

P is the P value of the regression. Regressions performed using reduced major axis (RMA) regression.

Table 3

Linear Regressions of Mean Annual SST and Sr/Ca-SST Calibration Slopes

Coral sites m 1σm b 1σb r
2

n P

RMA

Red Sea, all sites 0.003 0.002 �0.13 0.05 0.43 5 0.23

Red Sea, no AG 0.003 0.001 �0.12 0.02 0.86 4 0.07

OLS

Red Sea, all sites (incl. Eilat
a
) 0.003 0.001 �0.14 0.03 0.67 6 0.05

Red Sea, no AG 0.003 0.001 �0.13 0.02 0.87 5 0.02

Red Sea and published studies
b

0.003 0.001 �0.13 0.02 0.26 33 0.003

Note. Calibrations follow biweekly Sr/Ca-SST calibration slope = b + m
a
SST (°C). 1σm is the 1σ error of the slope, 1σb is

the 1σ error of the y-intercept, r
2
is the square of the correlation coefficient, n is the number of data points used in the

regression, and P is the P value of the regression.
a
Eilat site from northern Red Sea (Felis et al., 2004).

b
See Table 4 for all studies included in this calculation.
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slopes, with the northernmost coral (SC) showing a Sr/Ca-SST sensitivity

of �0.054 mmol mol�1 °C�1 (RMA) and � 0.049 mmol mol�1 °C�1

(OLS), similar to the observed bimonthly relationship at Eilat

(�0.0597; Felis et al., 2004). With decreasing latitude, the RMA

and OLS biweekly calibration slopes become successively shallower

(with the exception of AG), with calibration slopes for the southernmost

coral (MB) of �0.042 mmol mol�1 °C�1 (RMA) and

�0.037 mmol mol�1 °C�1 (OLS). Notably, SC, CG, and MB are statisti-

cally different with both RMA and OLS regression, showing a significant

difference between the northern, central, and southern Red Sea. Eilat

(Felis et al., 2004) further supports this trend, as it is statistically distinct

from all other sites when comparing OLS regression slopes.

Although biological influences on coral skeletal chemistry, or “vital

effects,” may influence intercolony calibration differences (e.g., Alpert

et al., 2016; Cahyarini et al., 2009; de Villiers et al., 1994, 1995; Pfeiffer

et al., 2009), it is unlikely that such vital effects are solely responsible

for slope discrepancies across the Red Sea. For example, past studies

have documented the inconsistent nature of vital effects, showing that

the impacts can vary between colonies of the same species in the

same location (e.g., de Villiers et al., 1994; Saenger et al., 2008).

Though the exact mechanisms remain unclear, these vital effects are

likely related to colony-specific differences in coral metabolism, calcifi-

cation, and extension rates, impacting skeletal Sr/Ca uptake (Alibert &

McCulloch, 1997; Cahyarini et al., 2009; de Villiers et al., 1994; Saenger

et al., 2008). Coral calcification and extension rates are further influ-

enced by a variety of environmental parameters, including light and

nutrient availability, and water turbidity (e.g., de Villiers et al., 1994;

Lough et al., 1999; Lough & Cooper, 2011; Tomascik, 1990). The com-

plex relationships between vital effects and coral Sr/Ca suggest that

these influences are unlikely to drive coherent spatial variability across

the Red Sea, instead suggesting that other, environmental factors may

play a role.

Mean annual SST likely contributes to intercolony Sr/Ca-SST calibration

differences in the Red Sea. Across the Red Sea, variability in mean

annual temperature accounts for 86% of the variability in RMA calibra-

tion slopes, once the AG site has been removed. Although including

AG produces an overall insignificant relationship, in both cases,

we nevertheless find a consistent change in calibration slopes of

0.003 mmol mol�1 °C�1. We find a similar result when examining the

influence of mean annual SST on OLS calibration slopes, where mean

annual temperature accounts for 87% of the variability, once the AG

site is removed. For the OLS regression, including AG produces a signif-

icant, but slightly weaker relationship that also has a consistent change

in slope of 0.003 mmol mol�1 for each °C of mean annual temperature

change. It is important to note that the calibration slope from Felis et al.

(2004) was included for both OLS comparisons, suggesting that the

mean annual temperature influence is likely coherent across the Red

Sea and is not limited to the sites from our study. The influence of mean

annual temperature in the Red Sea may be related to the significant

reduction of SST seasonality with increasing mean temperature. The

Red Sea seasonal temperature range decreases from 7.9 °C at Eilat

(Felis et al., 2004) to 5.7 °C at MB, coinciding with the decrease in

calibration slopes from north to south. With increasing mean

Figure 6. Mean annual sea surface temperature (SST) versus Sr/Ca-SST calibra-

tion slope. (top) Sr/Ca-SST reduced major axis calibration slopes plotted

against mean annual Advanced Very High Resolution Radiometer SST for each

Red Sea site in this study. Regressions of all five sites (black) and all sites except

Abu Galawa (AG, green) reveal similar slopes and a significant relationship when

the AG site is removed (r
2
= 0.43 and 0.86; P = 0.23 and 0.07, respectively).

(middle) Sr/Ca-SST ordinary least squares calibration slopes plotted against

mean annual AVHRR SST for each Red Sea site. Regressions of all six sites (black,

includes Eilat from Felis et al., 2004) and all sites except AG (green) reveal similar

slopes and significant relationships (r
2
= 0.67 and 0.87; P ≤ 0.05 for both).

(bottom) Sr/Ca-SST calibration slopes plotted against mean annual SST for this

study together with published calibrations (further information found in

Table 4). A regression for all corals combined reveals a significant relationship

(r
2
= 0.26, P = 0.003), with a similar slope compared to the Red Sea only.
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temperatures resulting in reduced variability in SST seasonality, a greater noise to signal ratio likely obscures

the SST signal and leads to the dampened sensitivity of the coral proxy.

Importantly, the influence of mean annual temperature on calibration slopes and SST seasonality continues

to be significant when combining studies that utilize different data and analytical techniques across the

entire Indo-Pacific region. The compiled studies use varying temperature products, including GISST (1° grid),

HadISST (1° grid; replaced GISST), and Integrated Global Ocean Services System SST (1° grid), while also using

different analytical technology, including ICP-OES (Bolton et al., 2014; Linsley et al., 2000, 2004; Ramos et al.,

2017; Wu et al., 2013; Zinke et al., 2004), SF-ICP-MS (Quinn & Sampson, 2002), LA-ICP-MS (Fallon et al., 1999,

2003; Felis et al., 2012), ICP-MS (Felis et al., 2004, 2009), and ID-TIMS (Alibert & McCulloch, 1997; Calvo et al.,

2007; Gagan et al., 1998; Heiss et al., 1997; Marshall & McCulloch, 2001, 2002; Shen et al., 1996; Wei et al.,

2000). These studies further differ in their temporal resolution (fortnightly to bimonthly), use differing drilling

techniques (continuous and discrete sampling), and use a variable number of tie points to develop the age

models (2–6 per year). Yet even with large differences in the methodology, sites from the Indian Ocean,

Red Sea, South China Sea, and Pacific Ocean collectively show a similar influence of mean annual tempera-

ture on Sr/Ca-SST calibration slopes and SST seasonality. The consistency of the relationship across differing

studies and ocean basins suggests that the average water temperatures at which the corals grow may more

universally and coherently contribute to variability in the Sr/Ca-SST relationship than individual coral vital

effects (e.g., Allison & Finch, 2004; Gagan et al., 2012), differences in Sr/Ca of the seawater (de Villiers, 1999;

de Villiers et al., 1994; Shen et al., 1996), interlaboratory offsets (Hathorne et al., 2013), or differing

methodologies (DeLong et al., 2010). However, the influence of mean SST on Sr/Ca-SST sensitivities and

the seasonal temperature range may not be limited to intercolony differences, but may also extend to

intracolony discrepancies.

Table 4

Published Studies With Porites spp. Sr/Ca-SST Calibrations

Reference m Mean annual SST Seasonal SST range Location SST product

Alibert & McCulloch (1997) �0.062 26.06 5.04 GBR, Australia Local (Integrated Global Ocean

Services System SST, IGOSS)

Bolton et al. (2014) �0.057 27.56 4.54 Vietnam HadISST

Bolton et al. (2014) �0.054 27.57 4.54 Vietnam HadISST

Calvo et al. (2007) �0.045 28.41 2.82 Coral Sea, Australia HadISST

Fallon et al. (1999) �0.063 22.44 10.32 Shikoku Island, Japan Local (IGOSS)

Fallon et al. (2003) �0.060 25.80 5.50 GBR, Australia Local/IGOSS

Fallon et al. (2003) �0.057 27.40 4.60 GBR, Australia Local/IGOSS

Fallon et al. (2003) �0.071 26.06 5.04 GBR, Australia Local/IGOSS

Fallon et al. (2003) �0.060 25.80 5.50 GBR, Australia Local/IGOSS

Felis et al. (2004) �0.057 24.48 7.89 Eilat, Red Sea Local (IGOSS)

Felis et al. (2009) �0.051 24.47 8.28 Ogasawara, Japan Local (IGOSS)

Felis et al. (2012) �0.057 27.62 2.72 Tahiti Local (IGOSS)

Gagan et al. (1998) �0.062 25.75 5.08 GBR, Australia IGOSS

Gagan et al. (1998) �0.066 25.50 5.05 GBR, Australia IGOSS

Gagan et al. (1998) �0.064 25.50 5.03 GBR, Australia IGOSS

Heiss et al. (1997) �0.061 25.69 4.92 Réunion Local (IGOSS)

Linsley et al. (2000)
a

�0.065 25.70 5.32 Raratonga IGOSS

Linsley et al. (2004) �0.053 27.38 3.31 Fiji IGOSS

Marshall and McCulloch (2001) �0.059 27.87 3.07 Christmas Island IGOSS

Marshall and McCulloch (2002) �0.058 26.24 5.00 GBR, Australia Local (IGOSS)

Marshall and McCulloch (2002) �0.059 26.24 5.00 GBR, Australia Local (IGOSS)

Quinn and Sampson (2002) �0.061 24.72 4.51 New Caledonia GISST

Ramos et al. (2017) �0.068 27.73 6.48 Palaui, Philippines IGOSS

Shen et al. (1996) �0.051 25.90 5.79 Taiwan Local (IGOSS)

Wei et al. (2000) �0.054 27.68 4.22 South China Sea Local (IGOSS)

Wu et al. (2013) �0.062 26.31 3.96 Tonga IGOSS

Wu et al. (2013) �0.058 27.52 4.18 Fiji IGOSS

Zinke et al. (2004) �0.050 28.13 1.57 Madagascar IGOSS

Note. Sr/Ca-SST calibrations included in Figure 6 and Table 3. Calibrations as follows: Sr/Ca (mmol mol
�1

) = b + m * SST(°C). For all studies, calibrations were
performed using ordinary least squares (OLS) regression.
a
Corrected in Linsley et al. (2004).
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Differences between average winter and summer SST may explain varying Sr/Ca-SST sensitivities between

the two seasons in each coral. At biweekly resolution, the Sr/Ca-SST calibrations are shallower than previously

reported seasonal calibrations (e.g., Corrège, 2006, and references therein; Bolton et al., 2014; DeLong et al.,

2007; Ramos et al., 2017; Wu et al., 2013, 2014), potentially due to reduced sensitivity of the Sr/Ca proxy at the

warmest temperatures in the Red Sea. The inconsistent strength and significance of individual winter- and

summer-season interannual calibrations prevent comparisons of the seasonal slopes within any single coral.

However, the multicoral winter and summer interannual calibrations reveal a significant difference between

winter (�0.083 mmol mol�1 °C�1) and summer (�0.068 mmol mol�1 °C�1) slopes (RMA; Table 2). Seasonal

differences are also apparent when OLS regressions are used, resulting in winter and summer slopes of

�0.065 and �0.049 mmol mol�1 °C�1, respectively (Figure S2 and Table S3). The shift toward shallower

slopes from the winter to summer calibrations could be related to augmented summer-averaged SSTs, similar

to the influence of mean annual temperature on subannual calibration slopes. For example, the significant

reduction of SST seasonality with mean annual temperature suggests the possibility that higher average

SSTs during summer may drive the overall reduced summer temperature range (4.7 °C) compared to winter

(6.0 °C). The smaller range of summer SST likely increases the noise to signal ratio and contributes to the dam-

pened Sr/Ca-SST relationship. Because only a few studies have reported both interannual summer and winter

(or wet and dry monsoon season) Sr/Ca-SST calibrations (Bolton et al., 2014; Goodkin et al., 2005; Ramos et al.,

2017), it is unclear whether seasonal slope differences within individual corals are limited to the Red Sea.

However, the influence of mean annual temperature on biweekly calibration slopes observed here suggests

a possible influence of season-averaged SST on calibration sensitivities within corals throughout the Red Sea

and, potentially, the Indo-Pacific region.

Although Red Sea winter and summer calibration slopes might be explained by season-averaged SST, it is dif-

ficult to constrain these relationships quantitatively, limiting our ability to recommend using these multicoral

interannual calibrations downcore. In contrast, the multicoral combined biweekly calibration presented here

quantifies the Sr/Ca-SST relationship across a larger temperature range than individual corals, and for this rea-

son may be useful in reconstructing absolute SST from fossil corals where no colony-specific calibration is

available. However, recent observations of an attenuated Sr/Ca-SST relationship due to bio-smoothing in

the tissue layer have raised concerns about the utility of seasonally resolved calibrations to resolve decadal

to millennial SST variability (Gagan et al., 2012). Gagan et al. instead suggest rescaling the Sr/Ca-SST relation-

ship based on a slope of �0.084 mmol mol�1 °C�1. Notably, Gagan et al. mention that DeLong et al. (2010)

avoided the need to rescale their Sr/Ca-SST relationship by calibrating bulk (mean) coral Sr/Ca to mean SST

across sites experiencing a 5 °C range of mean temperature. In comparing our own multisite interannual cali-

brations, we find that both the winter and mean annual RMA calibrations have slopes (�0.083 and

�0.074 mmol mol�1 °C�1, respectively) similar to the 0.08 to 0.09-mmol mol�1 °C�1 range proposed by

Gagan et al. (2012) necessary for reconstructing mean SST at low frequencies. Furthermore, our own bulk

coral Sr/Ca-SST RMA calibration slope (�0.081 mmol mol�1 °C�1) is similar to the slope determined by

DeLong et al. (2010;�0.089 mmol mol�1 °C�1) and the rescaled slope of Gagan et al. (2012), suggesting that

our combined mean annual and bulk Sr/Ca-SST calibrations may both be useful in reconstructing mean SST

from fossil corals.

Fossil coral temperature reconstructions have previously required the application of modern calibrations

from nearby colonies to fossil colonies (e.g., Beck et al., 1992, 1997; Corrège et al., 2000; Gagan et al., 1998;

Kilbourne et al., 2004). This is not ideal, however, as nearby colonies may not have identical Sr/Ca-SST relation-

ships or mean Sr/Ca values, particularly if vital effects or local environmental conditions differently influence

the corals (Alpert et al., 2016; Cahyarini et al., 2009; Pfeiffer et al., 2009; Saenger et al., 2008). Studies that apply

a modern, subannually resolved Sr/Ca-SST calibration to a fossil colony are consequently best able to recon-

struct seasonal SST variability rather thanmean SST or absolute temperatures (e.g., Felis et al., 2012). The com-

bined mean annual and bulk Sr/Ca-SST calibrations derived from the Red Sea coral sites may therefore

improve paleotemperature estimations from fossil corals, though we do not recommend applying the multi-

coral calibration when a colony-specific calibration is available, that is, for modern coral colonies. Rather, the

multicoral calibrations from the Red Sea provide important insight into variability in the Sr/Ca paleotherm-

ometer that is difficult to examine with individual calibrations, particularly at summer and winter interannual

time scales. These combined calibrations not only demonstrate the strength of the Sr/Ca proxy but also high-

light key variability that may help explain observed Sr/Ca-SST slope differences across the Indo-Pacific region.
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5. Conclusions

Sr/Ca-SST calibrations from five Porites corals across the Red Sea allow evaluation of the temporal and spatial

coherency of the Sr/Ca paleothermometer. Coral Sr/Ca across the five sites is a robust proxy for SST, where

SST accounts for up to 84% of Sr/Ca variability in the individual biweekly calibrations. Combining all biweekly

data into a single calibration reveals a similarly strong relationship that may be useful in reconstructing abso-

lute SSTs. Performing a multisite bulk (mean) coral Sr/Ca calibration to mean SST reveals a steeper calibration

slope that is applicable to fossil colonies where the modern temperature influence cannot be quantified. At

interannual time scales, limited SST variability at individual sites hinders the Sr/Ca-SST calibrations at summer,

winter, and mean annual time scales. However, the combined multicoral interannual calibrations capture

greater SST variability and yield significant calibrations for separate winter and summer seasons, as well as

mean annual averages. Thus, Sr/Ca is a reliable paleothermometer across both temporal and spatial scales

in the Red Sea, allowing for accurate multicentury SST reconstructions.

Though individually robust, the biweekly Red Sea calibrations reveal intercolony slope differences, where

Sr/Ca-SST sensitivities shallow with decreasing latitude. Mean annual SST appears to drive most of the differ-

ences in slope across the Red Sea, likely accounting for nearly 30% of intercolony slope variability in studies

throughout the Indo-Pacific region. By quantifying the influence of mean annual temperature on calibration

slope, we demonstrate that there may be systematic environmental factors that contribute to differences in

Sr/Ca-SST calibrations. Ultimately, such information may be used to refine the Sr/Ca proxy and improve

confidence in spatial SST reconstructions at the largest, ocean basin scales.

References
Abram, N. J., McGregor, H. V., Tierney, J. E., Evans, M. N., McKay, N. P., Kaufman, D. S., & the PAGES 2k Consortium (2016). Early onset of

industrial-era warming across the oceans and continents. Nature, 536(7617), 411–418. https://doi.org/10.1038/nature19082

Alibert, C., & McCulloch, M. T. (1997). Strontium/calcium ratios in modern Porites corals from the Great Barrier Reef as a proxy for sea surface

temperature: Calibration of the thermometer andmonitoring of ENSO. Paleoceanography, 12(3), 345–363. https://doi.org/10.1029/97PA00318

Allison, N., & Finch, A. A. (2004). High-resolution Sr/Ca records in modern Porites lobata corals: Effects of skeletal extension rate and

architecture. Geochemistry, Geophysics, Geosystems, 5, Q05001. https://doi.org/10.1029/2004GC000696

Alpert, A. E., Cohen, A. L., Oppo, D. W., DeCarlo, T. M., Grove, J. M., & Young, C. W. (2016). Comparison of equatorial Pacific Sea surface

temperature variability and trends with Sr/Ca records from multiple corals. Paleoceanography, 31, 252–265. https://doi.org/10.1002/

2015PA002897

Beck, J. W., Edwards, R. L., Ito, E., Taylor, F. W., Recy, J., Rougerie, F., et al. (1992). Sea-surface temperature from coral skeletal strontium calcium

ratios. Science, 257(5070), 644–647. https://doi.org/10.1126/science.257.5070.644

Beck, J. W., Récy, J., Taylor, F., Edwards, R. L., & Cabioch, G. (1997). Abrupt changes in early Holocene tropical sea surface temperature derived

from coral records. Nature, 385(6618), 705–707. https://doi.org/10.1038/385705a0

Bolton, A., Goodkin, N. F., Hughen, K., Ostermann, D. R., Vo, S. T., & Phan, H. K. (2014). Paired Porites coral Sr/Ca and δ
18
O from the western

South China Sea: Proxy calibration of sea surface temperature and precipitation. Palaeogeography, Palaeoclimatology, Palaeoecology, 410,

233–243. https://doi.org/10.1016/j.palaeo.2014.05.047

Cahyarini, S. Y., Pfeiffer, M., & Dullo, W.-C. (2009). Improving SST reconstructions from coral Sr/Ca records: Multiple corals from Tahiti (French

Polynesia).

Calvo, E., Marshall, J. F., Pelejero, C., McCulloch, M. T., Gagan, M. K., & Lough, J. M. (2007). Interdecadal climate variability in the Coral Sea since

1708 A.D. Palaeogeography, Palaeoclimatology, Palaeoecology, 248(1-2), 190–201. https://doi.org/10.1016/j.palaeo.2006.12.003

Casey, K. S., Brandon, T. B., Cornillon, P., & Evans, R. (2010). The past, present and future of the AVHRR Pathfinder SST Program. In V. Barale,

J. F. R. Gower, & L. Alberotanza (Eds.), Oceanography from space (pp. 273–287). Dordrecht, Netherlands: Springer. https://doi.org/10.1007/

978-90-481-8681-5_16

Cohen, A. L., & Hart, S. R. (1997). The effect of colony topography on climate signals in coral skeleton. Geochimica et Cosmochimica Acta,

61(18), 3905–3912.

Corrège, T. (2006). Sea surface temperature and salinity reconstruction from coral geochemical tracers. Palaeogeography Palaeoclimatology

Palaeoecology, 232(2-4), 408–428. https://doi.org/10.1016/j.palaeo.2005.10.014

Corrège, T., Delcroix, T., Récy, J., Beck, W., Cabioch, G., & Le Cornec, F. (2000). Evidence for stronger El Niño-Southern Oscillation (ENSO) events

in a mid-Holocene massive coral. Paleoceanography, 15(4), 465–470. https://doi.org/10.1029/1999PA000409

de Villiers, S. (1999). Seawater strontrium and Sr/Ca variability in the Atlantic and Pacific oceans. Earth and Planetary Science Letters, 171(4),

623–634. https://doi.org/10.1016/S0012-821X(99)00174-0

de Villiers, S., Nelson, B. K., & Chivas, A. R. (1995). Biological controls on coral Sr/Ca and δ
18
O reconstructions of sea surface temperatures.

Science, 269(5228), 1247–1249. https://doi.org/10.1126/science.269.5228.1247

de Villiers, S., Shen, G. T., & Nelson, B. K. (1994). The SrCa-temperature relationship in coralline aragonite: Influence of variability in (SrCa)

seawater and skeletal growth parameters. Geochimica et Cosmochimica Acta, 58, 197–208.

DeLong, K. L., Flannery, J. A., Maupin, C. R., Poore, R. Z., & Quinn, T. M. (2011). A coral Sr/Ca calibration and replication study of two

massive corals from the Gulf of Mexico. Palaeogeography, Palaeoclimatology, Palaeoecology, 307(1-4), 117–128. https://doi.org/10.1016/

j.palaeo.2011.05.005

DeLong, K. L., Flannery, J. A., Poore, R. Z., Quinn, T. M., Maupin, C. R., Lin, K., & Shen, C. C. (2014). A reconstruction of sea surface temperature

variability in the southeastern Gulf of Mexico from 1724 to 2008 CE using cross-dated Sr/Ca records from the coral Siderastrea siderea.

Paleoceanography, 29, 403–422. https://doi.org/10.1002/2013PA002524

10.1029/2017PA003276Paleoceanography and Paleoclimatology

MURTY ET AL. 454

Acknowledgments

We thank the crew of the M/V Dream

Island for their help in the collection of

the coral cores. This study was funded

by the King Abdullah University of

Science and Technology (KAUST awards

USA 00002 and KSA 00011) and the U.S.

National Science Foundation (NSF

award OCE-1031288) grants to K.

Hughen. This research was also sup-

ported by the National Research

Foundation Singapore and the

Singapore Ministry of Education under

the Research Centres of Excellence

initiative and by the National Research

Foundation Singapore under its

Singapore NRF Fellowship scheme

(National Research Fellowship award to

N. Goodkin, NRFF-2012-03). This work

comprises Earth Observatory of

Singapore contribution 195. The coral

Sr/Ca data generated in this study can

be found in Table S5 and are archived at

the NOAA NCDC World Data Center for

Paleoclimatology at http://www.ncdc.

noaa.gov/data-access/paleoclimatol-

ogy-data/datasets.

https://doi.org/10.1038/nature19082
https://doi.org/10.1029/97PA00318
https://doi.org/10.1029/2004GC000696
https://doi.org/10.1002/2015PA002897
https://doi.org/10.1002/2015PA002897
https://doi.org/10.1126/science.257.5070.644
https://doi.org/10.1038/385705a0
https://doi.org/10.1016/j.palaeo.2014.05.047
https://doi.org/10.1016/j.palaeo.2006.12.003
https://doi.org/10.1007/978-90-481-8681-5_16
https://doi.org/10.1007/978-90-481-8681-5_16
https://doi.org/10.1016/j.palaeo.2005.10.014
https://doi.org/10.1029/1999PA000409
https://doi.org/10.1016/S0012-821X(99)00174-0
https://doi.org/10.1126/science.269.5228.1247
https://doi.org/10.1016/j.palaeo.2011.05.005
https://doi.org/10.1016/j.palaeo.2011.05.005
https://doi.org/10.1002/2013PA002524
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets


DeLong, K. L., Quinn, T. M., Shen, C.-C., & Lin, K. (2010). A snapshot of climate variability at Tahiti at 9.5 ka using a fossil coral from IODP

Expedition 310. Geochemistry, Geophysics, Geosystems, 11, Q06005. https://doi.org/10.1029/2009GC002758

DeLong, K. L., Quinn, T. M., & Taylor, F. W. (2007). Reconstructing twentieth-century sea surface temperature variability in the southwest

Pacific: A replication study using multiple coral Sr/Ca records from New Caledonia. Paleoceanography, 22, PA4212. https://doi.org/

10.1029/2007PA001444

DeLong, K. L., Quinn, T. M., Taylor, F. W., Lin, K., & Shen, C.-C. (2012). Sea surface temperature variability in the southwest tropical Pacific since

AD 1649. Nature Climate Change, 2(11), 799–804. https://doi.org/10.1038/NCLIMATE1583

DeLong, K. L., Quinn, T. M., Taylor, F. W., Shen, C.-C., & Lin, K. (2013). Improving coral-base paleoclimate reconstructions by replicating

350 years of coral Sr/Ca variations. Palaeogeography, Palaeoclimatology, Palaeoecology, 373, 6–24. https://doi.org/10.1016/j.

palaeo.2012.08.019

Fallon, S. J., McCulloch, M. T., & Alibert, C. (2003). Examining water temperature proxies in Porites corals from the Great Barrier Reef: A cross-

shelf comparison. Coral Reefs, 22(4), 389–404. https://doi.org/10.1007/s00338-003-0322-5

Fallon, S. J., McCulloch, M. T., vanWoesik, R., & Sinclair, D. J. (1999). Corals at their latitudinal limits: Laser ablation trace element systematics in

Porites from Shirigai Bay, Japan. Earth and Planetary Science Letters, 172(3-4), 221–238. https://doi.org/10.1016/S0012-821X(99)00200-9

Felis, T., Lohman, G., Kuhnert, H., Lorenz, S. J., Scholz, D., Pätzold, J., et al. (2004). Increased seasonality in Middle East temperatures during the

last interglacial period. Nature, 429(6988), 164–168. https://doi.org/10.1038/nature02546

Felis, T., McGregor, H. V., Linsley, B. K., Tudhope, A. W., Gagan, M. K., Suzuki, A., et al. (2014). Intensification of the meridional temperature

gradient in the Great Barrier Reef following the Last Glacial Maximum. Nature Communications, 5. https://doi.org/10.1038/ncomms5102

Felis, T., Merkel, U., Asami, R., Deshcamps, P., Hathorne, E. C., Kölling, M., et al. (2012). Pronounced interannual variability in tropical South

Pacific temperatures during Heinrich Stadial 1. Nature Communications, 3(1). https://doi.org/10.1030/ncomms1973

Felis, T., Suzuki, A., Kuhnert, H., Dima, M., Lohmann, G., & Kawahata, H. (2009). Subtropical coral reveals abrupt early-twentieth-century

freshening in the western North Pacific Ocean. Geology, 37(6), 527–530. https://doi.org/10.1130/G25581A.1

Gagan, M. K., Ayliffe, L. K., Beck, J. W., Cole, J. E., Druffel, E. R. M., Dunbar, R. B., & Schrag, D. P. (2000). New views of tropical paleoclimates from

corals. Quaternary Science Reviews, 19(1-5), 45–64. https://doi.org/10.1016/S0277-3791(99)00054-2

Gagan, M. K., Ayliffe, L. K., Hopley, D., Cali, J. A., Mortimer, G. E., Chappell, J., et al. (1998). Temperature and surface-ocean water balance of the

mid-Holocene Tropical Western Pacific. Science, 279(5353), 1014–1018. https://doi.org/10.1126/science.279.5353.1014

Gagan, M. K., Dunbar, G. B., & Suzuki, A. (2012). The effect of skeletal mass accumulation in Porites on coral Sr/Ca and δ
18
O paleothermo-

metry. Paleoceanography, 27, PA1203. https://doi.org/10.1029/2011PA002215

Giese, B. S., & Ray, S. (2011). El Niño variability in simple ocean data assimilation (SODA), 1871–2008. Journal of Geophysical Research, 116,

C02024. https://doi.org/10.1029/2010JC006695

Giry, C., Felis, T., Kölling, M., & Scheffers, S. (2010). Geochemistry and skeletal structure of Diploria strigosa, implications for coral-based

climate reconstruction. Paleoceanography and Paleoclimatology, 298, 378–387. https://doi.org/10.1016/j.palaeo.2010.10.022

Giry, C., Felis, T., Kölling, M., Scholz, D., Wei, W., Lohmann, G., & Scheffers, S. (2012). Mid- to late Holocene changes in tropical Atlantic

temperature seasonality and interannual to multidecadal variability documented in southern Caribbean corals. Earth and Planetary

Science Letters, 331-332, 187–200. https://doi.org/10.1016/j.epsl.2012.03.019

Goodkin, N. F., Hughen, K. A., & Cohen, A. L. (2007). A multicoral calibration method to approximate a universal equation relating Sr/Ca and

growth rate to sea surface temperature. Paleoceanography, 22, PA1214. https://doi.org/10.1029/2006PA001312

Goodkin, N. F., Hughen, K. A., Cohen, A. L., & Smith, S. R. (2005). Record of Little Ice Age sea surface temperatures at Bermuda using a

growth-dependent calibration of coral Sr/Ca. Paleoceanography, 20, PA4016. https://doi.org/10.1029/2005PA001140

Grottoli, A. G. (2001). Climate: Past climate from corals. In J. Steele, S. Thorpe, & K. Turekian (Eds.), Encyclopedia of ocean sciences

(pp. 2098–2107). London: Academic Press. https://doi.org/10.1006/rwos.2001.0270

Grottoli, A. G., & Eakin, C. M. (2007). A review of modern coral δ
18
O and Δ

14
C proxy records. Earth-Science Reviews, 81(1-2), 67–91. https://doi.

org/10.1016/j.earscirev.2006.10.001

Hathorne, E. C., Gagnon, A., Felis, T., Adkins, J., Asami, R., Boer, W., et al. (2013). Interlaboratory study for coral Sr/Ca and other element/Ca

ratio measurements. Geochemistry, Geophysics, Geosystems, 14, 3730–3750. https://doi.org/10.1002/ggge.20230

Heiss, G. A., G. F. Camoin, A. Eisenhauer, D. Wischow, W.-Chr. Dullo, and B. Hansen (1997). Stable isotope and Sr/Ca—Signals in the corals from

the Indian Ocean, Prox. 8
th
Int. Coral Reef Sym., 2, 1713–1718.

Hendy, E. J., Gagan, M. K., Alibert, C. A., McCulloch, M. T., Lough, J. M., & Isdale, P. J. (2002). Abrupt decrease in tropical Pacific Sea surface

salinity at end of Little Ice Age. Science, 295(5559), 1511–1514. https://doi.org/10.1126/science.1067693

Hetzinger, S., Pfeiffer, M., Dullo, W.-C., Garbe-Schönberg, D., & Halfar, J. (2010). Rapid 20th century warming in the Caribbean and impact of

remote forcing on climate in the northern tropical Atlantic as recorded in a Guadeloupe coral. Palaeogeography, Palaeoclimatology,

Palaeoecology, 296(1-2), 111–124. https://doi.org/10.1016/j.palaeo.2010.06.019

Hetzinger, S., Pfeiffer, M., Dullo, W.-C., & Ruprecht, E. (2006). Sr/Ca and δ
18
O in a fast-growing Diploria strigosa coral: Evaluation of a new

climate archive for the tropical Atlantic. Geochemistry, Geophysics, Geosystems, 7, Q10002. https://doi.org/10.1029/2006GC001347

Jones, P. D., Briffa, K. R., Osborn, T. J., Lough, J. M., van Ommen, T. D., Vinther, B. M., et al. (2009). High-resolution palaeoclimatology of the last

millennium: A review of current status and future prospects. The Holocene, 19(1), 3–49. https://doi.org/10.1177/0959683608098952

Kilbourne, K. H., Quinn, T. M., & Taylor, F. W. (2004). A fossil coral perspective on western tropical Pacific climate ~350 ka. Paleoceanography,

19, PA1019. https://doi.org/10.1029/2003PA000944

Kilpatrick, K. A., Podestá, G. P., & Evans, R. (2001). Overview of the NOAA/NASA advanced very high resolution radiometer Pathfinder

algorithm for sea surface temperature and associated matchup database. Journal of Geophysical Research, 106(C5), 9179–9197. https://doi.

org/10.1029/1999JC000065

Linsley, B. K., Kaplan, A., Gouriou, Y., Salinger, J., deMenocal, P. B., Wellington, G. M., & Howe, S. S. (2006). Tracking the extent of the

South Pacific Convergence Zone since the early 1600s. Geochemistry, Geophysics, Geosystems, 7, Q05003. https://doi.org/10.1029/

2005GC001115

Linsley, B. K., Wellington, G. M., & Schrag, D. P. (2000). Decadal sea surface temperature variability in the subtropical South Pacific from 1726

to 1997 A.D. Science, 290(5494), 1145–1148. https://doi.org/10.1126/science.290.5494.1145

Linsley, B. K., Wellington, G. M., Schrag, D. P., Ren, L., Salinger, M. J., & Tudhope, A. W. (2004). Geochemical evidence from corals for changes in

the amplitude and spatial pattern of South Pacific interdecadal climate variability over the last 300 years. Climate Dynamics, 22, 1–11.

Lough, J. M. (2004). A strategy to improve the contribution of coral data to high-resolution paleoclimatology. Palaeogeography,

Palaeoclimatology, Palaeoecology, 204(1-2), 115–143. https://doi.org/10.1016/S0031-0182(03)00727-2

Lough, J. M., Barnes, B. J., Devereux, M. J., Tobin, B. J., & Tobin, S. (1999). Variability in growth characteristics of massive Porites on the Great

Barrier Reef, CRC Reef Research Centre Technical Report, (28), 95.

10.1029/2017PA003276Paleoceanography and Paleoclimatology

MURTY ET AL. 455

https://doi.org/10.1029/2009GC002758
https://doi.org/10.1029/2007PA001444
https://doi.org/10.1029/2007PA001444
https://doi.org/10.1038/NCLIMATE1583
https://doi.org/10.1016/j.palaeo.2012.08.019
https://doi.org/10.1016/j.palaeo.2012.08.019
https://doi.org/10.1007/s00338-003-0322-5
https://doi.org/10.1016/S0012-821X(99)00200-9
https://doi.org/10.1038/nature02546
https://doi.org/10.1038/ncomms5102
https://doi.org/10.1030/ncomms1973
https://doi.org/10.1130/G25581A.1
https://doi.org/10.1016/S0277-3791(99)00054-2
https://doi.org/10.1126/science.279.5353.1014
https://doi.org/10.1029/2011PA002215
https://doi.org/10.1029/2010JC006695
https://doi.org/10.1016/j.palaeo.2010.10.022
https://doi.org/10.1016/j.epsl.2012.03.019
https://doi.org/10.1029/2006PA001312
https://doi.org/10.1029/2005PA001140
https://doi.org/10.1006/rwos.2001.0270
https://doi.org/10.1016/j.earscirev.2006.10.001
https://doi.org/10.1016/j.earscirev.2006.10.001
https://doi.org/10.1002/ggge.20230
https://doi.org/10.1126/science.1067693
https://doi.org/10.1016/j.palaeo.2010.06.019
https://doi.org/10.1029/2006GC001347
https://doi.org/10.1177/0959683608098952
https://doi.org/10.1029/2003PA000944
https://doi.org/10.1029/1999JC000065
https://doi.org/10.1029/1999JC000065
https://doi.org/10.1029/2005GC001115
https://doi.org/10.1029/2005GC001115
https://doi.org/10.1126/science.290.5494.1145
https://doi.org/10.1016/S0031-0182(03)00727-2


Lough, J. M., & Cooper, T. F. (2011). New insights from coral growth band studies in an era of rapid environmental change. Earth-Science

Reviews, 108(3-4), 170–184. https://doi.org/10.1016/j.earscirev.2011.07.001

Marshall, J. F., & McCulloch, M. T. (2001). Evidence of El Niño and the Indian Ocean dipole from Sr/Ca derived SSTs for modern corals at

Christmas Island, eastern Indian Ocean. Geophysical Research Letters, 28(18), 3453–3456. https://doi.org/10.1029/2001GL012978

Marshall, J. F., & McCulloch, M. T. (2002). An assessment of the Sr/Ca ratio in shallow water hermatypic corals as a proxy for sea surface

temperature. Geochimica et Cosmochimica Acta, 66(18), 3263–3280. https://doi.org/10.1016/S0016-7037(02)00926-2

Nurhati, I. S., Cobb, K. M., & Di Lorenzo, E. (2011). Decadal-scale SST and salinity variations in the central tropical Pacific: Signatures of natural

and anthropogenic climate change. Journal of Climate, 24(13), 3294–3308.

Paillard, D., Labeyrie, L., & Yiou, P. (1996). Macintosh program performs time-series analysis. Eos Transactions American Geophysical Union,

77(39), 379. https://doi.org/10.1029/96EO00259

Pfeiffer, M., Dullo, W. C., Zinke, J., & Garbe-Schönberg, D. (2009). Threemonthly coral Sr/Ca records from the Chagos Archipelago covering the

period of 1950–1995 AD: reproducibility and implications for quantitative reconstructions of sea surface temperature variations.

International Journal of Earth Sciences, 98(1), 53–66.

Quinn, T. M., & Sampson, D. E. (2002). A multiproxy approach to reconstructing sea surface conditions using coral skeleton geochemistry.

Paleoceanography, 17(4), 1062 https://doi.org/10.1029/2000PA000528.

Quinn, T. M., Taylor, F. W., & Crowley, T. J. (2006). Coral-based climate variability in the western Pacific warm pool since 1867. Journal of

Geophysical Research, 111, C11006. https://doi.org/10.1029/2005/JC003242

Quinn, T. M., Taylor, F. W., Crowley, T. J., & Link, S. M. (1996). Evaluation of sampling resolution in coral stable isotope records: A new case

study using records from New Caledonia and Tarawa. Paleoceanography, 11(5), 529–542. https://doi.org/10.1029/96PA01859

Ramos, R. D., Goodkin, N. F., Siringan, F. P., & Hughen, K. A. (2017). Diploastrea heliopora Sr/Ca and δ
18
O records from northeast Luzon,

Philippines: An assessment of interspecies coral proxy calibrations and climate controls of sea surface temperature and salinity.

Paleoceanography, 32, 424–438. https://doi.org/10.1002/2017PA003098

Saenger, C., Cohen, A. L., Oppo, D. W., & Hubbard, D. (2008). Interpreting sea surface temperature from strontium/calcium ratios in

Montastrea corals: Link with growth rate and implications for proxy reconstructions. Paleoceanography, 23, PA3102. https://doi.org/

10.1029/2007PA001572

Sagar, N., Hetzinger, S., Pfeiffer, M., Ahmad, S. M., Dullo, W.-C., & Garbe-Schönberg, D. (2016). High-resolution Sr/Ca ratios in a Porites lutea

coral from Lakshadweep Archipelago, southeast Arabian Sea: An example from a region experiencing steady rise in the reef temperature.

Journal of Geophysical Research: Oceans, 121, 252–266. https://doi.org/10.1002/2015JC010821

Schrag, D. P. (1999). Rapid analysis of high-precision Sr/Ca ratios in corals and other marine carbonates. Paleoceanography, 14(2), 97–102.

https://doi.org/10.1029/1998PA900025

Shen, C.-C., Lee, T., Chen, C.-Y., Wang, C.-H., Dai, C.-F., & Li, L.-A. (1996). The calibration of D[Sr/Ca] versus sea surface temperature relationship

for Porites corals. Geochimica et Cosmochimica Acta, 60(20), 3849–3858. https://doi.org/10.1016/0016-7037(96)00205-0

Smith, J. M., Quinn, T. M., Helmle, K. P., & Halley, R. B. (2006). Reproducibility of geochemical and climatic signals in the Atlantic coral

Montastraea faveolata. Paleoceanography, 21, PA1010. https://doi.org/10.1029/2005PA001187

Smith, T. M., Reynolds, R. W., Peterson, T. C., & Lawrimore, J. (2008). Improvements to NOAA’s historical merged land–ocean surface

temperature analysis (1880–2006). Journal of Climate, 21(10), 2283–2296.

Smith, S. V., Buddemeier, R. W., Redalje, R. C., & Houck, J. E. (1979). Strontium-calcium thermometry in coral skeletons. Science, 204(4391),

404–407. https://doi.org/10.1126/science.204.4391.404

Stephans, C. L., Quinn, T. M., Taylor, F. W., & Corrège, T. (2004). Assessing the reproducibility of coral-based climate records. Geophysical

Research Letters, 31, L18210. https://doi.org/10.1029/2004GL020343

Stoll, H. M., & Schrag, D. P. (1998). Effects of Quaternary sea level cycles on strontium in seawater. Geochimica et Cosmochimica Acta, 62(7),

1107–1118. https://doi.org/10.1016/S0016-7037(98)00042-8

Sun, Y., Sun, M., Lee, T., & Nie, B. (2005). Influence of seawater Sr content on coral Sr/Ca and Sr thermometry. Coral Reefs, 24(1), 23–29. https://

doi.org/10.1007/s00338-004-0467-x

Tomascik, T. (1990). Growth rates of two morphotypes of Montastrea annularis along a eutrophication gradient, Barbados, W. I. Marine

Pollution Bulletin, 21(8), 376–381. https://doi.org/10.1016/0025-326X(90)90645-O

Weber, J. N. (1973). Incorporation of strontium into reef coral skeletal carbonate. Geochimica et Cosmochimica Acta, 37(9), 2173–2190. https://

doi.org/10.1016/0016-7037(73)90015-X

Wei, G., Sun, M., Li, X., & Nie, B. (2000). Mg/Ca, Sr/Ca and U/Ca ratios of a Porites coral from Sanya Bay, Hainan Island, South China Sea and their

relationships to sea surface temperature. Palaeogeography, Palaeoclimatology, Palaeoecology, 162(1-2), 59–74. https://doi.org/10.1016/

S0031-0182(00)00105-X

Wu, H. C., Linsley, B. K., Dassié, E. P., Schiraldi, B., & deMenocal, P. B. (2013). Oceanographic variability in the South Pacific Convergence Zone

region over the last 210 years from multi-site coral Sr/Ca records. Geochemistry, Geophysics, Geosystems, 14, 1435–1453. https://doi.org/

10.1029/2012GC004293

Wu, H. C., Moreau, M., Linsley, B. K., Schrag, D. P., & Corrège, T. (2014). Investigation of sea surface temperature changes from replicated coral

Sr/Ca variations in the eastern equatorial Pacific (Clipperton Atoll) since 1874. Palaeogeography, Palaeoclimatology, Palaeoecology, 412,

208–222.

Zinke, J., Dullo, W.-C., Heiss, G. A., & Eisenhauer, A. (2004). ENSO and Indian Ocean subtropical dipole variability is recorded in a coral record

off southwest Madagascar for the period 1659 to 1995. Earth and Planetary Science Letters, 228(1-2), 177–194. https://doi.org/10.1016/

j.epsl.2004.09.028

Zinke, J., Pfeiffer, M., Park, W., Schneider, B., Reuning, L., Dullo, W., et al. (2014). Seychelles coral record of changes in sea surface temperature

bimodality in the western Indian Ocean from the Mid-Holocene to the present. Climate Dynamics, 43(3–4), 689–708.

10.1029/2017PA003276Paleoceanography and Paleoclimatology

MURTY ET AL. 456

https://doi.org/10.1016/j.earscirev.2011.07.001
https://doi.org/10.1029/2001GL012978
https://doi.org/10.1016/S0016-7037(02)00926-2
https://doi.org/10.1029/96EO00259
https://doi.org/10.1029/2000PA000528
https://doi.org/10.1029/2005/JC003242
https://doi.org/10.1029/96PA01859
https://doi.org/10.1002/2017PA003098
https://doi.org/10.1029/2007PA001572
https://doi.org/10.1029/2007PA001572
https://doi.org/10.1002/2015JC010821
https://doi.org/10.1029/1998PA900025
https://doi.org/10.1016/0016-7037(96)00205-0
https://doi.org/10.1029/2005PA001187
https://doi.org/10.1126/science.204.4391.404
https://doi.org/10.1029/2004GL020343
https://doi.org/10.1016/S0016-7037(98)00042-8
https://doi.org/10.1007/s00338-004-0467-x
https://doi.org/10.1007/s00338-004-0467-x
https://doi.org/10.1016/0025-326X(90)90645-O
https://doi.org/10.1016/0016-7037(73)90015-X
https://doi.org/10.1016/0016-7037(73)90015-X
https://doi.org/10.1016/S0031-0182(00)00105-X
https://doi.org/10.1016/S0031-0182(00)00105-X
https://doi.org/10.1029/2012GC004293
https://doi.org/10.1029/2012GC004293
https://doi.org/10.1016/j.epsl.2004.09.028
https://doi.org/10.1016/j.epsl.2004.09.028

