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Abstract Atlantic Warm Pool (AWP) climate variability is subject to multiple influences of remote and local
forcing. However, shortage of observational data before the midtwentieth century and of long-term sea
surface temperature (SST) and climate records has hampered the detection and investigation of decadal- and
longer-scale variability. We present new seasonally resolved 125-year records of coral δ18O and Sr/Ca
variations in the Central Caribbean Sea (Little Cayman, Cayman Islands; Diploria strigosa). Both geochemical
proxies show decreasing long-term trends, indicating long-term warming. Sr/Ca indicates much stronger
regional warming than large-scale grid-SST data, while δ18O tracks large-scale SST changes in the Atlantic
Warm Pool. Seawater δ18O variations are reconstructed, indicating a drying trend over the past century. High
spatial correlation between coral δ18O and SST in the region of the Loop Current and Gulf Stream system
suggests that Little Cayman is a sensitive location for detecting past large-scale temperature variability
beyond the Central Caribbean region. More specifically, our δ18O data track changes in North Atlantic
Oscillation variability on decadal and multidecadal time scales providing insights into the temporal and
spatial nonstationarity of the North Atlantic Oscillation. A combination of our δ18O record with two coral
records from different Caribbean sites reveals high spatial correspondence between coral δ18O and SST
variability in the North Atlantic subtropical gyre, where few instrumental measurements and proxies are
available prior to the twentieth century. Our results clearly demonstrate the potential of combining proxy
data to provide information from sparsely sampled areas, helping to reduce uncertainty in
model-based projections.

1. Introduction

Climate variability in the tropical Atlantic region produces numerous impacts on society and the environment
of the surrounding continents on seasonal, interannual, and multidecadal time scales through fluctuations in
ocean and land temperature, rainfall, and extreme events (Enfield & Alfaro, 1999; Giannini et al., 2000; Hurrell
et al., 2006; Moura & Shukla, 1981). Improving the assessment of the range of future climate fluctuations and
their predictability relies on a better understanding of these fluctuations.

Unlike the tropical Pacific, the tropical Atlantic is dominated by the competing influence of modes of climate
variability originating from tropical and extratropical oceans (Czaja, 2004; Czaja et al., 2002; Hurrell et al., 2006;
Marshall et al., 2001; Sutton et al., 2000). Interannual variability of north tropical Atlantic (NTA) climate is asso-
ciated with the Pacific El Niño-Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO) (Curtis &
Hastenrath, 1995; Czaja et al., 2002; Giannini, Cane, et al., 2001; Giannini, Chiang, et al., 2001; Hurrell et al.,
2006; Ruiz-Barradas et al., 2003), both having significant teleconnections to the NTA. ENSO and NAO modu-
late the strength of the trade winds that affects sea surface temperature (SST) through latent heat exchange
at the ocean surface and the distribution and intensity of rainfall over the surrounding landmasses (Chiang
et al., 2002; Czaja et al., 2002; Enfield & Mayer, 1997; Giannini, Chiang, et al., 2001; Giannini et al., 2000).
The relative importance of both modes for SST variability in the NTA appears to be frequency dependent,
with ENSO dominating at interannual and the NAO at interdecadal time scales (Czaja et al., 2002). Both modes
also influence SST variability in the Caribbean Sea, which is linked to sea level pressure variations in the North
Atlantic region (Hastenrath, 1984) mainly through changes in surface winds, which in turn affect the
dynamics of the Atlantic Warm Pool (AWP) (Wang et al., 2007, 2008b). The AWP is a large body of warm water
that comprises the Gulf of Mexico, the Caribbean Sea, and the western tropical North Atlantic. During its max-
imum extent in boreal summer, the AWP affects summer climate of the western hemisphere (Wang et al.,
2006, 2007) and can induce significant stress to Caribbean coral colonies during phases of sustained high
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temperatures as reported, for example, in 1995, 1998, 2003, 2005, and 2009 (Coelho & Manfrino, 2007; Eakin
et al., 2010; Ghiold & Smith, 1990; van Hooidonk et al., 2012). As expected, the AWP fluctuates with the ENSO
and NAO not only on interannual to decadal time scales (Enfield et al., 2006) but also on the time scale of the
Atlantic Multidecadal Oscillation (AMO; Wang et al., 2008a). The AMO has been identified as the leading large-
scale pattern of oscillatory changes in North Atlantic SST with a period of about 60–90 years (Enfield et al.,
2001; Kerr, 2000; Schlesinger & Ramankutty, 1994) over the last 150 years of instrumental observations. SST
variations related to the AMO have been suggested to drive climate and precipitation patterns over regions
including North America and the Caribbean (Enfield et al., 2001; Hu & Feng, 2008; Sutton & Hodson, 2005) and
tropical hurricane activity (Goldenberg et al., 2001; Hetzinger et al., 2008). Ocean circulation in the Caribbean
and Gulf of Mexico region of the AWP plays an important role in the heat transport from low to high latitudes.
It is the source area of warm water masses leaving the low latitudes. The outflow via the Loop and Florida
Current promotes the transequatorial heat transfer to higher latitudes through the Gulf Stream (Hogg &
Johns, 1995; Lund et al., 2006; Sato & Rossby, 1995; Schmitz & McCartney, 1993). It is widely accepted that
the Gulf Stream system is of fundamental importance to the climatic evolution in high northern latitudes
and, thus, to the living conditions in NW Europe. However, the lack of long-term SST and climate records
has hampered the detection and investigation of variability and relationships between climate properties
in the North Atlantic, especially on decadal and longer time scales (Dommenget & Latif, 2000).
Observational records are limited to the last 140 years and become sparser and spatiotemporally lacking
before 1950 (Smith & Reynolds, 2003). High-resolution climate proxy records from long-lived marine biota
such as corals, bivalves, and coralline algae can help to complement and significantly extend instrumental
records back in space and time (Hetzinger et al., 2012, 2016; Jones et al., 2001; Sagar et al., 2016; Svendsen
et al., 2014; Wanamaker et al., 2011; Zinke et al., 2014). Additionally, these proxy records provide necessary
input data for the calibration and validation of numerical climate models, which have the objective to
enhance the understanding of internal variability in the coupled ocean-atmosphere system (e.g., the
Northern Hemisphere ocean circulation, including the Caribbean Current, the Gulf Stream system, and the
North Atlantic thermohaline circulation (Latif, 2001; Latif et al., 2000; Vellinga & Wu, 2004). An improved
understanding of past variability of the climate system is also important with regard to long-range climate
forecasting (Delworth & Mann, 2000) and to assess the anthropogenic impact on climate and ecosystems
(Delworth & Mann, 2000; Enfield & Cid-Serrano, 2010; Intergovernmental Panel on Climate Change (IPCC),
2013; Latif & Keenlyside, 2011).

Due to their long lifetime (up to several centuries) and rapid growth (typically more than 1 cm/yr), corals can
provide an ideal archive for the reconstruction of seasonal-to-multidecadal variability of environmental
variables in the tropical surface oceans. Several studies have used geochemical proxies (δ18O and Sr/Ca) as
paleothermometers for the reconstruction of SSTs (Alibert & McCulloch, 1997; Beck et al., 1992; DeLong
et al., 2012; de Villiers et al., 1994; Gagan et al., 2000; Marshall & McCulloch, 2002; Maupin et al., 2008; Smith
et al., 1979; Zinke et al., 2004). Coral δ18O is a combined signal of the temperature and the δ18O of seawater,
whereas coral Sr/Ca is primarily influenced by seawater temperature (Smith et al., 1979).

This study presents a 125-year record of coral δ18O and Sr/Ca variations from a Diploria strigosa coral drilled
off Little Cayman (Cayman Islands and Central Caribbean Sea). We compare geochemical variations of the
coral record with observational data and climate indices as well as other Caribbean coral records over the
past 125 years to address questions including the following: (1) do the coral proxies record local and/or regio-
nal climate variability (i.e., SST and the hydrological cycle) and trends in long-term climate evolution? (2) Do
the coral proxies capture impacts of major climate modes onto the Caribbean? (3) Does the geochemical
record show the potential to track climate variability on large spatial scales, for example, within the AWP
region and the Gulf Stream system? (4) If so, how does the coral proxy record compare to other Caribbean
coral records in terms of their references to possibly different regions and do they complement each other?

2. Materials and Methods

Themost recent 42 years of Sr/Ca variations from this Little Cayman coral record were already examined in an
earlier study by von Reumont et al. (2016) who compared this fore reef record to a record from the adjacent
lagoon environment. Here a new δ18O and extended Sr/Ca record is presented: core LC3 spans 125 years,
from 1887 to 2011.
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2.1. Setting of the Study Area

Little Cayman is the smallest and least developed island of the three Cayman Islands with a human popula-
tion of less than 200. It is 17-km long and from little more than a kilometer to 3-km wide. With the highest
point 13 m above sea level it is a very flat island. The marine environment is characterized by an almost
continuously developed fringing reef. Little Cayman is situated in the Central Caribbean Sea, where it is shel-
tered by Cuba and Hispaniola from substantial wave input from the Atlantic. However, it is in a position to
receive the full impact of a moderately strong unidirectional trade wind and wavefield. Freshwater is scarce,
and the island lacks rivers and streams. Land-based discharge of erosional products into lagoonal waters
seems to be insignificant. More than 50% of the nearshore waters are designated as marine park or no-take
zone, ensuring minimal direct anthropogenic stress. Little Cayman is bathed in waters of the Caribbean
Current, the main surface current in the Caribbean Sea (Gordon, 1967; Hernandez-Guerra & Joyce, 2000;
Wüst, 1964). The island’s climate is strongly moderated by the sea since no major landmasses are present
within a radius of 200 km. Overall, Caribbean Sea climate, surface current patterns, and hydrography are
subject to seasonal fluctuations, which are mainly controlled by the covarying pattern of trade wind conver-
gence (Hastenrath, 1976, 1984), the seasonally northward and southward migration of the Intertropical
Convergence Zone, and the underlying cross-equatorial SST gradient (Carton et al., 1996).

2.2. Coral Sampling

In July 2012 coral core LC3 was extracted from a hemispherical colony of Diploria strigosa on the north central
coast of Little Cayman (19.7°N, 80.06°W). The colony had a diameter of 0.8 m and grew in a water depth of 9 m
in the fore reef 200 m off the fringing reef. The core was drilled vertically approximately parallel to the central
growth axis of the colony. The pneumatic drill was equipped with a 3.6-cm diameter core drill. Core LC3 has a
length of 69 cm. The core was sectioned longitudinally into 7-mm thick slabs. The coral slabs were X-rayed
(Figure S1 in the supporting information) in order to expose annual density band couplets. A preliminary
chronology was generated by counting the annual density bands. Core LC3 extends continuously from
1887 to 2011. The skeletal extension rate measured from the annual density bands averages 5.07 mm/yr
(±0.84 mm). Core LC3 was drilled as part of a field campaign during which the recovery of only one coral
record from each part of the reef (lagoon, fore reef, etc.) was permitted by the local environmental authority,
making replication with several cores impossible.

2.3. Coral δ18O and Sr/Ca

Powdered samples were collected for stable isotope and trace element analysis using a low-speed micrdrill
with a diamond-coated 0.5-mm diameter drill bit. The samples were drilled every 0.5 mm along the corallite
walls (parallel to the growth axis), yielding on average 10 samples per year. Since the longitudinal axis of our
core was slightly inclined to the growth axis of the coral, it was necessary to track jump downcore to stay in
the growth axis. The molar Sr/Ca ratios were determined by inductively coupled plasma optical emission
spectrometry (Spectro Ciros SOP) at the University of Kiel. Element emission signals were simultaneously
collected and subsequently drift corrected by sample-standard bracketing every five samples following a
combination of technics described by Schrag (1999) and de Villiers et al. (2002). Analytical precision on
Sr/Ca determinations was 0.15% relative standard deviation (RSD) or 0.01 mmol/mol (1σ) (n = 1,350). The
average Sr/Ca value of the JCp-1 standard (Hathorne et al., 2013) from multiple measurements on the same
day and on consecutive days was 8.855 mmol/mol with a RSD of 0.09%.

Oxygen isotope measurements were conducted on a Thermo Scientific MAT-253 mass spectrometer
equipped with a CARBO Kiel IV device. The isotopic ratios are reported in ‰ relative to the Vienna Pee
Dee Belemnite based on calibration directly to NBS-19 standard (National Bureau of Standards). Analytical
uncertainty on δ18O determinations was 0.06‰ (1σ) (n = 1,350; 2 standards after every 10 samples).

2.4. Coral Chronology

The coral chronology was developed based on the pronounced seasonal cycle in the Sr/Ca record. The
maximum (minimum) Sr/Ca value was tied to February (September) of any given year, which on average is
the coldest (warmest) month in the study area. Coral δ18O and Sr/Ca time series were linearly interpolated
between these anchor points using the Analyseries software (Paillard et al., 1996) to obtain age assignments
for all other measurements. This approach creates a noncumulative error of 1–2months in any given year due
to interannual differences in the exact timing of maximum (minimum) SST.
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2.5. In Situ and Gridded Temperature Data

In situ water temperature data for Little Cayman Island are available from the Coral Reef Early Warning System
(CREWS) station located within the fore reef zone <400 m apart from coral colony LC3. The station is part of
the Integrated Coral Observing Network of the National Oceanic and Atmospheric Administration (NOAA).
Hourly water temperatures were recorded by an NXIC-CTD (Conductivity, Temperature, Depth) from
Falmouth Scientific at a depth of approximately 5 m. The employed data set comprises 3 years of measure-
ments. The record starts in August 2009 when the station was newly brought into service and ends in October
2012 due to storm damage 3 months after retrieval of the coral core. Monthly SST data for the calibration of
the proxy records were extracted from the HadISST1 data set for the 1° × 1° grid box centered on 19.5°N and
79.5°W, including the coral site (Rayner et al., 2003). These data were adjusted using an ordinary least squares
(OLS) regression relationship between the HadISST and the CREWS data to create an augmented SST data set
(referred to as such hereafter) (von Reumont et al., 2016). Augmented SST variability agrees very well with the
local in situ SST data set (r = 0.98) over the interval from 2009 to 2012.

3. Results and Discussion
3.1. δ18O and Sr/Ca Records

The time series of monthly δ18O and Sr/Ca variations extend from 1887 to 2011 and show clear seasonal
cycles. The seasonality in monthly δ18O has a mean amplitude of 0.27‰, while in monthly Sr/Ca it is
0.09 mmol/mol. The two time series correlate significantly over the entire length on the monthly (r = 0.63;
p < 0.0001) and on the mean annual scale (r = 0.62; p < 0.0001).

Regressions of monthly δ18O and Sr/Ca with augmented SST yield significant relationships for both proxies
(r = �0.54 and �0.56 and δ18O and Sr/Ca, respectively; p < 0.0001) (Table 1). Annual mean proxy values also
correlate well with gridded SST (r =�0.56 and�0.54 and δ18O and Sr/Ca, respectively; p< 0.0001). The result-
ing regression slopes show notable differences depending on temporal resolution. At monthly resolution
regression slopes for δ18O and Sr/Ca are �0.082(±0.003)‰/°C and �0.021(±0.001) mmol/mol per °C,
respectively, while at annual resolution they are clearly larger with �0.292(±0.039)‰/°C and �0.069
(±0.012) mmol/mol per °C. Slopes for published equations relating δ18O and Sr/Ca from different tropical
Atlantic coral genera to SST range from �0.101 to �0.22‰/°C (Leder et al., 1996; Maupin et al., 2008; Smith
et al., 2006) and from �0.023 to �0.084 mmol/mol per °C (Cohen et al., 2004; DeLong et al., 2011; Goodkin
et al., 2005; Maupin et al., 2008; Smith et al., 2006; Swart et al., 2002; Xu et al., 2015), respectively. Previously
published slopes for modern Caribbean Diploria strigosa (Giry et al., 2012; Hetzinger et al., 2006a; Xu et al.,
2015) range from �0.184 to �0.196‰/°C for δ18O-SST and from �0.034 to �0.063 mmol/mol per °C for
Sr/Ca-SST relationships. Compared with the published data, our coral δ18O-SST and Sr/Ca-SST slopes of the
monthly data are in the lower range, while those of the annual data are in the higher range of slope values.
Basic statistics of the calibrated proxy records in comparison to gridded SST are given in Table 2.

3.2. Long-Term Trends

Both geochemical proxy records show a pronounced centennial scale trend of decreasing δ18O and Sr/Ca
values over the time period from 1887 to 2011 (Figures 1a and 1b). The trend in Sr/Ca is equivalent to a warm-
ing of 1.60°C, whereas in δ18O it is 1.06°C (Table 3) if interpreted completely in terms of temperature (using

Table 1
Linear Regression Equations Between Coral δ18O (Sr/Ca Ratios) and HadISSTaug Data Seta for the 1887–2011 Time Period

Data set Resolution Regression equation r r2 p σ

δ18O Monthly δ18O = �0.082(0.003) × SST � 1.915(0.093) �0.54 0.29 <0.0001 0.172
Extreme values δ18O = �0.082(0.006) × SST � 1.901(0.17) �0.65 0.42 <0.0001 0.171
Annual δ18O = �0.292(0.039) × SST + 3.973(1.081) �0.56 0.32 <0.0001 0.117

Sr/Ca Monthly Sr/Ca = �0.021(0.001) × SST + 9.546(0.023) �0.56 0.31 <0.0001 0.043
Extreme values Sr/Ca = �0.027(0.001) × SST + 9.703(0.041) �0.76 0.58 <0.0001 0.041
Annual Sr/Ca = �0.069(0.012) × SST + 10.875(0.331) �0.46 0.22 <0.0001 0.036

aEquations are computed using ordinary least squares (OLS) regression with zero-lag; 95% confidence limits for slope and intercept are given. Results from a test
between the OLS technique and orthogonal regression did not significantly differ. The residual standard errors are given as σ.
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Table 2
Basic Statistics of the Calibrated δ18O (Sr/Ca) and Augmented HadISST Data Sets for the Seasonal Cycle and Mean Annual Valuesa

Seasonal cycle Mean annual values

Data set Period Summer Winter Average Range Max Min Range σ

HadISSTaug 1887–2011 29.59 26.11 27.93 3.48 28.50 27.17 1.33 0.27
δ18O 1887–2011 29.42 26.08 27.80 3.34 29.28 27.01 2.27 0.48
Sr/Ca 1887–2011 30.76 26.39 28.56 4.37 29.16 26.55 2.62 0.58

aIn °C; σ is standard deviation of annual mean values.

Figure 1. Monthly and annual mean time series (1887–2011) of (a) coral δ18O and (b) coral Sr/Ca from core LC3 and of (c) the augmented HadISST reanalysis data for
the grid box centered on 19.5°N and 79.5°W, including the coral site. (d) Comparison between 11-year moving average data of coral Δδ18Osw-center and AMO.
Guadeloupe coral Δδ18Osw-center generated by removing the Sr/Ca-derived temperature component of the coral δ18O signal. The resultant Δδ18Osw-center is an
estimate of seawater δ18O. Note the divergence of the Δδ18Osw-center signal from the AMO from the late 1970s resulting from atmospheric circulation alterations
and changing precipitation patterns in the tropics. PP: Precipitation; EV: Evaporation.
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the slope of the regression equations). However, in contrast to Sr/Ca, δ18O variability is influenced not only by
water temperature but also by seawater δ18O (δ18Osw), which primarily reflects the regional precipitation-
evaporation balance (Zinke et al., 2008) and might account for the discrepancy in the magnitude of the
temperature trends. Compared to the proxy records, the HadISSTaug data show a weaker warming of
0.62°C, which is in the lower portion of globally averaged surface temperature data analyzed by the IPCC
(2013) that indicate a warming of 0.65 to 1.06°C over the period 1880 to 2012. Warming calculated from
δ18O matches the upper Intergovernmental Panel on Climate Change warming estimate. Similar results,
that is, stronger proxy-derived warming trends than indicated by gridded SST data, have also been found
in other coral-based SST reconstructions from this region. For example, coral proxy data from Puerto Rico
(Kilbourne et al., 2008) and Guadeloupe (Hetzinger et al., 2010) yield temperature trends that are also up
to 2 times larger than what the corresponding grid SST data suggest (Table 3). Such records have been
found not only in corals but also in sclerosponges from Jamaica (Rosenheim et al., 2005) and the Bahamas
(Rosenheim et al., 2004). However, there are exceptions to these records from the Florida Keys (DeLong
et al., 2014; Maupin et al., 2008) where coral records do not match this larger trend. In context of the larger
trend, recently published observations from Little Cayman suggest that grid-SSTs, which are averaged over
a large area and often computed from multiple data sources (Smith & Reynolds, 2003), do not sufficiently
represent local SST variability within the reef system from which the coral cores and thus the geochemical
records have been retrieved (von Reumont et al., 2016). Furthermore, Hetzinger et al. (2010) showed that
temperature trends derived from the coral Sr/Ca data of Guadeloupe Diploria strigosa are clearly consistent
with those of local air temperature measurements starting in 1951, while grid-SST shows no warming in
the same time period. The magnitude of the trend in Little Cayman Sr/Ca-derived temperature is consistent
with the observed increase in temperature at the other two Caribbean coral sites. This consistency indicates
that the annual mean Sr/Ca values from our Little Cayman coral record yield a robust warming signal that is
much stronger than suggested by large-scale grid-SST data but of similar magnitude as other coral-derived
proxy reconstructions. These trends in the coral temperature reconstructions together with the aforemen-
tioned coral records from the Florida Keys support the findings of a study of decadal SST trends
(1985–2009) that includes the Caribbean Sea and the southeastern Gulf of Mexico and uses Advanced Very
High Resolution Radiometer (Chollett et al., 2012). According to the Advanced Very High Resolution
Radiometer data, the region of the Caribbean records is warming, whereas the southeastern Gulf of
Mexico including the Florida Keys is not warming as quickly. One possible explanation of the spatial hetero-
geneity is reduced transport of warm water from the Caribbean into the Gulf of Mexico, at least on centennial
time scales (Lund et al., 2006), which may be further linked to reduced Atlantic Meridional Overturning
Circulation (AMOC) transport as suggested in a high-resolution simulation study by Liu et al. (2012).
However, this is not an explanation for the larger proxy-derived warming trends, which need to be further
investigated by means of additional high-resolution proxy records and model simulations.

The comparison of the proxy results suggests that Sr/Ca is a better indicator of local changes in temperature,
while δ18O seems to be a better indicator of large-scale/regional-scale SST changes. At the seasonal scale this

Table 3
Trend Analysis of SST and Coral Proxy Time Series (Sr/Ca and δ18O) for the Time Interval 1887–2011 for Three Different Locations

Overall trend (°C)

Location Coral core/data set Sr/Ca-SST δ18O-SST Gridded SST Reference

Cayman Islands LC3 1.60 1.06 0.62a This Study
Guadeloupe Gua1 1.63 0.62 0.64b Hetzingeret al. (2010)
Puerto Rico Turrumote Reef 1.24 1.63 0.60c Kilbourne et al. (2008)

Warming per Decade (°C)

Location Coral core/data set Sr/Ca-SST δ18O-SST Gridded SST Reference

Cayman Islands LC3 0.13 0.08 0.05a This Study
Guadeloupe Gua1 0.13 0.04 0.05b Hetzingeret al. (2010)
Puerto Rico Turrumote Reef 0.13 0.10 0.05c Kilbourne et al. (2008)

Note. Trends were computed based on proxy temperature relationships determined in the reference studies and linearly extrapolated where necessary for the
overall trend. Original length of records: LC3: 1887–2011, Gua1: 1896–1998, TR: 1751–2004.
aHadISSTaug (augmented with CREWS data). bERSST. cHadISST.
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assumption is corroborated by a good agreement of the seasonal cycle range between the gridded SST and
δ18O-SST, whereas Sr/Ca-SST shows a clearly larger range (Table 2). Furthermore, the monthly Sr/Ca record
shows a distinct positive excursion around the years 1955–1956 (Figure 1b). This suggests a cooling event,
which coincides with the timing of a moderate La Niña event (�1.46) according to the Oceanic Niño Index
(ONI, 1950 to present), which measures departures from average SST in the Pacific Nino3.4 region. On the
other hand δ18O and SST show no deviation from general interannual variability at that time. The reasons
for this singular Sr/Ca excursion cannot be completely determined here and may be due to several different
factors related either to the coral proxy itself or to local variability. However, diagenetic alteration, which has
been observed in some modern corals (e.g., Porites) (Hendy et al., 2007; Sayani et al., 2011), is not considered
to be the cause. The skeletal mesoarchitecture of large-polyped Diploria strigosa facilitates microsampling
that strictly follows a single skeletal element, the solid and thick theca wall. Different to the sampling in
small-polyped corals such as Porites, sampling does not integrate over different skeletal elements and
vacated skeleton where secondary aragonite infilling may occur. Here microsampling was constrained to
the central part of the theca, where the admixture of secondary cements, if present somewhere in the skeletal
structure, is unlikely. Additionally, no indications of secondary aragonite overgrowth were found in X-ray
images of the core slabs that could point to diagenetic alteration effects. Although a singular feature, the
Sr/Ca excursion potentially is a true local temperature signal that points to the higher sensitivity of Sr/Ca
toward local SST changes compared to the δ18O signal.

In addition to trends in both proxy records with a focus on SST, we investigate long-term changes in the
hydrologic balance by using paired coral δ18O and Sr/Ca measurements to calculate changes in seawater
δ18O (δ18Osw). Several studies have demonstrated that past δ18Osw variations can be reconstructed by remov-
ing the temperature component of the δ18O signal by using Sr/Ca derived temperature (Cahyarini et al., 2014;
Gagan et al., 1998; Kilbourne et al., 2004; McCulloch et al., 1994; Ren et al., 2002). We calculate relative changes
in annual δ18Osw following the method described in Cahyarini et al. (2008), assuming a coral δ18O-SST rela-
tionship of �0.29‰/°C and a coral Sr/Ca-SST relationship of �0.069 mmol/mol per °C based on our calibra-
tions. Variations in δ18Osw are defined relative to the mean value of δ18Osw and are given as Δδ18Osw-center

(Cahyarini et al., 2009; Figure 1d). Given the positive long-term trend in proxy-derived temperatures, total pre-
cipitation is expected to increase in conjunction with increasing tropical temperature since, in theory,
increased heating leads to greater evaporation and thus higher precipitation (Mitchell et al., 1987). The
long-term perspective on the Δδ18Osw-center data is inconsistent with this assumption. At our study site gen-
erally increasing Δδ18Osw-center suggests an overall reduction in precipitation from 1887 to 2011. However,
the Δδ18Osw-center signal does not evolve in a linear way. From the beginning of the record until the mid-
1970s the Δδ18Osw-center data show a high inverse correlation with the AMO, (r = �0.88; p < 0.0001; van
Oldenborgh et al., 2009) (Figure 1d), thus being consistent with the above assumption that when tempera-
ture increases precipitation increases and vice versa. Starting in the mid-1970s the Δδ18Osw-center record
seems to decouple from the AMO signal and shifts to a steadily increasing regime; that is, precipitation
decreases, while temperature increases. Gauge data from the Global Historical Climatology Network data
set (National Climatic Data Center summarized by Trenberth et al., 2007) showed that for the period from
1979 to 2005 precipitation patterns have developed such that the higher latitudes have become wetter
and the subtropics and much of the tropics including the Central Caribbean region have indeed become
drier. Alterations in atmospheric circulation are associated with these patterns (Trenberth et al., 2007),
namely, increases in the westerly winds at midlatitudes and a strengthening of the northeasterly trade winds
(Kalnay et al., 1996). These alterations should theoretically causemore evaporation and advection of moisture
from the region, thereby increasing the Δδ18Osw-center. A combination of higher evaporation and increasing
temperature, as captured by our coral, could have negative long-term consequences on the Cayman Islands
and similar low-lying islands with few freshwater resources. Empirical evidence and climate model simula-
tions indicate that warmer climates, owing to increased water vapor, lead to more intense precipitation
events, even when the total annual precipitation is reduced (Allan & Soden, 2008; Trenberth et al., 2003).
Additionally, more atmospheric moisture is available for tropical storms to feed upon (Bender et al., 2010).
These factors often occur together, thereby increasing the potential incidence and severity of flooding events
(Trenberth, 2011). The warming on the other hand accelerates drying of land surfaces as the evaporation of
moisture takes in heat, eventually leading to an increased risk of extended dry or even drought periods (Dai
et al., 2004).
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Interestingly, while we observe a strong relationship between Δδ18Osw-center and AMO, this does not hold
true for the individual δ18O and Sr/Ca records. Hetzinger et al. (2008) and Kilbourne et al. (2008) have found
a strong relationship between coral δ18O and AMO in their records from Guadeloupe and Puerto Rico.
However, these records come from locations in the southern and eastern Caribbean. Spatial distribution of
correlations between the annual mean SST and the AMO index over the time period from 1887 to 2011 shows
that Guadeloupe and Puerto Rico are situated within a field of significant agreement (Figure S2). In contrast,
no correlation exists in the northwestern part of the Caribbean, north of the latitude of Jamaica where the
Cayman Islands are situated. The high correlation between our coral δ18O and Sr/Ca records indicates a domi-
nant role of SST in coral δ18O variability at Little Cayman, and consequently, both proxy records show no
significant relationship to AMO. Observational and model data provide evidence for a major role of atmo-
spheric processes in generating the tropical portion of AMO variability (Brown et al., 2016; Yuan et al.,
2016). Observational analyses suggest that the focus of North Atlantic SST anomalies is in the midlatitudes
during the mature stage of AMO and SST anomalies subsequently propagate into the tropics (Guan &
Nigam, 2009; Hodson et al., 2014; Kavvada et al., 2013). In response to a warm middle-latitude SST anomaly
tropical trade wind speed weakens, which in turn reduces evaporation in the tropics (Chiang & Friedman,
2012; Qu et al., 2014). This AMO-related atmospheric effect on the hydrological balance might be an explana-
tion for the observed coral δ18Osw signal with no necessary causal connection to local SST.

Hetzinger et al. (2008) could also show that their estimate of δ18Osw contribution to the δ18O signal and
precipitation are highly correlated at low frequencies to the AMO, implying that multidecadal δ18Osw varia-
tions in Guadeloupe are primarily atmosphere driven. Presumably, this observation applies to a wider region
and perhaps also to the Puerto Rico and Little Cayman site.

3.3. Regional- to Large-Scale Variability

Spatial distribution of correlations between annual mean Sr/Ca and SST exhibits strong relations mainly
restricted to the local level and not on regional to large scales (Figure S3). In contrast, annual mean coral
δ18O reveals strong negative relations to SST in the eastern Sargasso Sea, but especially to SST in the Loop
Current region (SSTLC; Figure 2), where the clockwise surface flow extends northward into the Gulf of
Mexico and joins the Yucatan Current and Florida Current. Strong correlations of coral δ18O are also found
to SST in the Gulf Stream region (SSTGS) upstream of Cape Hatteras, where the Florida Current ceases to fol-
low the continental shelf. Our observation is consistent with results from Hetzinger et al. (2010) who found
that δ18O appears to be a better indicator of large-scale SST variability in the tropical North Atlantic, while
Sr/Ca appears to be a better indicator of local temperature variability. Consequently, we focus on δ18O varia-
bility for the investigation of regional- to large-scale SST variability. The observed relationships between δ18O
and SSTLC/SSTGS potentially make our study site a sensitive location for the detection of past regional-scale
variability within the Gulf Stream System. To validate/verify this assumption, we determine one comparative
grid-SST cell from the field with the strongest correlation for the Loop Current region and the Gulf Stream
region, respectively. Figure 3 confirms that interannual variations in coral δ18O agree very well with SST from
the two selected regions. Both coral δ18O and SST show a clear multidecadal variation with a period of
~80 years. However, phase and thus period of the variation differ from AMO variability. A comparison of
low-pass-filtered data yields strong negative relationships between δ18O and both SST time series from
1887 to the mid-1970s (Gulf Stream: r = �0.98; Loop Current: r = �0.96; p < 0.0001). Between the
mid-1970s and 1990s the δ18O signal is characterized by a departure from decreasing SST signals. This coin-
cides with the behavior of Δδ18Osw-center, which contributes to the δ18O signal. During this time period three
strong (> +1.5°C; 1972–1973, 1986–1987, and 1991–1992) and two very strong (> +2.0°C; 1982–1983 and
1997–1998) El Niño events developed according to the ONI. Together with the 2015–2016 El Niño, the
1982–1983 and 1997–1998 events are the strongest on the ONI record, covering the period from 1950 to
now. The El Niño Southern-Oscillation (ENSO) originates in the tropical Pacific Ocean but is known to exert
a strong influence on climate variability in the northern tropical Atlantic and the Caribbean region (Curtis
& Hastenrath, 1995; Czaja et al., 2002; Enfield & Mayer, 1997; George & Saunders, 2001; Giannini, Cane,
et al., 2001; Giannini, Chiang, et al., 2001, Giannini et al., 2000; Saravanan & Chang, 2000). A spatial correlation
of the ONI record with HadISST data over the time period from 1970 to 2000 (Figure S4) yields moderate
values (0.4 ≤ r ≤ 0.6, p < 0.1) for the northeast Caribbean, while for the Gulf Stream and Loop Current region
no or only weak correlations can be observed (0 ≤ r ≤ 0.2, p < 0.1). Consequently, we assume that ENSO can
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Figure 2. Oceanographic setting of the western North Atlantic and Caribbean region showing major surface currents in the Caribbean and flowing out of it. Surface
currents are indicated as orange arrow based on the Mariano Global Surface Velocity Analysis (MGSVA) (http://oceancurrents.rsmas.miami.edu): CAC: Caribbean
Current; LC: Loop Current; FC: Florida Current; GS: Gulf Stream. Blue colors represent the spatial distribution of correlations between annual mean coral δ18O and
HadISST data (Rayner et al., 2003). Data cover the period 1887–2011 and were detrended. Note that correlation of coral δ18O and HadISST is high and significant at
the 1% level especially in the Gulf Stream and Loop Current region. Spatial distribution of correlations was computed and plotted at http://climexp.knmi.nl/.

Figure 3. Coral δ18O time series and its relation to sea surface temperature in the Gulf Stream (GS) and Loop Current (LC) comparative grid cells (see Figure 2). Data
were normalized to unit variance for comparison by subtracting the mean and dividing by standard deviation. Filtering was done with a 15-year low-pass Gaussian
filter.
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have a measurable impact on local SST and thus coral δ18O at Little Cayman, which already has been shown
for corals from other Caribbean sites (Maupin et al., 2008; Smith et al., 2006), while SST in the comparative
regions seems to be unaffected. The frequency and magnitude of El Niño events likely have contributed to
the δ18O signal remaining at low values at Little Cayman compared to decreasing SSTs in the Gulf Stream
and Loop Current region in Figure 3. Another prominent mode of external forcing on northern tropical
Atlantic climate variability is the North Atlantic Oscillation (NAO) (Czaja et al., 2002). The NAO is associated
with basin-wide variations in atmospheric circulation (Hurrell, 1995), which in turn result in changes in the
regional distribution of temperature and rainfall over the North Atlantic and surrounding continents
(including the Caribbean; Rogers & Van Loon, 1979; van Loon & Rogers, 1978; Walker & Bliss, 1932). We
investigate the relationship between coral δ18O and the two modes of climate variability, ENSO and NAO,
to eventually identify forcing of corresponding variability between δ18O at Little Cayman and SST in the
Gulf Stream and Loop Current region. In order to do this, we perform wavelet coherence (WTC) analyses,
which find regions in time frequency space where two time series covary (but do not necessarily have
high power; Grinsted et al., 2004). Results from WTC between coral δ18O and the Nino3.4 index show only
one significant (p ≤ 0.05) field of covariance (Figure S5), which appears on interannual time scales with a
period between 1 and 2 years around 1900. Elevated but insignificant values of annual to interannual
covariation can be observed from 1940 into the 1990s comprising the time period of higher El Niño
activity between the mid-1970s and 1990s considered above. While the ENSO systems effect on annual
δ18O is generally insignificant, an examination of NAO variability gives a different picture. Strong and
persisting covariation between δ18O and NAO exists on decadal time scales in a band between 1920 and
1980 with periods around 12–16 years (Figure 4). This significant region is surrounded by elevated but
insignificant values even reaching from around 1900 to around 2000. After 1980 into the 1990s significant
covariation seems to switch to shorter, interannual periods between around 8–11 and 5–6 years.
Additionally, we compute WTCs between annual δ18O and SSTGS and SSTLC, respectively (Figure 4), to
investigate whether the two SST time series share time frequency patterns with δ18O that also exist
between δ18O and NAO. Covariation in periods around 12–16 years is also present in both WTCs although
not to similar extent. Both share a region of significant covariation between around 1940 and 1960
although covariation between δ18O and SSTGS lasts longer, until around 2000. If elevated but not
significant values are included, covariation between δ18O and SSTGS coincides primarily with the region
from 1900 and 2000 observed in the WTC between δ18O and NAO. In contrast, covariation between δ18O
and SSTLC shows a narrower region on decadal scales, with no covariation existing before 1920 and after
1990. Here the shift to shorter, interannual periods around the 1980s, as observed in WTC between δ18O
and NAO, also exists. The pattern of decadal variation is the dominant feature in all WTCs. This
corresponds very well to results of Hurrell and van Loon (1997) and Hurrell et al. (2003), which indicate
that while no preferable time scale of NAO variability is detectable, the NAO exhibit considerable
variability at quasi-biennial periods and in the decadal band. More importantly, the studies show that

Figure 4. Results fromwavelet coherence spectra between annual coral δ18O and NAO index data and between annual coral δ18O and SST from the Gulf Stream (GS)
and the Loop Current (LC) (see Figure 2). The black contour designates the 5% significance level against red noise, and the cone of influence where edge effects
might distort the picture is shown as a lighter shade. The plots were computed using wavelet coherency software by Grinsted et al. (2004).
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variability in the decadal band was enhanced over the twentieth century and has become especially
pronounced in the second half of it. However, despite the good agreement with our observations from
Little Cayman on decadal time scales, evident multidecadal variability in δ18O still needs to be addressed.
In this context earlier studies have observed that wintertime NAO exhibits significant multidecadal variability
(Chelliah & Bell, 2004; Goodkin et al., 2008; Hurrell, 1995; Woollings et al., 2015). Interestingly, multidecadal
variability observed in both SST and δ18O (Figure 3) agrees very well withmultidecadal variability of wintertime
NAO (wintertime NAO to δ18O, r = 0.74; SSTGS, r = 0.73; SSTLC, r = 0.79; p < 0.0001; comparison of low-pass-
filtered annual data), suggesting a relation to wintertime NAO. Decadal variability also seems to be influenced
by wintertime NAO in such a way that when wintertime NAO (not shown) is low during 1920–1970, covar-
iance between NAO and δ18O/SST is significantly increased in the decadal band (Figure 4). Results from obser-
vations and models point to distinct patterns of ocean-atmosphere variability on decadal and multidecadal
scales of the NAO (Delworth & Mann, 2000; Deser & Blackmon, 1993; Shaffrey & Sutton, 2006; Sutton &
Hodson, 2003). On the decadal time scale NAO is dominated by meridional shifts of the jet stream and asso-
ciated storm track, whereas on the multidecadal time scale variability is dominated by changes in their
strength (Woollings et al., 2015). Recent studies suggest that the two time scales thereby express nonstation-
ary relationships between NAO and regional impacts on temperature (Comas-Bru & McDermott, 2014;
Haylock et al., 2007; Pozo-Vazquez et al., 2001) and precipitation (Raible et al., 2014; Vicente-Serrano &
Lopez-Moreno, 2008) and different relationships to SST (Alvarez-Garcia et al., 2008; Raible et al., 2001, 2005;
Walter & Graf, 2002). Especially in Europe, the multidecadal component of NAO variability has a clear and dis-
tinct influence on surface temperatures and precipitation, so that decadal forecasts of this variability could be
of practical use (Woollings et al., 2015). However, model predictability may be hampered by the assumption
of stationarity of the NAO signal, which is commonly used in reconstruction methods (Küttel et al., 2010;
Woollings et al., 2015). This problem is compounded by the complexity of the observed low-frequency varia-
bility in the Atlantic, which is subject of intense debate (Dommenget & Latif, 2000; Enfield & Mayer, 1997;
Huang et al., 2004; Marshall et al., 2001; Xie & Carton, 2004; Xie & Tanimoto, 1998).

Our analyses suggest that the coral, due to its position, tracks changes in NAO variability on both the decadal
and the multidecadal time scales in the important Loop Current and Gulf Stream regions (Figure 2). Hence,
proxy data from this location may contribute new insights into the temporal and spatial nonstationarity of
the NAO and can help to specifically investigate its impact on the western Caribbean and the Gulf Stream
region. Moreover, these new proxy reconstructions can be compared with model-generated fields of forced
(external and internal) and natural variability over the last centuries. Evaluation of model simulations against
paleodata indicates that models are capable of reproducing trends and large-scale patterns of past climate
changes but tend to underestimate or lack distinct signatures of regional changes related to NAO and
ENSO (Braconnot et al., 2012; Küttel et al., 2010; Woollings et al., 2015). Here higher-density of proxy data
and distribution over larger geographical areas potentially provide more internally consistent and spatially
coherent insights into past climatic variability not covered by instrumental data. However, there are regions
of the ocean with naturally low density of available proxy archives due to, for example, a lack of landmass and
associated shallow waters housing potential biogenic proxy archives. Our coral δ18O record is a clear example
for the potential of proxy records to fill these gaps by tracking climate variables, such as SST, over larger
regions. To obtain missing information, it is crucial to localize the proxy record that potentially contains this
information. We compare our δ18O record to other Caribbean δ18O data from the Venezuelan Archipelago
Los Roques (Hetzinger et al., 2008) and from Puerto Rico (Kilbourne et al., 2008) to visualize geographical
differences of SST variability representation between records. Figure 5 shows the spatial correlation patterns
of those three records. For more clarity only high negative correlations with r ≤ �0.6 are considered. Data
from Los Roques show a pronounced correlation between coral δ18O and large-scale SST variability in the
northern tropical Atlantic (NTA), the Caribbean Current, and the Canary Current region, representing the
northeastern to southwestern portion of the North Atlantic subtropical gyre. Hence, while our observations
and results from earlier studies (Hetzinger et al., 2006b, 2008) indicate that the southeastern Caribbean
record is sensitive to changes in SST and seawater δ18O in waters upstream from Los Roques (entering the
Caribbean from the southeast), our Central Caribbean isotope record seems to track SST changes mainly in
waters downstream from the sampling site (leaving the Caribbean in northerly direction). Interestingly, the
Puerto Rico record shows highest correlations mainly in two separate regions remote from the location, that
is, the eastern sector of the Equatorial Counter Current and a region including the Azores and Portugal
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Current and the northern branch of the Canary Current. There is much overlap between the correlation fields
of the Puerto Rico and Los Roques records. Despite the overlap, additional information is still obtained,
specifically in the north, because spatial correlations of the Puerto Rico record extend farther into the western
central part of the North Atlantic gyre. Our analysis shows that the total acquired spatial coverage of high
correspondence between δ18O and SST variability is large, including principal elements of the North
Atlantic subtropical gyre, even though it is based only on three records from three different Caribbean sites.
The spatial distribution of correlations of these records clearly demonstrates the potential of proxy data to
provide information on SST variability for regions where no instrumental measurements or proxy archives
are available and to reconstruct the climate system in periods prior to the instrumental record. A focused
application of proxy data from such areas, which also have been identified as “areas of uncertainty” in model
based projections by the IPCC (2013), has the potential to greatly reduce that uncertainty.

4. Summary and Conclusions

Here we describe and interpret a 125-year record of coral δ18O and Sr/Ca variations in the Central Caribbean
Sea (Little Cayman, Cayman Islands), representing the longest continuous seasonal resolution record from a
Diploria strigosa coral to date.

Both geochemical proxies show a decreasing long-term trend. The calculated warming from δ18O is within
the range of globally averaged surface warming estimates of the IPCC (2013), while Sr/Ca indicates a much
stronger regional warming in comparison to large-scale grid-SST data. In conjunction with earlier studies
(Hetzinger et al., 2010; Kilbourne et al., 2008; von Reumont et al., 2016) our results suggest that Sr/Ca is a
better indicator of local changes in temperature, while δ18O seems to be a better indicator of large-scale/
regional-scale SST changes and that grid-SSTs do not sufficiently represent local SST variability within the
reef system.

Seawater δ18O variations (Δδ18Osw-center) at Little Cayman are successfully captured by the coral proxy record
by removing the Sr/Ca-derived temperature component from coral δ18O. High inverse correlation with the
AMO indicates that when temperature increases, precipitation increases and vice versa. After the

Figure 5. Spatial distribution of correlations between annual mean coral δ18O and HadISST data (Rayner et al., 2003) for Little Cayman, Los Roques (Hetzinger et al.,
2008), and Puerto Rico (Kilbourne et al., 2008). Data cover the period 1887–2011 (Little Cayman), 1918–2003 (Los Roques), and 1751–2004 (Puerto Rico) and were
detrended. For more clarity only high negative correlations with r ≤ �0.6 are shown. Correlations are significant at the 1% level and were computed and plotted at
http://climexp.knmi.nl/. White dashed lines represent the continuing contour line of a correlation field where fields overlap. A three-panel version depicting the
correltations to the different corals in full in each panel is provided in Figure S6.
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mid-1970s, however, the Δδ18Osw-center signal decouples from the AMO signal and shifts to a steadily increas-
ing regime; that is, precipitation decreases, while temperature increases. An overall linear trend toward
higher Δδ18Osw-center also indicates a drying trend over the past century. Through its environmental implica-
tions a continued drying and increase in temperature could have important socioeconomic consequences in
the Cayman Islands and in the whole region.

The δ18O and Sr/Ca time series show different potential in tracking SST variability on large spatial scales. While
Sr/Ca exhibits strong relations with SST restricted to the local level, δ18O shows high correlation with SST in
the Gulf Stream region east of Cape Hatteras and the Loop Current region. Therefore, Little Cayman poten-
tially is a sensitive location for the detection of past regional-scale SST variability within the Gulf Stream
System. More specifically, our δ18O data track changes in NAO variability on both the decadal and the multi-
decadal time scales in that region. The data may contribute to a basic understanding of the temporal and
spatial nonstationarity of NAO and can help to investigate the impact of NAO on the western Caribbean
and the Gulf Stream region.

The combined evaluation of our coral δ18O record and two other records from different Caribbean sites
reveals a large total spatial coverage of high correspondence between coral δ18O and SST variability,
comprising principal elements of the North Atlantic subtropical gyre. This result is a clear demonstration
of the potential of proxy data to provide information on SST variability for regions where no instrumental
measurements or proxy archives are available and to reconstruct the climate system in periods prior to the
instrumental record. Thereby, our new Central Caribbean proxy reconstructions help to increase the
density and distribution of proxy data over larger geographical areas, which is important for gaining
more internally consistent and spatially coherent insights into past climatic variability not covered by
instrumental data.

References
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, 345–363. https://doi.org/10.1029/97PA00318
Allan, R. P., & Soden, B. J. (2008). Atmospheric warming and the amplification of precipitation extremes. Science, 321(5895), 1481–1484.

https://doi.org/10.1126/science.1160787
Alvarez-Garcia, F., Latif, M., & Biastoch, A. (2008). Onmultidecadal and quasi-decadal North Atlantic variability. Journal of Climate, 21(14),

3433–3452. https://doi.org/10.1175/2007JCLI1800.1
Beck, J. W., Edwards, L. R., 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
Bender, M. A., Knutson, T. R., Tuleya, R. E., Sirutis, J. J., Vecchi, G. A., Garner, S. T., & Held, I. M. (2010). Modeled impact of anthropogenic

warming on the frequency of intense Atlantic hurricanes. Science, 327(5964), 454–458. https://doi.org/10.1126/science.1180568
Braconnot, P., Harrison, S. P., Kageyama, M., Bartlein, P. J., Masson-Delmotte, V., Abe-Ouchi, A., et al. (2012). Evaluation of climate models

using palaeoclimatic data. Nature Climate Change, 2(6), 417–424. https://doi.org/10.1038/nclimate1456
Brown, P. T., Lozier, M. S., Zhang, R., & Li, W. (2016). The necessity of cloud feedback for a basin-scale Atlantic Multidecadal Oscillation.

Geophysical Research Letters, 43, 3955–3963. https://doi.org/10.1002/2016GL068303
Cahyarini, S. Y., Pfeiffer, M., & Dullo, W.-C. (2009). Improving SST reconstructions from coral Sr/Ca records: Multiple corals from Tahiti (French

Polynesia). International Journal of Earth Sciences, 98(1), 31–40. https://doi.org/10.1007/s00531-00008-00323-00532
Cahyarini, S. Y., Pfeiffer, M., Nurhati, I. S., Aldrian, E., Dullo, W.-C., & Hetzinger, S. (2014). Twentieth century sea surface temperature and salinity

variations at Timor inferred from paired coral δ18O and Sr/Ca measurements. Journal of Geophysical Research: Oceans, 119, 4593–4604.
https://doi.org/10.1002/2013JC009594

Cahyarini, S. Y., Pfeiffer, M., Timm, O., Dullo, W.-C., & Garbe-Schönberg, D. (2008). Reconstructing seawater d18O from paired coral d18O and
Sr/Ca ratios: Methods, error analysis and problems, with examples from Tahiti (French Polynesia) and Timor (Indonesia). Geochimica et
Cosmochimica Acta, 72(12), 2841–2853. https://doi.org/10.1016/j.gca.2008.04.005

Carton, J. A., Cao, X., Giese, B. S., & da Silva, A. M. (1996). Decadal and interannual SST variability in the tropical Atlantic. Journal of Physical
Oceanography, 26(7), 1165–1175. https://doi.org/10.1175/1520-0485(1996)026%3C1165:DAISVI%3E2.0.CO;2

Chelliah, M., & Bell, G. D. (2004). Tropical multidecadal and interannual climate variability in the NCEP-NCAR reanalysis. Journal of Climate,
17(9), 1777–1803. https://doi.org/10.1175/1520-0442(2004)017%3C1777:TMAICV%3E2.0.CO;2

Chiang, J. C. H., & Friedman, A. R. (2012). Extratropical Cooling, Interhemispheric Thermal Gradients, and Tropical Climate Change. In
R. Jeanloz (Ed.), Annual Review of Earth and Planetary Sciences, (Vol. 40, pp. 383–412).

Chiang, J. C. H., Kushnir, Y., & Giannini, A. (2002). Deconstructing Atlantic Intertropical Convergence Zone variability: Influence of the local
cross-equatorial sea surface temperature gradient and remote forcing from the eastern equatorial Pacific. Journal of Geophysical Research,
107(D1), 4004. https://doi.org/10.1029/2000JD000307

Chollett, I., Muller-Karger, F. E., Heron, S. F., Skirving, W., & Mumby, P. J. (2012). Seasonal and spatial heterogeneity of recent sea surface
temperature trends in the Caribbean Sea and Southeast Gulf of Mexico.Marine Pollution Bulletin, 64(5), 956–965. https://doi.org/10.1016/j.
marpolbul.2012.02.016

Coelho, V. R., & Manfrino, C. (2007). Coral community decline at a remote Caribbean island: marine no-take reserves are not enough. Aquatic
Conservation: Marine and Freshwater Ecosystems, 17(7), 666–685. https://doi.org/10.1002/aqc.822

Cohen, A. L., Smith, S. R., McCartney, M. S., & van Etten, J. (2004). How brain corals record climate: An integration of skeletal structure, growth
and chemistry of Diploria labyrinthiformis from Bermuda.Marine Ecology Progress Series, 271, 147–158. https://doi.org/10.3354/meps271147

10.1002/2018PA003321Paleoceanography and Paleoclimatology

VON REUMONT ET AL. 407

Acknowledgments
The authors would like to thank Karen
Bremer for the lab assistance and Lowell
Forbes for diving assistance. This work
was supported with funding from the
DFG (through project HE 6251/2-1).
Data are available to the public from
World Data Center for Paleoclimatology
at NOAA’s National Center for
Environmental Information (NCEI):
https://www.ncdc.noaa.gov/paleo/
study/23850. The authors declare that
they have no conflict of interest.

https://doi.org/10.1029/97PA00318
https://doi.org/10.1126/science.1160787
https://doi.org/10.1175/2007JCLI1800.1
https://doi.org/10.1126/science.257.5070.644
https://doi.org/10.1126/science.1180568
https://doi.org/10.1038/nclimate1456
https://doi.org/10.1002/2016GL068303
https://doi.org/10.1007/s00531-00008-00323-00532
https://doi.org/10.1002/2013JC009594
https://doi.org/10.1016/j.gca.2008.04.005
https://doi.org/10.1175/1520-0485(1996)026%3C1165:DAISVI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C1777:TMAICV%3E2.0.CO;2
https://doi.org/10.1029/2000JD000307
https://doi.org/10.1016/j.marpolbul.2012.02.016
https://doi.org/10.1016/j.marpolbul.2012.02.016
https://doi.org/10.1002/aqc.822
https://doi.org/10.3354/meps271147
https://www.ncdc.noaa.gov/paleo/study/23850
https://www.ncdc.noaa.gov/paleo/study/23850


Comas-Bru, L., & McDermott, F. (2014). Impacts of the EA and SCA patterns on the European twentieth century NAO–winter climate rela-
tionship. Quarterly Journal of the Royal Meteorological Society, 140(679), 354–363. https://doi.org/10.1002/qj.2158

Curtis, S., & Hastenrath, S. (1995). Forcing of anomalous sea surface temperature evolution in the tropical Atlantic during Pacific warm events.
Journal of Geophysical Research, 100, 15,835–15,847. https://doi.org/10.1029/95JC01502

Czaja, A. (2004). Why is the tropical Atlantic SST variability stronger in boreal spring? Journal of Climate, 17(15), 3017–3025. https://doi.org/
10.1175/1520-0442(2004)017%3C3017:WINTAS%3E2.0.CO;2

Czaja, A., van der Vaart, P., & Marshall, J. (2002). A diagnostic study of the role of remote forcing in tropical Atlantic variability. Journal of
Climate, 15(22), 3280–3290. https://doi.org/10.1175/1520-0442(2002)015%3C3280:ADSOTR%3E2.0.CO;2

Dai, A., Trenberth, K. E., & Qian, T. T. (2004). A global dataset of Palmer Drought Severity Index for 1870-2002: Relationship with soil moisture
and effects of surface warming. Journal of Hydrometeorology, 5(6), 1117–1130. https://doi.org/10.1175/JHM-386.1

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 1734 to 2008 CE using cross-dated Sr/Ca records from the coral Siderastreasiderea.
Paleoceanography, 29, 403–422. https://doi.org/10.1002/2013PA002524

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

Delworth, T. L., & Mann, M. E. (2000). Observed and simulated multidecadal variability in the Northern Hemisphere. Climate Dynamics, 16(9),
661–676. https://doi.org/10.1007/s003820000075

Deser, C., & Blackmon, M. L. (1993). Surface climate variations over the North-Atlantic Ocean during winter—1900-1989. Journal of Climate,
6(9), 1743–1753. https://doi.org/10.1175/1520-0442(1993)006%3C1743:SCVOTN%3E2.0.CO;2

De Villiers, S., Greaves, M., & Elderfield, H. (2002). An intensity ratio calibration method for the accurate determination of Mg/Ca and Sr/Ca of
marine carbonates by ICP-AES. Geochemistry, Geophysics, Geosystems, 3(1), 1001. https://doi.org/10.1029/2001GC000169

De Villiers, S., Shen, G. T., & Nelson, B. K. (1994). The Sr/Ca-temperature relationship in coralline aragonite: Influence of variability in
(Sr/Ca)seawater and skeletal growth parameters. Geochimica et Cosmochimica Acta, 58(1), 197–208. https://doi.org/10.1016/0016-
7037(94)90457-X

Dommenget, D., & Latif, M. (2000). Interannual to decadal variability in the tropical Atlantic. Journal of Climate, 13(4), 777–792. https://doi.
org/10.1175/1520-0442(2000)013%3C0777:ITDVIT%3E2.0.CO;2

Eakin, C. M., Morgan, J. A., Heron, S. F., Smith, T. B., Liu, G., Alvarez-Filip, L., et al. (2010). Caribbean Corals in Crisis: Record Thermal Stress,
Bleaching, and Mortality in 2005. PLoS ONE, 5(11), e13969. https://doi.org/10.1371%2Fjournal.pone.0013969

Enfield, D. B., & Alfaro, E. J. (1999). The dependence of Caribbean rainfall on the interaction of the tropical Atlantic and Pacific Oceans. Journal
of Climate, 12(7), 2093–2103. https://doi.org/10.1175/1520-0442(1999)012%3C2093:TDOCRO%3E2.0.CO;2

Enfield, D. B., & Cid-Serrano, L. (2010). Secular and multidecadal warmings in the North Atlantic and their relationships with major hurricane
activity. International Journal of Climatology, 30(2), 174–184.

Enfield, D. B., Lee, S.-K., & Wang, C. (2006). How are large western hemisphere warm pools formed? Progress in Oceanography, 70(2-4),
346–365. https://doi.org/10.1016/j.pocean.2005.07.006

Enfield, D. B., & Mayer, D. A. (1997). Tropical Atlantic Sea surface temperature variability and its relation to El Nino-Southern Oscillation.
Journal of Geophysical Research, 102, 929–945. https://doi.org/10.1029/96JC03296

Enfield, D. B., Mestas-Nunez, A. M., & Trimble, P. J. (2001). The Atlantic multidecadal oscillation and its relation to rainfall and river flows in the
continental U.S. Geophysical Research Letters, 28, 2077–2080. https://doi.org/10.1029/2000GL012745

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

George, S. E., & Saunders, M. A. (2001). North Atlantic Oscillation impact on tropical North Atlantic winter atmospheric variability. Geophysical
Research Letters, 28, 1015–1018. https://doi.org/10.1029/2000GL012449

Ghiold, J., & Smith, S. (1990). Bleaching and recovery of deep-water, reef dwelling invertebrates in the Cayman Islands. British West Indies
Caribbean Journal of Science, 26, 52–61.

Giannini, A., Cane, M. A., & Kushnir, Y. (2001). Interdecadal changes in the ENSO teleconnection to the Caribbean region and the
North Atlantic Oscillation. Journal of Climate, 14(13), 2867–2879. https://doi.org/10.1175/1520-0442(2001)014%3C2867:ICITET%
3E2.0.CO;2

Giannini, A., Chiang, J. C. H., Cane, M. A., Kushnir, Y., & Seager, R. (2001). The ENSO teleconnection to the tropical Atlantic Ocean:
Contributions of the remote and local SSTs to rainfall variability in the tropical Americas. Journal of Climate, 14(24), 4530–4544. https://doi.
org/10.1175/1520-0442(2001)014%3C4530:TETTTT%3E2.0.CO;2

Giannini, A., Kushnir, Y., & Cane, M. A. (2000). Interannual variability of Caribbean rainfall, ENSO, and the Atlantic Ocean. Journal of Climate,
13(2), 297–311. https://doi.org/10.1175/1520-0442(2000)013%3C0297:IVOCRE%3E2.0.CO;2

Giry, C., Felis, T., Kölling, M., Scholz, D., Wei, W., Lohmann, G., & Scheffers, S. (2012). Mid- to late Holocene changes in tropical Atlantic tem-
perature seasonality and interannual to multidecadal variability documented in southern Caribbean corals. Earth and Planetary Science
Letters, 331–332, 187–200.

Goldenberg, S. B., Landsea, C. W., Mestas-Nunez, A. M., & Gray, W. M. (2001). The recent increase in Atlantic hurricane activity: Causes and
implications. Science, 293(5529), 474–479. https://doi.org/10.1126/science.1060040

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

Goodkin, N. F., Hughen, K. A., Doney, S. C., & Curry, W. B. (2008). Increased multidecadal variability of the North Atlantic Oscillation since 1781.
Nature Geoscience, 1(12), 844–848. https://doi.org/10.1038/ngeo352

Gordon, A. L. (1967). Circulation of the Caribbean Sea. Journal of Geophysical Research, 72, 6207–6223. https://doi.org/10.1029/
JZ072i024p06207

Grinsted, A., Moore, J. C., & Jevrejeva, S. (2004). Application of the cross wavelet transform and wavelet coherence to geophysical time series.
Nonlinear Processes in Geophysics, 11(5/6), 561–566. https://doi.org/10.5194/npg-11-561-2004

Guan, B., & Nigam, S. (2009). Analysis of Atlantic SST Variability Factoring Interbasin Links and the Secular Trend: Clarified Structure of the
Atlantic Multidecadal Oscillation. Journal of Climate, 22(15), 4228–4240. https://doi.org/10.1175/2009jcli2921.1

10.1002/2018PA003321Paleoceanography and Paleoclimatology

VON REUMONT ET AL. 408

https://doi.org/10.1002/qj.2158
https://doi.org/10.1029/95JC01502
https://doi.org/10.1175/1520-0442(2004)017%3C3017:WINTAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C3017:WINTAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C3280:ADSOTR%3E2.0.CO;2
https://doi.org/10.1175/JHM-386.1
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
https://doi.org/10.1038/nclimate1583
https://doi.org/10.1007/s003820000075
https://doi.org/10.1175/1520-0442(1993)006%3C1743:SCVOTN%3E2.0.CO;2
https://doi.org/10.1029/2001GC000169
https://doi.org/10.1016/0016-7037(94)90457-X
https://doi.org/10.1016/0016-7037(94)90457-X
https://doi.org/10.1175/1520-0442(2000)013%3C0777:ITDVIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3C0777:ITDVIT%3E2.0.CO;2
https://doi.org/10.1371%2Fjournal.pone.0013969
https://doi.org/10.1175/1520-0442(1999)012%3C2093:TDOCRO%3E2.0.CO;2
https://doi.org/10.1016/j.pocean.2005.07.006
https://doi.org/10.1029/96JC03296
https://doi.org/10.1029/2000GL012745
https://doi.org/10.1016/S0277-3791(99)00054-2
https://doi.org/10.1126/science.279.5353.1014
https://doi.org/10.1029/2000GL012449
https://doi.org/10.1175/1520-0442(2001)014%3C2867:ICITET%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C2867:ICITET%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C4530:TETTTT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C4530:TETTTT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3C0297:IVOCRE%3E2.0.CO;2
https://doi.org/10.1126/science.1060040
https://doi.org/10.1029/2005PA001140
https://doi.org/10.1038/ngeo352
https://doi.org/10.1029/JZ072i024p06207
https://doi.org/10.1029/JZ072i024p06207
https://doi.org/10.5194/npg-11-561-2004
https://doi.org/10.1175/2009jcli2921.1


Hastenrath, S. (1976). Variations in low-latitude circulation and extreme climatic events in the tropical Americas. Journal of the Atmospheric
Sciences, 33(2), 202–215. https://doi.org/10.1175/1520-0469(1976)033%3C0202:VILLCA%3E2.0.CO;2

Hastenrath, S. (1984). Interannual variability and annual cycle: Mechanisms of circulation and climate in the tropical Atlantic sector. Monthly
Weather Review, 112(6), 1097–1107. https://doi.org/10.1175/1520-0493(1984)112%3C1097:IVAACM%3E2.0.CO;2

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

Haylock, M. R., Jones, P. D., Allan, R. J., & Ansell, T. J. (2007). Decadal changes in 1870-2004 Northern Hemisphere winter sea level pressure
variability and its relationship with surface temperature. Journal of Geophysical Research, 112, D11103. https://doi.org/10.1029/
2006JD007291

Hendy, E. J., Gagan, M. K., Lough, J. M., McCulloch, M., & deMenocal, P. B. (2007). Impact of skeletal dissolution and secondary aragonite on
trace element and isotopic climate proxies in Porites corals. Paleoceanography, 22, PA4101. https://doi.org/10.1029/2007PA001462

Hernandez-Guerra, A., & Joyce, T. M. (2000). Water masses and circulation in the surface layers of the Caribbean at 66°W. Geophysical Research
Letters, 27, 3497–3500. https://doi.org/10.1029/1999GL011230

Hetzinger, S., Halfar, J., Mecking, J. V., Keenlyside, N. S., Kronz, A., Steneck, R. S., et al. (2012). Marine proxy evidence linking decadal North
Pacific and Atlantic climate. Climate Dynamics, 39(6), 1447–1455. https://doi.org/10.1007/s00382-011-1229-4

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., Keenlyside, N. S., Latif, M., & Zinke, J. (2008). Caribbean coral tracks Atlantic Multidecadal Oscillation
and past hurricane activity. Geology, 36(1), 11. https://doi.org/10.1130/G24321A.24321

Hetzinger, S., Pfeiffer, M., Dullo, W.-C., Ruprecht, E., & Garbe-Schönberg, D. (2006a). Sr/Ca and d
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

Hetzinger, S., Pfeiffer, M., Dullo, W.-C., Ruprecht, E., & Garbe-Schönberg, D. (2006b). Sr/Ca and δ18O in a fast-growing Diploria strigosa coral:
Evaluation of a new climate archive for the tropical Atlantic. Geochemistry, Geophysics, Geosystems, 7, Q10002.

Hetzinger, S., Pfeiffer, M., Dullo, W. C., Zinke, J., & Garbe-Schönberg, D. (2016). A change in coral extension rates and stable isotopes after El
Niño-induced coral bleaching and regional stress events. Scientific Reports, 6(1), 32879. https://doi.org/10.1038/srep32879

Hodson, D. L. R., Robson, J. I., & Sutton, R. T. (2014). An Anatomy of the Cooling of the North Atlantic Ocean in the 1960s and 1970s. Journal of
Climate, 27(21), 8229–8243. https://doi.org/10.1175/jcli-d-14-00301.1

Hogg, N. G., & Johns, W. E. (1995). Western boundary currents, Reviews of Geophysics Supplement (U.S. National Report to IUGG1991-1994,
pp. 1311–1344).

Hu, Q., & Feng, S. (2008). Variation of the North American summer monsoon regimes and the Atlantic multidecadal oscillation. Journal of
Climate, 21(11), 2371–2383.

Huang, B. H., Schopf, P. F., & Shukla, J. (2004). Intrinsic ocean-atmosphere variability of the tropical Atlantic Ocean. Journal of Climate, 17(11),
2058–2077. https://doi.org/10.1175/1520-0442(2004)017%3C2058:IOVOTT%3E2.0.CO;2

Hurrell, J. W. (1995). Decadal trends in the North Atlantic Oscillation: Regional temperatures and precipitation. Science, 269(5224), 676–679.
https://doi.org/10.1126/science.269.5224.676

Hurrell, J. W., Kushnir, Y., Ottersen, G., & Visbeck, M. (2003). An overview of the North Atlantic Oscillation. In J. W. Hurrell, et al. (Eds.), The North
Atlantic Oscillation—Climatic significance and environmental impact (pp. 1–35). Washington, DC: American Geophysical Union. https://doi.
org/10.1029/134GM01

Hurrell, J. W., & van Loon, H. (1997). Decadal variations in climate associated with the North Atlantic Oscillation. Climatic Change, 36, 310–326.
Hurrell, J. W., Visbeck, M., Busalacchi, A., Clarke, R. A., Delworth, T. L., Dickson, R. R., et al. (2006). Atlantic climate variability and predictability: A

CLIVAR perspective. Journal of Climate, 19(20), 5100–5121. https://doi.org/10.1175/JCLI3902.1
IPCC (2013). Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change (1535 pp.). Cambridge, UK and New York: Cambridge University Press.
Jones, P. D., Osborn, T. J., & Briffa, K. R. (2001). The evolution of climate over the last millennium. Science, 292(5517), 662–667. https://doi.org/

10.1126/science.1059126
Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., et al. (1996). The NCEP/NCAR 40-year reanalysis project. Bulletin of the

American Meteorological Society, 77(3), 437–471. https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
Kavvada, A., Ruiz-Barradas, A., & Nigam, S. (2013). AMO’s structure and climate footprint in observations and IPCC AR5 climate simulations.

Climate Dynamics, 41(5–6), 1345–1364. https://doi.org/10.1007/s00382-013-1712-1
Kerr, R. A. (2000). A North Atlantic climate pacemaker for the centuries. Science, 288(5473), 1984–1985. https://doi.org/10.1126/

science.288.5473.1984
Kilbourne, K. H., Quinn, T. M., Taylor, F. W., Delcroix, T., & Gouriou, Y. (2004). El Nino-Southern Oscillation-related salinity variations recorded in

the skeletal geochemistry of a Porites coral from Espiritu Santo, Vanuatu. Paleoceanography, 19, PA4002. https://doi.org/10.1029/
2004PA001033

Kilbourne, K. H., Quinn, T. M., Webb, R., Guilderson, T., Nyberg, J., & Winter, A. (2008). Paleoclimate proxy perspective on Caribbean climate
since the year 1751: Evidence of cooler temperatures andmultidecadal variability. Paleoceanography, 23, PA3220. https://doi.org/10.1029/
2008PA001598

Küttel, M., Xoplaki, E., Gallego, D., Luterbacher, J., García-Herrera, R., Allan, R., et al. (2010). The importance of ship log data: Reconstructing
North Atlantic, European and Mediterranean sea level pressure fields back to 1750. Climate Dynamics, 34(7-8), 1115–1128. https://doi.org/
10.1007/s00382-009-0577-9

Latif, M. (2001). Tropical Pacific/Atlantic Ocean interactions at multi-decadal time scales. Geophysical Research Letters, 28, 539–542. https://
doi.org/10.1029/2000GL011837

Latif, M., & Keenlyside, N. S. (2011). A perspective on decadal climate variability and predictability. Deep Sea Research Part II: Topical Studies in
Oceanography, 58(17–18), 1880–1894. https://doi.org/10.1016/j.dsr2.2010.10.066

Latif, M., Roeckner, E., Mikolajewicz, U., & Voss, R. (2000). Tropical stabilization of the thermohaline circulation in a greenhouse warming
simulation. Journal of Climate, 13(11), 1809–1813. https://doi.org/10.1175/1520-0442(2000)013%3C1809:L%3E2.0.CO;2

Leder, J. J., Swart, P. K., Szmant, A. M., & Dodge, R. E. (1996). The origin of variations in the isotopic record of scleractinian corals: 1. Oxygen.
Geochimica et Cosmochimica Acta, 60(15), 2857–2870. https://doi.org/10.1016/0016-7037(96)00118-4

Liu, Y. Y., Lee, S. K., Muhling, B. A., Lamkin, J. T., & Enfield, D. B. (2012). Significant reduction of the Loop Current in the 21st century and its
impact on the Gulf of Mexico. Journal of Geophysical Research, 117, C05039.

10.1002/2018PA003321Paleoceanography and Paleoclimatology

VON REUMONT ET AL. 409

https://doi.org/10.1175/1520-0469(1976)033%3C0202:VILLCA%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C1097:IVAACM%3E2.0.CO;2
https://doi.org/10.1002/ggge.20230
https://doi.org/10.1029/2006JD007291
https://doi.org/10.1029/2006JD007291
https://doi.org/10.1029/2007PA001462
https://doi.org/10.1029/1999GL011230
https://doi.org/10.1007/s00382-011-1229-4
https://doi.org/10.1016/j.palaeo.2010.06.019
https://doi.org/10.1130/G24321A.24321
https://doi.org/10.1029/2006GC001347
https://doi.org/10.1029/2006GC001347
https://doi.org/10.1038/srep32879
https://doi.org/10.1175/jcli-d-14-00301.1
https://doi.org/10.1175/1520-0442(2004)017%3C2058:IOVOTT%3E2.0.CO;2
https://doi.org/10.1126/science.269.5224.676
https://doi.org/10.1029/134GM01
https://doi.org/10.1029/134GM01
https://doi.org/10.1175/JCLI3902.1
https://doi.org/10.1126/science.1059126
https://doi.org/10.1126/science.1059126
https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
https://doi.org/10.1007/s00382-013-1712-1
https://doi.org/10.1126/science.288.5473.1984
https://doi.org/10.1126/science.288.5473.1984
https://doi.org/10.1029/2004PA001033
https://doi.org/10.1029/2004PA001033
https://doi.org/10.1029/2008PA001598
https://doi.org/10.1029/2008PA001598
https://doi.org/10.1007/s00382-009-0577-9
https://doi.org/10.1007/s00382-009-0577-9
https://doi.org/10.1029/2000GL011837
https://doi.org/10.1029/2000GL011837
https://doi.org/10.1016/j.dsr2.2010.10.066
https://doi.org/10.1175/1520-0442(2000)013%3C1809:L%3E2.0.CO;2
https://doi.org/10.1016/0016-7037(96)00118-4


Lund, D. C., Lynch-Stieglitz, J., & Curry, W. B. (2006). Gulf Stream density structure and transport during the past millennium. Nature,
444(7119), 601–604. https://doi.org/10.1038/nature05277

Marshall, J. F., Kushnir, Y., Battisti, D., Chang, P., Czaja, A., Dickson, R., et al. (2001). North Atlantic climate variability: Phenomena, impacts and
mechanisms. International Journal of Climatology, 21(15), 1863–1898. https://doi.org/10.1002/joc.693

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

Maupin, C. R., Quinn, T. M., & Halley, R. B. (2008). Extracting a climate signal from the skeletal geochemistry of the Caribbean coral
Siderastreasiderea. Geochemistry, Geophysics, Geosystems, 9, Q12012. https://doi.org/10.1029/2008GC002106

McCulloch, M. T., Gagan, M. K., Mortimer, G. E., Chivas, A. R., & Isdale, P. J. (1994). A high-resolution Sr/Ca and d
18
O coral record from the great

barrier reef, Australia, and the 1982-1983 El Nino. Geochimica et Cosmochimica Acta, 58(12), 2747–2754. https://doi.org/10.1016/0016-
7037(94)90142-2

Mitchell, J. F. B., Wilson, C. A., & Cunnington, W. M. (1987). On CO2 climate sensitivity and model dependence of results. Quarterly Journal of
the Royal Meteorological Society, 113(475), 293–322. https://doi.org/10.1256/smsqj.47516

Moura, A. D., & Shukla, J. (1981). On the dynamics of droughts in Northeast Brazil—Observations, theory and numerical experiments with a
general circulation model. Journal of Atmospheric Science, 38(12), 2653–2675. https://doi.org/10.1175/1520-0469(1981)038%3C2653:
OTDODI%3E2.0.CO;2

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

Pozo-Vazquez, D., Esteban-Parra, M. J., Rodrigo, F. S., & Castro-Diez, Y. (2001). A study of NAO variability and its possible non-linear influences
on European surface temperature. Climate Dynamics, 17(9), 701–715. https://doi.org/10.1007/s003820000137

Qu, X., Hall, A., Klein, S. A., & Caldwell, P. M. (2014). On the spread of changes in marine low cloud cover in climate model simulations of the
21st century. Climate Dynamics, 42(9–10), 2603–2626. https://doi.org/10.1007/s00382-013-1945-z

Raible, C. C., Lehner, F., Gonzalez-Rouco, J. F., & Fernandez-Donado, L. (2014). Changing correlation structures of the Northern Hemisphere
atmospheric circulation from 1000 to 2100 AD. Climate of the Past, 10(2), 537–550. https://doi.org/10.5194/cp-10-537-2014

Raible, C. C., Luksch, U., Fraedrich, K., & Voss, R. (2001). North Atlantic decadal regimes in a coupled GCM simulation. Climate Dynamics,
18(3–4), 321–330. https://doi.org/10.1007/s003820100176

Raible, C. C., Stocker, T. F., Yoshimori, M., Renold, M., Beyerle, U., Casty, C., & Luterbacher, J. (2005). Northern hemispheric trends of pressure
indices and atmospheric circulation patterns in observations, reconstructions, and coupled GCM simulations. Journal of Climate, 18(19),
3968–3982. https://doi.org/10.1175/JCLI3511.1

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P., et al. (2003). Global analyses of sea surface temperature,
sea ice, and night marine air temperature since the late nineteenth century. Journal of Geophysical Research, 108(D14), 4407. https://doi.
org/10.1029/2002JD002670

Ren, L., Linsley, B. K., Wellington, G. M., Schrag, D., & Hoegh-Guldberg, O. (2002). Deconvolving the d
18
O seawater component from sub-

seasonal coral d
18
O and Sr/Ca at Rarotonga in the southwestern subtropical Pacific for the period 1726 to 1997. Geochimica et

Cosmochimica Acta, 67(9), 1609–1621.
Rogers, J. C., & Van Loon, H. (1979). The seesaw in winter temperatures between Greenland and northern Europe. Part II: Some oceanic and

atmospheric effects in middle and high latitudes. Monthly Weather Review, 107(5), 509–519. https://doi.org/10.1175/1520-
0493(1979)107%3C0509:TSIWTB%3E2.0.CO;2

Rosenheim, B. E., Swart, P. K., Thorrold, S. R., Eisenhauer, A., & Willenz, P. (2005). Salinity change in the subtropical Atlantic: Secular increase
and teleconnections to the North Atlantic Oscillation. Geophysical Research Letters, 32, L02603. https://doi.org/10.1029/2004GL021499

Rosenheim, B. E., Swart, P. K., Thorrold, S. R., Willenz, P., Berry, L., & Latkoczy, C. (2004). High-resolution Sr/Ca records in sclerosponges cali-
brated to temperature in situ. Geology, 32(2), 145–148. https://doi.org/10.1130/G20117.1

Ruiz-Barradas, A., Carton, J. A., & Nigam, S. (2003). Role of the atmosphere in climate variability of the tropical Atlantic. Journal of Climate,
16(12), 2052–2065. https://doi.org/10.1175/1520-0442(2003)016%3C2052:ROTAIC%3E2.0.CO;2

Sagar, N., Hetzinger, S., Pfeiffer, M., Masood Ahmad, S., 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 tem-
perature. Journal of Geophysical Research: Oceans, 121, 252–266. https://doi.org/10.1002/2015JC010821

Saravanan, R., & Chang, P. (2000). Interaction between tropical Atlantic variability and El Nino-Southern Oscillation. Journal of Climate, 13(13),
2177–2194. https://doi.org/10.1175/1520-0442(2000)013%3C2177:IBTAVA%3E2.0.CO;2

Sato, O. T., & Rossby, T. (1995). Seasonal and low frequency variations in dynamic height anomaly and transport of the Gulf Stream. Deep Sea
Research Part I, 42(1), 149–164. https://doi.org/10.1016/0967-0637(94)00034-P

Sayani, H. R., Cobb, K. M., Cohen, A. L., Elliott, W. C., Nurhati, I. S., Dunbar, R. B., et al. (2011). Effects of diagenesis on paleoclimate recon-
structions from modern and young fossil corals. Geochimica et Cosmochimica Acta, 75(21), 6361–6373. https://doi.org/10.1016/j.
gca.2011.08.026

Schlesinger, M. E., & Ramankutty, N. (1994). An oscillation in the global climate system of period 65-70 years. Nature, 367(6465), 723–726.
https://doi.org/10.1038/367723a0

Schmitz, W. J., & McCartney, M. S. (1993). On the North Atlantic circulation. Reviews of Geophysics, 31, 29–49. https://doi.org/10.1029/
92RG02583

Schrag, D. P. (1999). Rapid analysis of high-precision Sr/Ca ratios in corals and other marine carbonates. Paleoceanography, 14, 97–102.
https://doi.org/10.1029/1998PA900025

Shaffrey, L., & Sutton, R. (2006). Bjerknes compensation and the decadal variability of the energy transports in a coupled climate model.
Journal of Climate, 19(7), 1167–1181. https://doi.org/10.1175/JCLI3652.1

Smith, J. M., Quinn, T. M., Helmle, K. P., & Halley, R. B. (2006). Reproducibility of geochemical and climatic signals in the Atlantic coral
Montastrea faveolata. Paleoceanography, 21, PA1010. https://doi.org/10.1029/2005PA001187

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

Smith, T. M., & Reynolds, R. W. (2003). Extended reconstruction of global sea surface temperatures based on COADS data (1854-1997). Journal
of Climate, 16(10), 1495–1510. https://doi.org/10.1175/1520-0442-16.10.1495

Sutton, R. T., & Hodson, D. L. R. (2003). Influence of the ocean on North Atlantic climate variability 1871-1999. Journal of Climate, 16(20),
3296–3313. https://doi.org/10.1175/1520-0442(2003)016%3C3296:IOTOON%3E2.0.CO;2

Sutton, R. T., & Hodson, D. L. R. (2005). Atlantic Ocean forcing of North American and European summer climate. Science, 309(5731), 115–118.
https://doi.org/10.1126/science.1109496

10.1002/2018PA003321Paleoceanography and Paleoclimatology

VON REUMONT ET AL. 410

https://doi.org/10.1038/nature05277
https://doi.org/10.1002/joc.693
https://doi.org/10.1016/S0016-7037(02)00926-2
https://doi.org/10.1029/2008GC002106
https://doi.org/10.1016/0016-7037(94)90142-2
https://doi.org/10.1016/0016-7037(94)90142-2
https://doi.org/10.1256/smsqj.47516
https://doi.org/10.1175/1520-0469(1981)038%3C2653:OTDODI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3C2653:OTDODI%3E2.0.CO;2
https://doi.org/10.1029/96EO00259
https://doi.org/10.1007/s003820000137
https://doi.org/10.1007/s00382-013-1945-z
https://doi.org/10.5194/cp-10-537-2014
https://doi.org/10.1007/s003820100176
https://doi.org/10.1175/JCLI3511.1
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1175/1520-0493(1979)107%3C0509:TSIWTB%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0509:TSIWTB%3E2.0.CO;2
https://doi.org/10.1029/2004GL021499
https://doi.org/10.1130/G20117.1
https://doi.org/10.1175/1520-0442(2003)016%3C2052:ROTAIC%3E2.0.CO;2
https://doi.org/10.1002/2015JC010821
https://doi.org/10.1175/1520-0442(2000)013%3C2177:IBTAVA%3E2.0.CO;2
https://doi.org/10.1016/0967-0637(94)00034-P
https://doi.org/10.1016/j.gca.2011.08.026
https://doi.org/10.1016/j.gca.2011.08.026
https://doi.org/10.1038/367723a0
https://doi.org/10.1029/92RG02583
https://doi.org/10.1029/92RG02583
https://doi.org/10.1029/1998PA900025
https://doi.org/10.1175/JCLI3652.1
https://doi.org/10.1029/2005PA001187
https://doi.org/10.1126/science.204.4391.404
https://doi.org/10.1175/1520-0442-16.10.1495
https://doi.org/10.1175/1520-0442(2003)016%3C3296:IOTOON%3E2.0.CO;2
https://doi.org/10.1126/science.1109496


Sutton, R. T., Jewson, S. P., & Rowell, D. P. (2000). The elements of climate variability in the tropical Atlantic region. Journal of Climate, 13(18),
3261–3284. https://doi.org/10.1175/1520-0442(2000)013%3C3261:TEOCVI%3E2.0.CO;2

Svendsen, L., Hetzinger, S., Keenlyside, N., & Gao, Y. (2014). Marine-based multiproxy reconstruction of Atlantic multidecadal variability.
Geophysical Research Letters, 41, 1295–1300. https://doi.org/10.1002/2013GL059076

Swart, P. K., Elderfield, H., & Greaves, M. J. (2002). A high-resolution calibration of Sr/Ca thermometry using the Caribbean coral
Montastraeaannularis. Geochemistry, Geophysics, Geosystems, 3(11), 8402. https://doi.org/10.1029/2002GC000306

Trenberth, K. E. (2011). Changes in precipitation with climate change. Climate Research, 47(1), 123–138. https://doi.org/10.3354/cr00953
Trenberth, K. E., Dai, A., Rasmussen, R. M., & Parsons, D. B. (2003). The changing character of precipitation. Bulletin of the American

Meteorological Society, 84(9), 1205–1218. https://doi.org/10.1175/BAMS-84-9-1205
Trenberth, K. E., et al. (2007). Observations: Surface and atmospheric climate change. Cambridge, United Kingdom and New York, NY:

Cambridge University Press.
van Hooidonk, R. J., Manzello, D. P., Moye, J., Brandt, M. E., Hendee, J. C., McCoy, C., & Manfrino, C. (2012). Coral bleaching at Little Cayman,

Cayman Islands 2009. Estuarine, Coastal and Shelf Science, 106(0), 80–84. https://doi.org/10.1016/j.ecss.2012.04.021
Van Loon, H., & Rogers, J. C. (1978). The seesaw in winter temperatures between Greenland and northern Europe. Part I: General description.

Monthly Weather Review, 106(3), 296–310. https://doi.org/10.1175/1520-0493(1978)106%3C0296:TSIWTB%3E2.0.CO;2
Van Oldenborgh, G. J., te Raa, L. A., Dijkstra, H. A., & Philip, S. Y. (2009). Frequency- or amplitude-dependent effects of the Atlantic meridional

overturning on the tropical Pacific Ocean. Ocean Science, 5(3), 293–301. https://doi.org/10.5194/os-5-293-2009
Vellinga, M., & Wu, P. L. (2004). Low-latitude freshwater influence on centennial variability of the Atlantic thermohaline circulation. Journal of

Climate, 17(23), 4498–4511. https://doi.org/10.1175/3219.1
Vicente-Serrano, S. M., & Lopez-Moreno, J. I. (2008). Nonstationary influence of the North Atlantic Oscillation on European precipitation.

Journal of Geophysical Research, 113, D20120. https://doi.org/10.1029/2008JD010382
Von Reumont, J., Hetzinger, S., Garbe-Schönberg, D., Manfrino, C., & Dullo, W. C. (2016). Impact of warming events on reef-scale temperature

variability as captured in two Little Cayman coral Sr/Ca records. Geochemistry, Geophysics, Geosystems, 17, 846–857. https://doi.org/
10.1002/2015GC006194

Walker, G., & Bliss, E. (1932). World weather V. Memoirs of the Royal Meteorological Society, 4(36), 53–84.
Walter, K., & Graf, H. F. (2002). On the changing nature of the regional connection between the North Atlantic Oscillation and sea surface

temperature. Journal of Geophysical Research, 107(D17), 4338. https://doi.org/10.1029/2001JD000850
Wanamaker, A. D., Hetzinger, S., & Halfar, J. (2011). Reconstructing mid- to high-latitude marine climate and ocean variability using bivalves,

coralline algae, and marine sediment cores from the Northern Hemisphere. Palaeogeography, Palaeoclimatology, Palaeoecology, 302(1–2),
1–9. https://doi.org/10.1016/j.palaeo.2010.12.024

Wang, C., Enfield, D. B., Lee, S.-k., & Landsea, C. W. (2006). Influences of the Atlantic warm pool on western hemisphere summer rainfall and
Atlantic hurricanes. Journal of Climate, 19(12), 3011–3028. https://doi.org/10.1175/JCLI3770.1

Wang, C., Lee, S.-k., & Enfield, D. B. (2007). Impact of the Atlantic warm pool on the summer climate of the western hemisphere. Journal of
Climate, 20(20), 5021–5040. https://doi.org/10.1175/JCLI4304.1

Wang, C., Lee, S.-K., & Enfield, D. B. (2008a). Atlantic warm pool acting as a link between Atlantic multidecadaloscillation and Atlantic tropical
cyclone activity. Geochemistry, Geophysics, Geosystems, 9, Q05V03. https://doi.org/10.1029/2007GC001809

Wang, C., Lee, S.-K., & Enfield, D. B. (2008b). Climate response to anomalously large and small Atlantic warm pools during the summer.
Journal of Climate, 21(11), 2437–2450. https://doi.org/10.1175/2007JCLI2029.1

Woollings, T., Franzke, C., Hodson, D. L. R., Dong, B., Barnes, E. A., Raible, C. C., & Pinto, J. G. (2015). Contrasting interannual and multidecadal
NAO variability. Climate Dynamics, 45(1-2), 539–556. https://doi.org/10.1007/s00382-014-2237-y

Wüst, G. (1964). Stratification and circulation in the Antillean-Caribbean Basins (201 pp.). Palisades, New York: Columbia University Press.
Xie, S.-P., & Carton, J. A. (2004). Tropical Atlantic variability: Patterns, mechanisms, and impacts. In C. Wang, S.-P. Xie, & J. A. Carton (Eds.), Earth

Climate: The Ocean-Atmosphere Interaction, Geophysical Monograph Series (pp. 121–142). Washington, DC: American Geophysical Union.
Xie, S.-P., & Tanimoto, Y. (1998). A pan-Atlantic decadal climate oscillation. Geophysical Research Letters, 25, 2185–2188. https://doi.org/

10.1029/98GL01525
Xu, Y.-Y., Pearson, S., & Halimeda Kilbourne, K. (2015). Assessing coral Sr/Ca–SST calibration techniques using the species Diploria strigosa.

Palaeogeography, Palaeoclimatology, Palaeoecology, 440, 353–362.
Yuan, T., Oreopoulos, L., Zelinka, M., Yu, H., Norris, J. R., Chin, M., et al. (2016). Positive low cloud and dust feedbacks amplify tropical North

Atlantic Multidecadal Oscillation. Geophysical Research Letters, 43, 1349–1356. https://doi.org/10.1002/2016GL067679
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., Loveday, B. R., Reason, C. J. C., Dullo, W. C., & Kroon, D. (2014). Madagascar corals track sea surface temperature variability in the
Agulhas Current core region over the past 334 years. Scientific Reports, 4, 4393.

Zinke, J., Pfeiffer, M., Timm, O., Dullo, W. C., Kroon, D., & Thomassin, B. A. (2008). Mayotte coral reveals hydrological changes in the western
Indian Ocean between 1881 and 1994. Geophysical Research Letters, 35, L23707. https://doi.org/10.1029/2008GL035634

10.1002/2018PA003321Paleoceanography and Paleoclimatology

VON REUMONT ET AL. 411

https://doi.org/10.1175/1520-0442(2000)013%3C3261:TEOCVI%3E2.0.CO;2
https://doi.org/10.1002/2013GL059076
https://doi.org/10.1029/2002GC000306
https://doi.org/10.3354/cr00953
https://doi.org/10.1175/BAMS-84-9-1205
https://doi.org/10.1016/j.ecss.2012.04.021
https://doi.org/10.1175/1520-0493(1978)106%3C0296:TSIWTB%3E2.0.CO;2
https://doi.org/10.5194/os-5-293-2009
https://doi.org/10.1175/3219.1
https://doi.org/10.1029/2008JD010382
https://doi.org/10.1002/2015GC006194
https://doi.org/10.1002/2015GC006194
https://doi.org/10.1029/2001JD000850
https://doi.org/10.1016/j.palaeo.2010.12.024
https://doi.org/10.1175/JCLI3770.1
https://doi.org/10.1175/JCLI4304.1
https://doi.org/10.1029/2007GC001809
https://doi.org/10.1175/2007JCLI2029.1
https://doi.org/10.1007/s00382-014-2237-y
https://doi.org/10.1029/98GL01525
https://doi.org/10.1029/98GL01525
https://doi.org/10.1002/2016GL067679
https://doi.org/10.1016/j.epsl.2004.09.028
https://doi.org/10.1016/j.epsl.2004.09.028
https://doi.org/10.1029/2008GL035634


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


