
1.  Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is a crucial component of global ocean circulation 
(Boers, 2021; Dima et al., 2021). A projected decrease in the strength of AMOC will have profound impacts 
on global climate including a very likely AMOC strength decline in the 21st century. A rise in extreme event 
occurrences or abrupt climate change on human time scales are further alarming consequences of a weaker 
AMOC. The reason for the weakening AMOC can be found in the enhanced anthropogenic emission of CO2 to 
the atmosphere and with that the warming of the ocean (Cheng et al., 2017; Roemmich et al., 2012). However, key 
information and understanding of the processes in the development of the AMOC since the 20th century remain 
unknown and impair our ability for more accurate predictions leading to larger uncertainties (Intergovernmental 
Panel On Climate Change, 2023). A continuous direct measurement of the AMOC started only in 2004, yet 
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a halt in this increase in temperature pointing toward a weakening of the part of the AMOC in the GOM. It is 
important to understand the first signs of a weakening AMOC and its consequences for our climate system.
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decadal and interdecadal fluctuations need a higher time span to be accurately represented (Caesar et al., 2021). 
Longer-term reconstructions of the AMOC have to be based on proxy data reconstructions (Caesar et al., 2021). 
Recent studies observed the first onsets of declining stability of the AMOC by changes in sea surface tempera-
ture (SST) and sea surface salinity (SSS) in the northern Atlantic Ocean (Boers, 2021; Caesar et al., 2021; Dima 
et al., 2021; Smeed et al., 2018).

One important component of the AMOC is the Caribbean Current that transforms into the Loop Current (LC) 
once it reaches the Gulf of Mexico (GOM; Figure 1). The LC enters the GOM via the Yucatan channel from the 
Caribbean Sea and joins the Florida Current, thereby providing the GOM with warm surface water (Figure 1). A 
decreased heat transport of the LC will result in reduced warming in the GOM (Liu et al., 2012). Thus, an overall 
weakening of the AMOC will lead to a weakened LC. However, the spatial and temporal distribution of SST and 
SSS for the GOM are not homogenous in their latitudinal distribution. Recent satellite-derived SST observations 
indicate a warming of the LC in the central GOM since 1985, whereas the shelf areas of Florida and Cuba indicate 
a cooling trend between 1985 and 2009 (Chollett et al., 2012).

1.1.  Interannual and Interdecadal Oscillation

The tropical western Atlantic, the Caribbean basin, and the GOM are also influenced by competing forcings influ-
encing SST and SSS records, notably the El Niño Southern Oscillation (ENSO), the North Atlantic Oscillation 

Figure 1.  (a) Interpolated sea surface temperature (SST) (annual average from 1955 to 2017) temperature from the World 
Ocean Atlas 2018 1° × 1° grid in Ocean Data View. Red Arrows represent the Caribbean Current (CC) entering the Gulf 
of Mexico (GOM) via the Yucatan channel and transporting warm surface water to the GOM. The Loop Current (LC) exits 
the GOM and joins the Florida Stream (Gordon, 1967; Liu et al., 2012). (b) Light gray line representing OI-SSTv2.1 for the 
southern GOM from 80.5°W to 96.5°W and 22.5°N to 24.5°N compared to coral δ 18O (blue) from this study.
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(NAO), and the Atlantic Multidecadal Oscillation (AMO) (Enfield & Mayer, 1997; Giannini et al., 2001, 2000; 
Wang et al., 2008).

The ENSO teleconnection between the Pacific and Atlantic has different effects on different parts of the tropical 
Atlantic. During the mature phase of an ENSO event, a seesaw pattern between the sea level pressure (SLP) over 
the eastern Pacific and equatorial Atlantic forms. This SLP pattern leads to a divergent atmospheric flow over 
the Caribbean on a southwest-northeast axis from the convergent eastern Pacific during the mature phase of the 
ENSO (Giannini et al., 2000). While the ITCZ shifts further south in January and February of the following year 
of an ENSO event a negative SLP anomaly forms south of the eastern coast of the US, leading to intensified 
precipitation over the GOM (Giannini et al., 2000). The formation of the low SLP over the southern USA leads to 
weaker meridional atmospheric flow and an increase in SST over the Caribbean basin (Giannini et al., 2000). It 
has been shown that teleconnections across Central America induced precipitation changes in the Atlantic Ocean 
during EN years reacting to changes in the Pacific Ocean with a delay of one season (Giannini et al., 2000). While 
the ITCZ shifts further south in January and February of the following year of an ENSO event, a negative SLP 
anomaly forms off the south-eastern Coast of North America over the GOM, leading to intensified precipitation 
over the GOM. Cuba in the southern GOM will therefore be more likely to experience an increase in precipitation 
in the spring and summer after a severe EN event (Giannini et al., 2000). A clear signal of the ENSO telecon-
nection is not always visible in poxy data since counteracting forces such as the NAO might reduce the effect of 
ENSO on Caribbean precipitation.

During a positive NAO phase, the North Atlantic High is relatively strong during the winter leading to stronger 
trade winds in the equatorial Atlantic and with that to a cooling of the ocean's surface, counteracting the warming 
effect of a warm ENSO event (Giannini et al., 2001). A strengthening of a warm ENSO effect is observed when 
NAO is in a negative phase (Giannini et al., 2001).

The AMO is defined by oscillatory SST anomalies in the North Atlantic with coherent natural variability at 
30–80 years. The positive (negative) phase of the AMO is associated with positive (negative) SST anomalies 
in the Atlantic Warm Pool (AWP), a large body of warm water including the GOM, the Caribbean Sea, and 
the western tropical North Atlantic (Wang et al., 2008). A warm phase of the AMO will lead to a larger AWP, 
which favors the formation of Atlantic tropical cyclones (Wang et al., 2008). Over the GOM the warm phase of 
the AMO is characterized by more precipitation compared to the cold phase (Goly & Teegavarapu, 2014). Cold 
AMO periods were registered approximately from 1900–1925, 1965–1994, while warm phases occurred from 
1875–1899, 1926–1965, and 1995 to present (Alexander et al., 2014).

1.2.  Current Best Practise

In situ continuous SST and SSS measurements are relatively sparse in the tropical oceans and especially in 
the southern GOM (Chollett et al., 2012). Moreover, the lack of long-term in situ measurements impedes the 
understanding of regional changes of the LC to project future trends of the region. Without such records, poten-
tial cooling or warming and weakening or strengthening of the LC in the GOM cannot be properly assessed and 
forecasted (DeLong et al., 2014; Liu et al., 2012). Additionally, extreme temperature changes due to the current 
anthropogenic climate change are already taking their toll on marine organisms, leading to mass coral bleaching 
events and thereby destroying entire coral reef ecosystems (Hughes et al., 2018). Besides providing the founda-
tion of coral reef ecosystems, corals are also an important archive for reconstructing climate and environmental 
changes. By recording environmental factors such as SST and SSS in their skeletal materials, corals have been 
shown to be effective for the understanding of regional to large-scale ocean and climate variabilities.

Currently, several studies have published SST and SSS reconstruction from planktonic foraminifera in the GOM 
(Flower & Kennett, 1990; Lund & Curry, 2004; Poore et al., 2009; Richey et al., 2007, 2009; Schmidt et al., 2012). 
However, these sediment core-based records are only able to resolve climate at a low-resolution limiting our 
knowledge of seasonality, interannual, and interdecadal variability. The previously published high-resolution 
climate reconstructions from coral archives are also limited to the Dry Tortugas Island in the northern GOM 
(DeLong et al., 2011, 2014; Maupin et al., 2008). Furthermore, none of these studies attempted to reconstruct 
hydrological influences such as SSS, an important indicator for the strength of the AMOC (Boers, 2021; Dima 
et al., 2021). The studies conducted in the Dry Tortugas region point toward a stagnating warming after 1985, 
confirming a weakened warming in the GOM and with that a possible slowdown of the LC (DeLong et al., 2014). 
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However, other studies and climate models indicate a warming of the south-
ern GOM, including north of Cuba, only a few hundred kilometers away from 
Dry Tortugas (Chollett et al., 2012). To understand how large-scale and local 
climate phenomena influence these regions, local high-resolution climate 
reconstructions are necessary.

1.3.  Scleractinian Corals as Climate Archives

Sr/Ca and δ 18O records of Siderastrea siderea have been verified as accurate 
and reliable climate archives in previous studies (DeLong et al., 2011, 2014; 
Guzmán & Tudhope, 1998; Maupin et al., 2008; Rodriguez et al., 2019). The 
coral-based proxy records have been shown to be in coherence with regional 
climate variability allowing for the development of long continuous records 
of reconstructed SST in the GOM region (DeLong et al., 2011, 2014; Maupin 
et al., 2008). Coral skeletal Sr/Ca and δ 18O ratios are the most widely used 
proxies for SST and hydroclimate (i.e., a mixture of freshwater and evap-
oration, and hence SSS). Coral skeletal δ 18O is dependent on SST and the 
δ 18O of seawater. By using Sr/Ca that is primarily temperature-driven, the 
temperature component in δ 18Ocoral can be subtracted, yielding δ 18OSW (Ren 
et al., 2003).

While growing, corals reflect the chemistry of the surrounding seawater in 
their aragonite skeletal composition. Cations in the ambient seawater, particu-
larly those chemically similar to calcium (Ca 2+), such as strontium (Sr 2+), 
are incorporated in trace to minor amounts in the coral skeleton (Giannini 
et al., 2001). In relatively colder environments corals increasingly incorpo-
rate Sr and therefore the Sr/Ca ratio will rise (Smith et al., 1979). The Sr/Ca 
ratio of seawater is spatially homogenous with only minor depth gradients, 
and it is stable on the time-scale considered here (de Villiers et al., 1995).

1.4.  Aim of the Study

This study uses a multi-proxy approach of a S. siderea coral to reconstruct 
changes in SST and δ 18Osw-SSS from the northern coast of Cuba. The coral 
archive and reconstructed climate variability span the period from 1845 to 
2005. High-resolution reconstructions of climate variabilities have been 

scarce in this region. This study will calibrate and apply different coral-based proxy reconstructions of SST using 
the δ 18O values, and Sr/Ca relationship to assess the reliability of each proxy. Moreover, coral-based δ 18Osw based 
on paired coral skeletal δ 18O and Sr/Ca is compared to gridded instrumental SSS. Finally, we aim to establish 
possible evidence of anthropogenic climate change imprint and the weakening signal of the AMOC in this region.

2.  Materials and Methods
2.1.  Coral Retrieval and Sampling

In July 2005, a 53 cm long coral core was collected from the center growth axis of a S. siderea colony off the 
northern coast of Havana, Cuba (82.4239°W, 23.1277°N; Figure 1) at 6 m depth. The sample was cored along the 
maximum growth axis of the coral to secure a continuous record and transported to the Leibniz Center for Tropi-
cal Marine Research (ZMT) in Bremen, Germany. Slabs measuring 5 mm were removed from the coral core half 
with X-radiograph imaging completed at the Zentrum für moderne Diagnostik (ZEMODI, Bremen, Germany) 
to reveal internal growth structure to guide sampling transect selection (Figure 2) (DeLong et al., 2013). The 
X-radiograph positive images revealed the density banding couplets of the coral as well as the orientation of the 
individual polyps. Prior to microsampling, the individual slabs were cleaned in an ultrasonic bath with 18.2 Ω 
milliQ water. Each individual wash lasted 5 min and the process was repeated for three wash cycles on each slab. 
The slabs were dried for at least 24 hr at room temperature. A continuous theca wall of an individual coral polyp 

Figure 2.  X-ray positive image laid over a photo of the sampled coral (wider 
sampling paths were sampled for yearly resolution and sampled over two 
polyps and are not included in this study) of the Cuban Siderastrea siderea 
coral core slabs with optimized sampling transects indicated in red following a 
single polyp thecal wall for most of the core across multiple slabs.
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identified on the X-ray images was microsampled by milling for skeletal powder material (Figure 2). The vertical 
linear extension rate of the S. siderea used in this study was 3–8 mm year −1. The sampling intervals of 0.5 mm 
on the vertical growth axis yielded up to 1.5 mg of skeletal aragonite powder for bimonthly resolved geochemical 
analysis. The powder samples were collected with a Proxxon drill fitted with a 0.4 mm diameter diamond-tipped 
drill bit operated at low speed on an independent x-y-z directional stage. The sampling path is 1 mm in depth 
and 2 mm wide consisting of theca wall material. Although great care was taken to avoid admixtures from other 
skeletal elements, we cannot rule out that powder from the columella may have occasionally been included in 
minor amounts.

2.2.  Stable Isotope Analysis

Stable isotope measurements were analyzed individually at 0.5 mm intervals at the MARUM-Center for Marine 
Environmental Sciences of the University of Bremen, Bremen, Germany. For each coral skeletal powder sample, 
approximately 60–120 μg of powder was dissolved in ∼105% H3PO4 at 75°C in an automated carbonate prepara-
tion device (Finnigan Kiel I or ThermoFisher Kiel IV), generating CO2 gas that was then analyzed on a Finnigan 
MAT 251 or ThermoFisher MAT 253plus isotope-ratio mass spectrometer. Calibration and correction of offsets 
due to inter-machine differences were based on measurements of the Solnhofen limestone 2008 in-house stand-
ard, which itself was calibrated against NBS 19. The isotopic values are reported in ‰ versus the Vienna Peedee 
Belemnite reference scale. Repeat analyses of the house standard yielded a standard deviation of ±0.05‰ for 
δ 18O. Following common practice, no correction was applied to account for the constant offset when measuring 
aragonite on a system calibrated with calcite.

2.3.  Trace Elements Analysis

The elemental composition was measured on an Analytik Jena Plasma Quant MS Elite Inductively Coupled 
Plasma-Mass Spectrometer (ICP-MS) at ZMT from splits of the same coral skeletal powder as were the stable 
isotopes. Ultrapure 2% HNO3 (2 mL) was added to digest 500 μg of coral skeletal powder, shaken and dissolved for 
at least 24 hr. An aliquot of 0.6 mL from the initial solution was diluted further with 0.6 mL of 2% ultrapure HNO3 
to reach a calcium concentration of approximately 50 ppm. An in-house internal coral standard (dissolved coral S. 
siderea skeleton from the north Cuban coast) as well as JCp-1 were diluted to reach a similar concentration in Ca 
of 50 ppm to be measured alongside the coral samples. To reduce interferences, we applied the internal gas mode 
for the isotopes  88Strontium,  24Magnesium,  43/44Calcium,  137Barium, and  238Uranium (Tech Note v1.17, Analytik 
Jena, 2017). The collision gas mixture of H2 and He decreases the interferences and increases the signal-to-noise 
ratio. For the isotopes  7Lithium and  10/11Boron, the application of the gas mode would lead to a loss of sensitivity, 
therefore the gas mode was not used for these two elements (Tech Note v1.17, Analytik Jena, 2017).

Certified single element stock solutions from Inorganic Ventures were used for the calibration of each individual 
element. Five calibration solutions of different concentrations for the different elements except Ca were prepared from 
one stock solution that was used over 1 week. Ca concentration remained the same for all calibration solutions and was 
added after diluting the stock solution to the different concentrations. After every fifth sample measurement on the 
ICP-MS, brackets of laboratory standards (a JCp-1, an in-house coral standard, and a consistency standard similar in 
concentration to our average value calibration solution) were measured to correct for instrumental drift (Schrag, 1999). 
Instrumental precision is ±0.35% relative standard deviation for Sr/Ca, 1.23% for Li/Mg, 0.36% for Mg/Ca, and 1.83% 
for U/Ca. For outliers, the measurement was repeated, and the average of all repetitions was calculated. Our aver-
age JCP-1 Sr/Ca value is 8.84 ± 0.03 mmol/mol (1σ, n = 273), 4.19 ± 0.015 mmol/mol for Mg/Ca (1σ, n = 273), 
1.19 ± 0.02 μmol/mol for U/Ca (1σ, n = 273), and 1.6 ± 0.02 mmol/mol for Li/Mg (1σ, n = 273).

2.4.  Chronology

We established an initial age model based on the clear annual density banding revealed by the X-radiograph 
positive image with the top of the colony corresponding to 2005, the year of collection (Figure 2). By compar-
ing the estimated age to the seasonal variations in δ 18O and Sr/Ca, the depth to age relationship was confirmed. 
The highest δ 18O and Sr/Ca values correspond to the winter growing season and were assigned to February, the 
coldest month on average, and the lowest δ 18O and Sr/Ca values were assigned to August corresponding to the 
peak summer month. For the most recent record beginning in November 1981, the highest and lowest δ 18O and 
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Sr/Ca values were assigned to the coldest and warmest month respectively of the gridded OISSTv2.1 (Huang 
et al., 2021) (Figure 3a); the same was done for intermediate points in spring and autumn, provided the growth 
rate of the coral gave the necessary temporal resolution. For each year, two to four points were assigned to corre-
sponding months from the OISSTv2.1 gridded data product (Huang et al., 2021).

The ages for the remaining samples were linearly interpolated based on spatial distances between age tie points, 
and X-radiograph imaging. Since both annual banding pattern, δ 18O and Sr/Ca seasonality are clear and regular, 
we do not consider the possibility of age errors on the time scale of years. However, the assumption that SST 
extremes always fall onto the same months introduces a noncumulative error of ±1 month for each sample.

Figure 3.  (a) Coral δ 18O ratios transformed to age domain, based on δ 18O age model, plotted with the gridded OI-SSTv2.1 
product from the grid cell centered at 82.375°W and 23.125°N (Banzon et al., 2014; Huang et al., 2021). (b) Regression of 
Coral δ 18O and OI-SST (Banzon et al., 2014; Huang et al., 2021). (c) Regression of Coral Sr/Ca, based on Sr/Ca age model, 
and OI-SST (Banzon et al., 2014; Huang et al., 2021). The Pearson correlation coefficients as well as the regression equation 
are summed up in Table S1 in Supporting Information S1. The gridded product OI-SSTv2.1 was used for the calibration of 
the proxy due to the lack of instrumental records for this region. D-Sr/Ca ratios transformed to age domain, based on Sr/Ca 
age model, plotted with the gridded OI-SSTv2.1 product (Banzon et al., 2014; Huang et al., 2021).
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For comparison with instrumental data and further statistical analyses, we interpolated our time series to equidis-
tant, monthly, resolution using the Arand software Ager and Timer (Howell et al., 2006). Annual averages were 
calculated from these interpolated values. For anomaly calculations, the time interval from 1950 to 2000 was used 
as the reference period.

Outliers were identified through the outlier detection method provided by Chen and Liu (1993) on the by Arand 
interpolated geochemical data. The time series is described by a fitted general autoregressive moving average 
model. Outliers are identified in three steps: first, all potential outliers are identified based on preliminary model 
parameters, second, joint estimates of model parameters and outliers are detected and significant (threshold 
0.001) outliers are removed and the parameter estimates are adjusted after removal of outliers. In the third step, 
the original series is filtered based on the adjusted parameters from step two and with the new residuals go 
through steps 1 to 2. The linear regression methods were then used on the outlier corrected data.

The geochemical and isotopic time series of this S. siderea coral span from 1845 to 2005 for a total of 160 years.

2.5.  Calibration to SST

Coral δ 18O and Sr to Ca ratios were calibrated to the 0.25° by 0.25° gridded OI-SST (Banzon et al., 2014; Huang 
et  al.,  2021, High-Resolution SST data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, 
from their Web site at https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/
access/avhrr/) centered at 82.375°W and 23.125°N. The calibration period is 1981–2005 (Figure 3). We chose 
to only display δ 18O and Sr/Ca results for their robust regressions to OI-SSTv2.1 (Banzon et al., 2014; Huang 
et al., 2021). Additional element to Ca ratios calibrated to OI-SST based on the δ 18O and Sr/Ca age models can 
be seen in the supplementary materials Tables S1a and S1b in Supporting Information S1.

Outlier detection was based on the iterative outlier detection and adjustment procedure of Chen and Liu (1993) and 
incorporated into the R package “Forecast” (Hyndman & Athanasopoulos, 2018). It was applied to the time series 
generated by Arand (further explanation of how Arand was used, can be found in Section 2.5) (Howell et al., 2006). 
The ordinary least squares (OLSs) regression method has been one of the most commonly used regression techniques 
for the development of the reconstruction of SST from element to Ca ratios and δ 18O. This regression technique only 
assumes an error for the dependent variable and an error of zero for the independent variable, while other regression 
methods such as weighted least squares, reduced major axis, and bootstrapped weighted least squares developed by 
Xu et al. (2015) account for errors on both axes. Unfortunately, there is still no common approach for the coral-based 
paleoceanography community on which technique to use thus leading to differences in regressions for the same 
species and regions (Xu et al., 2015). After testing the data for homoscedasticity, the OLS method was chosen.

Error assessment for the Sr/Ca and δ 18O to SST calibration can be reviewed in supplementary materials. The 
analytical errors of Sr/Ca and δ 18O were propagated with the in Table S1 in Supporting Information S1 reported 
regression errors and yielded the overall errors of ±0.05°C for δ 18O and 0.26°C for Sa/Ca.

2.6.  Reconstructed δ 18OSW

δ 18O of seawater (δ 18OSW) reconstruction from coral skeletal δ 18O (δ 18OC) assumes that δ 18OCoral is a function 
of both SST and δ 18OSW, while variations in Sr/Ca depend on SST primarily. Thus, the reconstruction method 
as described by Ren et al. (2003) is important to note that instantaneous changes in δ 18OC are the sum of two 
components, where one component describes the changes in SST, whereas the other contribution influences 
instantaneous changes in δ 18OSW (Ren et al., 2003).

△𝛿𝛿
18OC = △𝛿𝛿

18O(SST contribution) +△𝛿𝛿
18O(SW contribution)

= △
(

𝜕𝜕𝜕𝜕
18O(C) ∕𝜕𝜕SST

)∗
△SST

+
(

△𝜕𝜕𝜕𝜕
18O(C)∕△𝜕𝜕𝜕𝜕

18O(SW)

)∗
△𝛿𝛿

18OSW,

� (1)

△∂ δ 18O(C)/∂SST is the rate of change of −0.22‰ per °C for the formation temperature of carbonates and the 
oxygen isotopic equilibrium, a mean based on 19 coral calibrations (Lough, 2004). For Siderastrea coral, a slope 
of −0.043 mmol/mol per °C was applied, following the master coral regression of DeLong et al. (2014) for the 
rate of change △∂ δ 18O(C)/△∂ δ 18O(SW). Equation 1 only yields relative changes instead of absolute values. By 
adding up the changes gained by Equation 1 to the δ 18OSW reference value from the GOM of 1.84‰, it is possible 
to reconstruct the variation for this region (Lowenstam & Epstein, 1957). Error propagation can be found in the 
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Supporting Information. The error for δ 18OSW ±0.2 ‰ and was calculated from the combined error of the analyt-
ical errors of δ 18O and Sr/Ca as well as the calibration errors from the OLS regressions.

2.7.  Pseudo Coral Forward Modeling

Variations in δ 18OC depend on both local SST and δ 18OSW at the time of growth. In order to estimate the influence 
of both environmental factors on coral skeletal δ 18O ratios, a forward modeling exercise was applied by gener-
ating a pseudo-coral model. A pseudo-coral proxy or pseudo-coral forward model is a bivariate model compar-
ing observed δ 18OC with predicted δ 18OC from a linear model driven by instrumental data of the 20th century 
(Thompson et al., 2011). This bivariate model yields the following equation (Thompson et al., 2011):

𝛿𝛿
18
OPseudocoral = 𝑎𝑎1 SST + 𝑎𝑎2 SSS� (2)

where a1 = −0.22 ‰ °C −1, describing the effect of formation temperature on carbonate oxygen isotopic composition 
(Lough, 2004), and a2 is the empirical slope of δ 18OSW versus SSS (0.15 ‰ per salinity unit) for the tropical Atlantic 
reported by LeGrande and Schmidt (2006). The SST and SSS used for this model are from the following instrumental 
data products: SST, OI-SSTv2.1 (Banzon et al., 2014; Huang et al., 2021); SSS, SODA v2.1.6 (Carton & Giese, 2008).

3.  Results and Discussion
3.1.  Age Model Comparison of δ 18O and Sr/Ca With Instrumental SST

In this study, we developed two different age models based on δ 18O and the more established Sr/Ca (Figure 3) (DeLong 
et al., 2011, 2014; Fowell et al., 2016; Maupin et al., 2008; Weerabaddana et al., 2021). In addition, the Sr/Ca-OI-SST 
slope (for the Sr/Ca age model) fits into the slope range reported by DeLong et al. (2011) with a rate of change of 
0.045 mmol/mol per °C (±0.003°C) (Figure 3c). Both reconstruction attempts (based on the δ 18O; Figures 3a and 3b; 
and Sr/Ca-age models; Figures 3c and 3d) show an increase in temperature from 1845 to 2005. Although Sr/Ca is the 
more established proxy for temperature reconstruction for this region, δ 18O shows a more promising fit for the OI-SST 
regression (Tables S1 and S3 in Supporting Information S1) (Delong et al., 2011, 2014; Fowell et al., 2016; Maupin 
et al., 2008; Weerabaddana et al., 2021) (all results for both age models can be found in Tables S1–S7 in Supporting 
Information S1). The better fit to OI-SSTv2.1 might be due to the highest temperature occurring during the same 
month as the maximum precipitation rate (Jury et al., 2007), since δ 18O is both, a proxy for temperature and δ 18OSW 
(Ren et al., 2003). The pseudo coral model shows a correlation coefficient between the model and OI-SSTv2.1 of 
0.98, indicating a stronger influence of SST on the corals δ 18O. Therefore, we have decided to base our analysis on the 
δ 18O age model. All results based on the Sr/Ca age model can be found in the supplementary materials.

The two age models developed for this study based on δ 18O and Sr/Ca agree on an increase in temperature over 
the 160 year time span from 1845 to 2005. For the respective grid cells encompassing our location, both OI-SST 
(1988–2005) and ER-SST (1854–2005) indicate no significant increase in SST (Banzon et  al.,  2014; Huang 
et al., 2021, 2017). This disagreement between coral-based SST and gridded SST products has been previously 
observed in the Caribbean and across many other regions in the Pacific (Evans et al., 2000; Kilbourne et al., 2008; 
Vásquez-Bedoya et al., 2012). The discrepancy between coral SST reconstructions and the gridded SST data 
of OI-SST and Extended Reconstructed SST version 4 (ER-SST; Huang et al., 2017) may be due to the spatial 
averaging of the SST values across the grid cell. By using gridded SST products instead of in situ measurements, 
local SST signals are suppressed by averaging over 2° by 2° (ERSST) or 0.25° by 0.25° (OI-SST). Furthermore, 
we would not recommend using annually averaged data for the calibration of temperature proxies since this would 
lead to a loss of information for the extreme values. Unfortunately, in situ measurements are not available for 
the northern Cuban coast. Despite the lack of similar secular trends, verification of our coral-based δ 18O-SST 
reconstruction with the gridded ER-SST yields a correlation coefficient of (r) = 0.54 for the period 1854–2005. 
Another significant correlation (r = 0.36; p < 0.001) was also recorded between Sr/Ca-SST and ERSST.

3.2.  Warming of the Southern GOM

Illustrating the quality of the massive coral's ability to record SST, the environmental proxies derived from this 
northern Cuba S. siderea coral skeletal δ 18O, Sr/Ca, U/Ca, Mg/Ca, and Sr-U all indicate strong correlations to 
SST (Table S2 in Supporting Information S1). SSTs reconstructed over the period 1845–2005 differ between 
proxies, with the overall warming ranging from 0.7°C to 3.32°C (±0.21°C), equivalent to 0.04–0.21°C per decade 
(Figures 4 and 5 and Figure S1 in Supporting Information S1).
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Figure 4.  (a) δ 18O inversely plotted and transformed into the age domain with a 5 years running average plotted at the end of 
the respective 5 years period. Total temperature increase from linear regression in Table 1 is 2.6°C over 160 years. (b) Sr/Ca 
anomalies with 5 years running averages plotted at the end of the respective 5 years period. Anomalies were calculated with 
the climatological mean from 1950 to 2000. A temperature increase of 3.3°C from the regression in Table 1 over 160 years 
was calculated. (c) δ 18OSW ratios were calculated with δ 18O and Sr/Ca (Equation 2). Anomalies were calculated with the 
climatological mean from 1950 to 2000.

Figure 5.  (a) Sr/Ca (based on the δ 18O age mode) and reconstructed temperatures from Sr/Ca regression. (b) Master Coral 
record from DeLong et al. (2014), averaged of Sr/Ca time series of three different corals from the Dry Tortugas National Park.
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The magnitude of SST change reconstructed from Sr/Ca and δ 18O from the southern GOM (Figures 4a and 4b) in 
this study appears relatively larger compared to previous studies conducted in the northern GOM at Dry Tortugas 
(DeLong et al., 2014; Maupin et al., 2008). Taking the more conservative regression equations of previous studies 
from the northern GOM and the data of this study yields a temperature increase of 0.95°C–2.38°C from 1845 
to 2005 (DeLong et al., 2014; Maupin et al., 2008). In the western Caribbean Sea on the Mesoamerican Barrier 
Reef of Belize, the temperature increase based on Sr/Ca-SST was similarly consistent with only a warming of 
0.05–0.14°C per decade over the past 160 years (Fowell et al., 2016). The most extreme temperature increase in 
the southern GOM is found from the δ 18O- and Sr/Ca-SST of this study with a rate of warming equaling 2.62 
(±0.05°C)to 3.32 (±0.21)°C (3.32°C for Sr/Ca) or 0.21°C per decade. Although coral δ 18O is reflecting the 
combined changes in SST and δ 18OSW, the magnitudes of the SST increase reconstructed from δ 18O and Sr/Ca 
agree.

To further verify coral δ 18O sensitivity to SST at this location, a forward modeling approach using a pseudo-coral 
model (Dee et al., 2017; Thompson et al., 2011) was tested and confirmed that local SST can explain up to 98% 
of the variability in coral skeletal δ 18O. This validates the fidelity of S. siderea coral skeletal δ 18O as a stronger 
recorder for SST at this location than for δ 18OSW and parallel salinity changes. However, a difference in the 
temperature trend can be observed between δ 18Ocoral and δ 18Opseudocoral. The pseudo coral forward model exhibits 
no significant (p = 0.09) temperature trend over the 160 years of reconstructed record.

At Dry Tortugas in the northern GOM, DeLong et al. (2014) reported a significant temperature increase of 0.7°C 
from 1952 until 1985 based on a reconstruction from a S. siderea coral core. This late 20th century trend is in 
agreement with our data from the southern GOM of Cuba with a contemporaneous warming between 0.49°C 
based on Sr-U-SST up to 0.68°C from Sr/Ca-SST (Table 2).

A visual shift (Figures 4 and 5) in reconstructed SST can be observed after 1980, where the reconstructed δ 18O-SST 
reached a plateau equating to a pause in warming. Reconstructed Sr/Ca-SST and Sr-U SST even suggest a slight 
decrease in SST up to the year 2005. Quantifying the significance of this change is difficult due to the shortness 
of this trend at the end of the record. However, the results are consistent with the findings of DeLong et al. (2014) 
who described a discontinuation of warming SST after 1985 and attributed it to the possible slowdown of the LC.

3.3.  Long-Term SST Trend Linked to LC and AMOC

Ocean models show a weakening of the LC that is consistent with the 20%–25% reduction of the AMOC strength 
from the late 20th century to the late 21st century (Liu et al., 2012). Multiple proxy records produced by Caesar 
et al. (2021) based on changes in the heat transport reconstructed from a variety of ocean and land-based prox-
ies (sortable silt data, coral, foraminifera, tree rings, ice cores), suggest an unprecedented decline in the last 
2,000 years of AMOC strength since the 20th century. Evidence indicating a weakening of the AMOC such as 
the Florida Current and the GOM transport has declined the fastest during the last two decades (Piecuch, 2020). 

Proxy r p-value Trend over time
Total temperature increase 
from linear regression °C

δ 18Ocoral −0.4 <0.001 δ 18O = −0.002 (±0.0001) yr + 0.52 (±0.19) 0.16

δ 18OSW 0.18 <0.001 δ 18OSW = −0.0014 (±0.0002) yr − 1.12 (±0.40)

δ 18Opseudo −0.05 0.09 δ 18Opseudo = −0.003 (±0.004) yr + 8.05 (±7.23) 0.20

Sr/Ca −0.28 <0.001 Sr/Ca = −0.0007 (±0.00004) yr + 10.51 (±0.94) 0.21

Li/Mg 0.03 0.19 Li/Mg = 0.00009 (±0.00007) yr + 1.63 (±0.01) −0.03

U/Ca −0.24 <0.001 U/Ca = −0.0004 (±0.00003) yr + 2.00 (±0.06) 0.15

Mg/Ca 0.33 <0.001 Mg/Ca = 0.002 (±0.0001) yr + 0.06 (±0.23) 0.30

Sr-U −0.24 <0.001 Sr-U = −0.0004 (±0.00004) yr + 9.95 (±0.07) 0.04

Note. The year variable refers to the year and decimal month. r is the Pearson correlation coefficient. Bold p-values indicate 
a significant p-value for Trend over time.

Table 1 
Trend of Temperature and Hydroclimate Proxies Over Time and Their Significance and Change Per Decade in °C for Each 
Proxy Reconstructed SST
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While the LC still warms the southern GOM, it does not reach the northern GOM due to the weakening. The 
longer-term trend for the northern GOM is confirmed by 25 years of satellite data. The warm Caribbean basin 
water still reaches the southern GOM leading to a warming in that region (Chollett et al., 2012). It is possible 
that a lack of in situ measurements in the southern GOM as well as the averaging of SSTs in gridded data biased 
toward a loss of warming trend of the southern GOM.

Summer warming has increased more than winter warming leading to a larger seasonality as observed by satel-
lite data for the Caribbean Sea and the GOM (Chollett et al., 2012). This is in agreement with the reconstructed 
SST observed from our coral colony. While the seasonal amplitude before a calculated change point in 1968 
was 2.49°C, it increased to 3.26°C after 1968 (based on the seasonality means of all proxies and a change point 
analysis based on a detection algorithm provided in the R package Strucchange) (Otto, 2019; Zeileis et al., 2002). 
The observed hiatus of the warming trend may be indicating a slowdown of the LC, in agreement with the obser-
vations of DeLong et al. (2014) from the northern GOM due to a possible weakening of the AMOC (Boers, 2021; 
Dima et al., 2021). However, the extended OI-SST record for this northern Cuba location indicates the resump-
tion of a significant increase in SST (p < 0.05) after 2005 for the period 1981–2019 (Reynolds et al., 2002). A 
similar significant warming trend (p < 0.05) can be observed in another gridded SST product between 1981 
and 2021 (ERSST v5; Huang et al., 2017). While other regions, such as the Caribbean Sea, exhibit increasing 
temperatures of up to 0.5°C per decade (Chollett et al., 2012), the southeastern as well as the northern GOM indi-
cate no warming from the 1980s onward. Other studies have linked such a stop in warming with a decline in the 
strength of the LC and with that of the AMOC (DeLong et al., 2014; Liu et al., 2012). However, such a decline, as 
hypothesized by DeLong et al. (2014) needs to be verified with instrumental records and cannot solely be based 
on reconstruction efforts. Our coral-based reconstructed SST records may possibly be indicating the slowdown 
of the LC and with it a decline in the warming of the GOM. The noteworthy global warming trend continues 
unimpeded in other regions of the Caribbean and the western Atlantic (Caesar et al., 2018).

3.4.  Interannual, Interdecadal, and Multidecadal Variability

Other coral-based proxy records from the Caribbean region have revealed significant interannual variability 
following signal processing with singular spectrum analysis (SSA) (Giry et al., 2012; Kilbourne et al., 2008). 
However, the proxy records from this study did not reveal significant frequencies from SSA. Although no signifi-
cant spectral peaks could be identified, component analysis revealed interannual variabilities in all proxy records. 
All SST indicators in this study show a 3–7 years interannual variability pointing toward the ENSO teleconnection 
between the Pacific and Atlantic Ocean (Giry et al., 2012). Eleven percent of the variability can be attributed to 
the 3–7 years band for δ 18O and 22% for Sr/Ca.

SSA (Vautard & Ghil, 1989) does not identify significant interdecadal to multidecadal components in the proxy 
time series (Figures S2–S6 in Supporting Information S1). However, component analysis shows that 11% of 
the variability in δ 18O can be explained by a 33-year cycle, while Sr/Ca shows a 16-year variability (17%). 
Multidecadal variabilities between 30- and 70-year in the Atlantic are often connected to the AMO. Recent 
studies however, have suggested that multidecadal oscillations could be an artifact of volcanic eruptions (Mann 

Proxy r p-value SST-proxy Change per decade in °C

δ 18O 0.83 <0.001 δ 18O = −0.16 (±0.14) − 0.12 (±0.013) SST 0.16

Sr/Ca 0.47 <0.001 Sr/Ca = 10.04 (±0.8) − 0.03 (±0.003) SST 0.21

Li/Mg 0.35 <0.001 Li/Mg = 2.67 (±0.32) − 0.03 (±0.004) SST −0.03

δ 18Opseudo 0.99 <0.001 δ 18Opseudo = 5.44 (±0.21) − 0.22 (±0.009) SST 0.20

U/Ca 0.50 <0.001 U/Ca = 1.94 (±0.12) − 0.02 (±0.001) SST 0.15

Mg/Ca 0.30 <0.001 Mg/Ca = 2.17 (±0.56) + 0.06 (±0.02) SST 0.30

Sr-U 0.47 <0.001 Sr-U = 9.88 (±0.59) − 0.03 (±0.002) SST 0.15

Note. Change per decade is based on the OISSTv2 regressions.

Table 2 
Correlations of Multiple Proxies to OISSTv2 (Banzon et al., 2014; Huang et al., 2021) and Their Corresponding 
Significance (p) and Pearson Correlation Coefficient
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et  al.,  2021). Furthermore, anthropogenic warming might overprint warming effects of warm or cool phases 
during the last century of the AMO, thereby producing the differences in observed and reconstructed AMO 
oscillation patterns (Mann et al., 2021). The length of our coral record (160 years) limits detection of variance in 
the AMO band to the short-period end (∼30 years).

3.5.  Hydroclimatology

By removing the temperature effect from δ 18Ocoral using paired δ 18Ocoral and Sr/Ca-data, we have reconstructed 
δ 18OSW (Figure 4c). In previously published paired coral δ 18O and Sr/Ca records, δ 18OSW has been shown to be 
a reliable proxy for SSS in regions dominated by changes in SST and δ 18OSW due to changes in SSS (Gagan 
et al., 2000, 1998; Ren et al., 2003). Over the 47-year period between 1958 and 2005, reconstructed δ 18OSW indi-
cate a reduction by 0.016 ‰ that translates into a freshening of the surface water of −0.081 g/kg. Qualitatively, 
this agrees with the SODA SSS (Carton & Giese, 2008), but underestimates the change of −0.311 g/kg indicated 
by the latter (Figure 6). This discrepancy might again be due to the size of the SSS grid taking a bigger region 
into account than what is represented by our coral.

However, correlation between reconstructed monthly δ 18OSW and SODA SSS v.2.1.6 (Carton & Giese, 2008) 
is not as robust as the coherence between coral δ 18O-SST and ER-SST, with SSS explaining less than 1% of 
the variability in the results. To reduce the influence of high-frequency noise, we also compared the 5-year 
moving means of SODA SSS and δ 18OSW. Filtering out the noise by comparing the smoothed δ 18OSW data to the 
SSS-SODA data set shows better correlation (e.g., 10 years smoothing correlated well to the SSS data set with 
a Pearson correlation coefficient of 0.66, p < 0.001, Table S7 in Supporting Information S1). While monthly 
variability is not well captured by the coral, long term trends are reflected in the δ 18OSW data. Over ENSO times-
cales, the gridded SSS data set shows a minimum of 35.13 g/kg in late autumn of 1992 while the reconstructed 
δ 18OSW shows a minimum of 0.85 ‰ (equivalent to 32.32 g/kg) for the summer of 1999. In January 1992 and 
December 1998, two of the more severe EN events categorized by the extended Multivariate ENSO index were 
documented in the Pacific Ocean (Wolter & Timlin, 2011). The low SODA SSS as well as the low δ 18OSW values 

Figure 6.  (a) Atlantic Multidecadal Oscillation (AMO) index (Enfield et al., 2001). The positive AMO index is colored red 
and represents the warm AMO phases. The blue negative AMO part is the cold AMO period. (b) Reconstructed detrended 
δ 18OSW in light blue. The dark blue line represents the 5 years smoothed δ 18OSW (±0.2‰) ratios. Seasonal detrended sea 
surface salinity (SSS) values from Carton and Giese (2008) are shown by the light red line, while the dark red line is the 
5 years smoothed SSS signal.
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in late 1992 and 1999 were likely induced respectively by the central and eastern Pacific EN event and atmos-
pheric teleconnection to the Atlantic altering the precipitation pattern in the following months (Figure 6). Due 
to the 0.5° by 0.5° grid size of the SODA SSS gridded product, a wider region is taken into account for the SSS 
values, leading to lower salinity values in 1992 when the coral did not record its lowest values. The Caribbean 
Sea experiences high precipitation later in the year than the GOM, thereby potentially influencing the SSS data 
set (Giannini et al., 2000).

The running mean in Figure 6b as well as binned δ 18OSW data over the entire time span in Figure S7 in Support-
ing Information S1 indicate significant differences in means (p < 0.001) for the late 20th century. A change 
point analysis revealed a significant (p < 0.05) change in mean in 1980 to lower values (Otto, 2019; Zeileis 
et al., 2002). A shift to lower salinity values corresponds to lower δ 18OSW ratios reaching its peak in the early 
1990s, which also coincides with a change in phase of the AMO index (Figure 6) (Enfield et al., 2001) and an 
increased tendency to more biennial Central Pacific ENSO events (Cai et  al.,  2019). The time period in the 
early 1990s also witnessed a shift to more central Pacific EN events with SST warming located in the central 
equatorial Pacific compared to the conventional canonical EN with SST warming in the eastern Pacific (Goly & 
Teegavarapu, 2014; Yu et al., 2015). Thus, the combination of a strong EN event in 1992 and 1998 as well as the 
shift in AMO could possibly explain the increase in precipitation and associated change in salinity in the southern 
GOM during this time (Figure 6). The decrease observed in δ 18OSW, especially in the 1990s as well as in the grid-
ded SSS data might therefore partly be explained by a shift in the phase of the AMO. The change point analysis 
for δ 18OSW shows a shift in δ 18OSW mean before the AMO index changes. Under the aspect that the correlation 
between AMO indices and paleoclimate records show no correlation for the preindustrial period and correlation 
since (Kilbourne et al., 2008), longer records for the southern GOM are needed to verify this link between the 
AMO and coral SST records.

Due to the oscillatory character of AMO with periodicities of 30–80  years, the comparison of the 40-year 
running averages of the AMO index and δ 18OSW detailed a significant relationship of 0.5 (p < 0.001) (Kilbourne 
et  al.,  2008; Wang et  al.,  2008). Other studies from the Caribbean found the AMO signature in their recon-
structed δ 18OSW with strong 60-year cycle (Kilbourne et al., 2008). Time-series analysis with the SSA (Vautard 
& Ghil, 1989) of our reconstructed δ 18OSW yielded no components in the decadal-interdecadal band that would 
show a periodicity in the time domain of the AMO even though the correlation between the 40-year moving 
mean of the AMO index and reconstructed δ 18OSW ratios indicate a robust connection (Figure 6, Figures S2–S5 
in Supporting Information S1). Previous studies conducted in the Dry Tortugas have remarked similar results, 
showing no periodic variation within the record (DeLong et al., 2014). Studies from the Caribbean basin show 
the AMO cyclicity in δ 18OSW data (Kilbourne et al., 2008). However, recent studies show that those multidecadal 
oscillations in proxy and instrumental data might actually be artifacts of volcanic activity or other natural and 
anthropogenic forcings acting together (Mann et  al.,  2020, 2021). The AMO remains a multidecadal climate 
mode that is not well understood and might not even be definable by its periodicity. Although no proxy time 
series in this study shows a significance (p < 0.05) in the decadal and interdecadal domain, 25.9% of the varia-
bility in the data can be explained by 3–7 years periodicities, as well as 16 years (20.2% of variability in the data 
is explained by this component) can be observed in the reconstructed δ 18OSW. The masking of this signal due to 
external forcings as described by Mann et al. (2021, 2020) might lead to false periodicities in the 40–70 years 
band and even near 16 years, so the AMO signal in our proxy records might even be impossible to distinguish 
from other forcings.

In 1997–1998, a very strong EN event manifested in the eastern Pacific with regional precipitation reaching 
record levels compared to the 1992 EN event (Xie & Arkin, 1996). There is no corresponding salinity anom-
aly in the SODA SSS data set for the 1998 EN in our study region; however, reconstructed δ 18OSW indicates a 
salinity minimum for the northeastern Cuban coast most probably reflecting increased precipitation (Carton 
& Giese, 2008). A strong positive phase of the NAO started in the early 1990s (Giannini et al., 2001; Visbeck 
et al., 2001). A positive phase of the NAO counteracts the ENSO-linked precipitation in the GOM due to an 
increased SLP and a subsequent cooling of the ocean's surface waters (Giannini et al., 2001). The onset of a strong 
positive NAO phase in 1990 with its climax in 1996 (Visbeck et al., 2001) may have led to a subsequent enhanced 
winter cooling and therefore less precipitation in the southwestern GOM. Various EN (1968, 1983, 1987, 1992, 
1997/1998) and La Niña years (1971, 1975, 1985, 1995) show contradictory δ 18Osw values with certain La Niña 
years showing a minima in the δ 18OSW record in contrast to what we would expect.
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Changes in AMO, ENSO, and NAO are multiple contributing factors affecting SST, SSS, and δ 18OSW values 
in the GOM. This makes identification of ENSO years in coral δ 18OSW records a challenge for further research.

4.  Conclusion
New coral records from the northern coast of Cuba revealed a warming trend in the southeastern GOM from 
1845 to 2005. However, the onset of the stagnating trend after the 1980s suggests a reduction in LC strength. 
This observation was also noted by similar coral studies conducted in the Dry Tortugas in the northern GOM, in 
addition to model simulations and recent satellite observations (Chollett et al., 2012; DeLong et al., 2014; Liu 
et al., 2012). The extended gridded SST products of OI-SST and ER-SST suggest a further warming after this 
pause in warming trend between 1980 and 2005 (Banzon et al., 2014; Huang et al., 2021, 2017). Through our 
coupled coral Sr/Ca and δ 18O records, the first high-resolution hydroclimate record from the southeastern GOM 
revealed the onset of a warm AMO phase in the early 1990s. Additionally, two strong EN events in 1992 and 
1998 led to an increase in precipitation in the GOM and to freshening conditions. This freshening was observed as 
strongly depleted coral-based reconstructed δ 18OSW ratios and is in coherence to the gridded SODA SSS (Carton 
& Giese, 2008). Furthermore, a decrease in salinity coincided with depleted reconstructed δ 18OSW demonstrating 
the S. siderea coral's fidelity as an excellent recorder for hydroclimatology. Due to the scarcity of long-term in 
situ salinity, precipitation, and temperature records, the reconstructions completed provide additional under-
standing to the possible teleconnection dynamics in this region due to changes in atmospheric modes of the NAO 
and  AMO.

Data Availability Statement
All data reported in this study trace and minor element ratios and stable isotope ratios have been deposited at 
the information system PANGAEA (Data Publisher for Earth and Environmental Science) (Harbott et al., 2023). 
The ER-SST data set is publicly available and was obtained from the IRI/LDEO Climate Data Library (Huang 
et al., 2017, accessed 1 April 2022). OISSTv2.1 is also publicly available (Banzon et al., 2014; Huang et al., 2021) 
and was retrieved from U.S. National Oceanic and Atmospheric Association (NOAA) National Centers for 
Environmental Information (NCEI, https://www.ncei.noaa.gov/products/optimum-interpolation-sst, accessed 
1 April 2022). The SODA SSS v2.1.6 (Carton & Giese, 2008) data set was accessed through the IRI/LDEO 
Climate Library, and is publicly available (http://iridl.ldeo.columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.
v2p1p6/, accessed 1 April 2022). The publicly available AMO index times series is based on the Kaplan SST data 
set (Enfield et al., 2001) and was retrieved from NOAA Physical Science Laboratory (https://psl.noaa.gov/data/
timeseries/AMO/, accessed 4 April 2022).
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