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ABSTRACT: The ocean occupies 95% of the Caribbean’s area and plays a leading role in the region’s climate, thus making
the sea surface temperature (SST) a very important regional climate index. This, in conjunction with the lack of a regionally
consistent, quality-controlled surface temperature dataset increases the scientific value of using SST to characterize the regional
climate and its trends. This study determines the magnitudes of the long-term SST trends in the Wider Caribbean (WC) and the
Antilles. We overcome the presence of discontinuity points in the SST time series using the change point statistical technique.
Annual mean SST trends combining the subperiods 1906–1969 and 1972–2005 are 1.32 ± 0.41 ∘ C per century for the Antilles
and 1.08 ± 0.32 ∘ C per century for the WC. For the same regions during the subperiod 1972–2005, the corresponding trends
are 1.41 ± 0.68 ∘ C per century and 1.18 ± 0.49 ∘ C per century, illustrating the warming intensification during the last four
decades. A significant correlation is found between the SSTs in the Caribbean and Atlantic Multidecadal Oscillation (AMO)
index, suggesting a potential link between Caribbean SSTs and the mechanisms governing the Atlantic basin-wide SSTs.
Finally, the capabilities of two state-of-the-art coupled climate models, the Norwegian Earth System Model (NorESM1-M)
and the Bergen Climate Model (BCM), to simulate SST in the Caribbean were tested. Both models produce an adequate
simulation of the annual mean SST anomalies and SST seasonal cycle for the WC and the Antilles. The simulated annual and
monthly mean SSTs are colder in the two models compared to the observations, a common feature among the majority of
general circulation models participating in the Coupled Model Intercomparison Project Phase 5. However, despite these minor
deficiencies both BCM and NorESM1-M are considered adequate for conducting SST simulations relevant for future climate
change research in the Caribbean.
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1. Introduction
The Wider Caribbean (WC), here defined as the region
from 5∘ to 35∘ N, and from 55∘ to 100∘ W (Figure 1),
represents a key region of the Atlantic Ocean climate
system. The warm ocean waters are home to key coral
reef ecosystems, and provide the livelihood for millions
of people (Djoghlaf, 2008). Furthermore, the warm
ocean temperatures feed the recurring tropical storms and
hurricanes that ravage the region. Higher sea surface temperatures (SSTs) produce more and more intense tropical
cyclones (e.g., Wu et al., 2010; Lloyd and Vecchi, 2011).
Therefore, understanding the long-term changes in the
WC SSTs is of prime importance for assessing potential
impacts of climate change on ecosystems and tropical
cyclones. However, until now there have been major gaps
in our scientific understanding of WC climate variability
and climate change (CANARI, 2008), in particular due to
a poor quality climatic record.
* Correspondence to: J. C. Antuña-Marrero, Atmospheric Optics Group
of Camagüey, Meteorological Institute of Cuba, Marti # 263, Camagüey
70100, Cuba. E-mail: anadelia@caonao.cu; jcam45@gmail.com
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Most of the literature on the WC is based on future climate projections (e.g. Singh, 1997; Campbell et al., 2011;
Hall et al., 2012; Karmalkar et al., 2013). For instance, the
recent Intergovernmental Panel on Climate Change report
(IPCC, 2013) predicts for the Caribbean, with high level
of confidence, increases in temperature between 0.7 and
2.4 ∘ C by the end of the 21st century. For a similar period,
with medium level of confidence, a decrease in precipitation is expected. The projections were made as part of the
Coupled Model Intercomparison Project Phase 5 (CMIP5),
where 42 global climate models contributed simulations of
future climate using the RCP4.5 scenario (Tables 14.1 and
14.2 of Christensen et al., 2013). In this respect, WC precipitation is probably the variable that has been addressed
most in the research literature, due to its noticeable impact
on human and economic activities. The WC precipitation
shows a broad range of variability both temporally and spatially, as indicated by a series of drought and flood events,
with large societal and economic impacts (Laing, 2004;
Small et al., 2007; Méndez and Magaña, 2010).
In contrast, surface temperatures in the region show
small seasonal variations (Taylor and Alfaro, 2005) and
therefore have not been studied much. The SST and its
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long-term trend are both important variables for characterizing and identifying climate variability, and for determining fingerprints to establish the existence of climate
change. For the period 1900–2008, positive SST trends
in the range of 0.4–1.6 ∘ C per century have previously
been reported for the Tropics and subtropics (Deser et al.,
2010), and these values can be used for making gross estimates of the SST trends in the WC and the Antilles.
Sheppard and Rioja-Nieto (2005) reported a qualitative estimation of a rising trend in the measured SST for
the Caribbean, although without determining its statistical significance. In addition, Sheppard and Rioja-Nieto
(2005) provided a range of predicted SST trends for
the 21st century. For the Gulf of Mexico and the western Caribbean Sea, a mean SST trend in the range of
0.05–0.27 ∘ C per decade (determined for the minimum
part of the last SST series section by the fitting of a
piecewise linear model) was reported by Lluch-Cota et al.
(2013). Although Lluch-Cota et al. made use of an SST
dataset for the period 1910–2011, because of the statistical method used to detect recent trends, the reported trends
across the region represent different periods covering from
10 to 60 or more years (Figure 2(b)). The SST trends
from 1985 to 2009 in the Caribbean Sea and southeast
Gulf of Mexico are determined using satellite data and
show a regional mean value of 0.27 ∘ C per decade. The
first report of a heterogeneous spatial trends distribution
in the Caribbean is very recent (Chollett et al., 2012).The
only report found in the literature of long term-temperature
trends for a region of the WC, in this case the Antilles,
uses the National Oceanic and Atmospheric Administration Extended Reconstructed Sea Surface Temperature
(ERSST; Smith et al., 2008) dataset. It describes a positive second-order trend for the Antilles SSTs, suggesting
acceleration of the warming in recent years (Jury, 2011).
Peterson et al. (2002) analysed daily maximum and
minimum monthly air temperature values in records of
varying length, from 30 Caribbean surface stations, for
the period 1958–1999. They determined that the extreme
intra-annual temperature range decreased during this
period, but that the trends were not significant. They also
found that the maximum and minimum temperatures were
both increasing, while it has been previously reported
that the warming trends are higher for the monthly
minimum temperatures than for the monthly maximum
temperatures (Easterling et al., 1997; Alexander et al.,
2006). Stephenson et al. (2008) incorporated new surface
© 2015 Royal Meteorological Society
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Figure 1. Regions selected for the present study: WC, Antilles and TA.

40°W

20
0
10

AMO Index

0°N

30°N

Tropical

Latitude

Latitude

30°N

Changepoints statistically significant (95% level)

(a)

−0.2

0
1860

1880

1900

1920 1940
Year

1960

1980

−0.4
2000

Figure 2. (a) Geographical and temporal distribution of change points for
the period 1854–2005. (b) Frequency of occurrence over time of change
points in SST grid-point series for the entire WC and TA region (see
Figure 1), statistically significant at the 95% level.

stations into the Peterson et al.’s (2002) dataset and compared time and space coincident maximum and minimum
temperatures at 42 local stations and composites of SST
grid points (1∘ ) from the HadISST1 dataset. Common
homogeneous periods were identified across the dataset,
and trends of temperature extremes for the homogeneous
period 1970–1992 reaffirmed the results of Peterson et al.
(2002). A more recent study for the period 1961–2010
showed a warming in land surface temperatures, mainly
associated with the increase of minimum temperatures
(Stephenson et al., 2014).
Naranjo-Diaz and Centella (1998) found a temperature
increase of 0.5 ∘ C in Cuba for the period 1950–1995,
with particular warm periods in the 1980s and mid-1990s.
They associated this trend with a strong positive trend in
the minimum temperature series, with a mean warming of
almost 1.4 ∘ C. The trends in maximum temperatures were
not significant, and consequently a decrease in the mean
daily temperature range of almost 2 ∘ C was observed for
the same period. The authors considered those changes
not to be sufficiently large or persistent enough to be considered evidence of climate change. Antuña et al. (1996)
examined temperature trends based on 3-h temperature
measurements from four stations in the province of Camagüey, Cuba, from the middle of the 1960s and lasting until
1994. A total of 60% of the trends were positive at the 90%
significance level, ranging between 0.22 and 0.74 ∘ C per
century. However, there is not a unified, quality-controlled
surface temperature regional dataset for the Caribbean
suitable for conducting long-term surface temperature
analysis. It is also not foreseen to be available in the near
future. Quality-controlled information about the individual
Int. J. Climatol. 36: 1873–1886 (2016)
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existing datasets for the different parts of the Caribbean
is fragmentary or not available. There are no reports of
validation of the surface temperature reanalysis datasets
with surface temperature observations in the Caribbean
that will support using surface temperature reanalysis data
for long- and short-term surface temperature studies in
the region. In particular, in the WC, islands have a land
area of 240 000 km2 , with a sea-to-land ratio of about 20:1
(http://botany.si.edu/projects/cpd/ma/ma-carib.htm). The
predominant existence of the sea in the WC determines
its important role on the climate in the region and the
relevance of SSTs.
The Atlantic Multidecadal Oscillation (AMO) represents the SST variability at multidecadal time scales in
the North Atlantic (Kerr, 2000). It is represented by alternative periods of Atlantic Ocean SST warming and cooling in the latitude range between 70 or 60∘ N and the
Equator, with a period of 60–80 years (Enfield et al.,
2001; Sutton and Hodson, 2005). From 1900 to 2008
during warm AMO phases, the cyclonic activity in the
Caribbean increased with respect to the former cold AMO
phases (Klotzbach, 2011). A connection between AMO
and the precipitation in the Caribbean has been found when
comparing observed and simulated precipitation anomalies during the warm AMO (1931–1960) and the cold
AMO phase (1961–1990) (Sutton and Hodson, 2005).
Statistically significant correlation at the 95% significance level between the means of maximum and minimum land surface temperatures for Caribbean stations
has also been recently reported (Stephenson et al., 2014).
The El Niño/Southern Oscillation (ENSO) is one of the
main drivers of temperature and rainfall variability in the
Caribbean on inter-annual time scales, as has been shown
by several recent studies (e.g. Jury and Gouirand, 2011;
Gouirand et al., 2012). However, as this study will focus
on decadal trends in the Caribbean, the role of ENSO will
not be addressed further.
In summary, existing climatological information of
Caribbean temperatures is inhomogeneous both in space
and in time, obtained mainly from local station records
with different time and space scales, with different homogeneity and completeness and using a variety of region
definitions. Because of the very few good land-based
temperature records available and the particular relevance
of SSTs for this region, the main goal of this study is
to produce a consistent climatological analysis of SST
trends for the Caribbean using a state-of-the-art global
dataset. Next, the correlation between SSTs and AMO
is tested. We use the SST record to evaluate simulations by two state-of-the-art coupled climate models, the
Norwegian Earth System Model (NorESM1-M) and the
Bergen Climate Model (BCM). The NorESM1-M is part
of the CMIP5 project and has been tested globally with
reasonable results (e.g. Sillmann et al., 2013). The BCM
participated in the CMIP3 project and has been evaluated
successfully to study the impact of volcanic forcing on the
AMO (Otterå et al., 2010). Both models will be broadly
used as part of the ongoing climate research cooperation
between Norway and Cuba, and this evaluation of the
© 2015 Royal Meteorological Society
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models for this region is a crucial step in the work. Finally,
we used BCM SST simulations for the period 2000–2099
for predicting potential future SST trends for the regions
under study.

2.
2.1.

Materials and methods
Study regions

Figure 1 shows the regions selected for this study. These
are composed of three main areas: the WC, the Tropical
Atlantic (TA) and the Antilles. The WC region (5∘ –35∘ N
and 100∘ –55∘ W) was determined following the common
interpretation of Article 2 of the Cartagena Convention
(http://www.cep.unep.org). The selection of the TA region
(5∘ –35∘ N and 55–20∘ W) was made to facilitate a better model-data comparison. The third region, the Antilles
(8∘ –25∘ N and 86∘ –54∘ W), was added adopting the criteria proposed by Jury (2011), because it covers all the
insular countries in the Caribbean. Both for the WC and the
Antilles, SST series from grid points south of the Pacific
coast of Panama were removed from the analysis.
2.2.

Datasets

The observational dataset consists of the ERSST, version
3b (http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
ersst.html) for the period 1854–2013. The ERSST version
3b is a globally reconstructed dataset extending from 1854
to the present, developed using state-of-the-art data merging techniques, but not including satellite-derived SSTs
(Smith et al., 2008). It is the latest improvement based
on the International Comprehensive Ocean–Atmosphere
Data Set (ICOADS; Woodruff et al., 2010). It combines
SST observations conducted irregularly in space and time
worldwide, using different instruments and techniques.
The ERSST data are provided as area-averaged monthly
mean SSTs at 2∘ × 2∘ latitude–longitude grid points. In
addition, we used an AMO SST index derived from the
HadISST1 dataset, more specifically the smoothed dataset
of Rayner et al. (2003).
2.3.

Models

BCM consists of the Miami Isopycnic Coordinate Ocean
Model (MICOM; Bleck et al., 1992) coupled with the
atmospheric model Action de Recherche Petite Echelle
Grande Echelle/Integrated Forecast System (ARPEGE/
IFS; Déqué et al., 1994) and a dynamic–thermodynamic
sea ice model (GELATO; Salas-Melia, 2002). BCM has
2.8∘ latitude and longitude resolution and 31 vertical
levels from the surface up to 10 hPa. To better resolve
the equator-confined dynamics, the meridional resolution
gradually increases to 0.8∘ in the Tropics. The outputs were
interpolated to 2∘ latitude and longitude resolution for the
present study. Generally, the model reproduces the main
precipitation patterns, including those associated with the
mid-latitude storm tracks and the continental monsoons.
However, there is a general tendency to underestimate
the amount of precipitation compared to the observations,
Int. J. Climatol. 36: 1873–1886 (2016)
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especially over the ocean (Otterå et al., 2009). In addition,
the ENSO variability in the model peaks around 2 years
rather than the observed 3- to 7-year band, and is rather
weak compared to the observations (Otterå et al., 2009).
More details on the large-scale circulation features and
natural variability modes in the model can be found in the
study by Furevik et al. (2003), with further information
about the present version provided by Otterå et al. (2009).
In this study, we use historical ensemble runs covering
the period 1850–1999, which incorporated natural (solar
and volcanic) and anthropogenic (well-mixed greenhouse
gases and tropospheric sulphate aerosols) forcing factors
(Otterå et al., 2010). In addition, available BCM simulations for the A1B, similar to the RCP 6.0 AR5 scenario
(business as usual), and E1, similar to the RCP 2.6 AR5
scenario (low CO2 emissions) for the period 2000–2099,
were used for determining the future projections of the
SSTs for the region of study (Johns et al., 2011).
NorESM has been developed through a large national
collaborative effort involving many research institutions
in Norway and has participated in the recent CMIP5.
NorESM is partly based on a recent version of the community model from the National Center for Atmospheric
Research (NCAR). The atmosphere module is thus the
Community Atmosphere Model version 4 (CAM4), and
the land module is the Community Land Model (CLM).
In NorESM, the ocean module is an updated version of
MICOM. This ocean module is coupled to the Community
Sea-Ice Model (CSIM/CICE). The model improves the
modelling of tropical deep convection resulting in reproducing characteristic features of the Madden-Julian Oscillation (Subramanian et al., 2011). However, NorESM also
has limitations for the simulations in the tropical region,
including an overestimation of the magnitude of tropical
precipitation compared to observations. It also produces a
double Inter-tropical Convergence Zone (ITCZ), a problem that has long been a common error among climate
models (Bentsen et al., 2013). For the present study with
NorESM1-M, a medium resolution version was used. The
atmospheric and land components of the model have a horizontal resolution of 1.9∘ in latitude by 2.5∘ in longitude,
and the atmosphere has 26 levels up to 2.9 hPa. The horizontal resolution of the oceanic component of the model is
1.125∘ in latitude and longitude, with 53 layers. Historical
ensemble runs from this model for the period 1850–2005
were available for the present study. A general description
of the model and its large-scale circulation features is given
by Bentsen et al. (2013) and Iversen et al. (2013).
To evaluate the factors affecting SSTs in the models we used SST, surface currents and latent heat fluxes
(LHFs) from available observational data for the region.
For the SST and LHF, we have used the TropFlux dataset
(Praveen Kumar et al., 2012). TropFlux is largely derived
from a combination of ERA-Interim re-analysis data for
turbulent and long-wave fluxes, and International Satellite Cloud Climatology Project (ISCCP) surface radiation data for shortwave flux. TropFlux uses bias and
amplitude-corrected ERA-Interim fluxes. All bias corrections are derived based on comparisons with Global
© 2015 Royal Meteorological Society

Tropical Moored Buoy Array data (Praveen Kumar et al.,
2012). The observed surface currents are taken from
the Global Ocean Data Assimilation System (GODAS).
GODAS is a real-time ocean analysis and a reanalysis.
It is used for monitoring, retrospective analysis and for
providing oceanic initial conditions for the NCEP climate forecast system. GODAS data are available from the
NOAA/OAR/ESRL, Boulder, Colorado, USA, from their
website at http://www.esrl.noaa.gov/psd/.
2.4. Methods
SST monthly and annual area-averaged means were calculated both for the observed and simulated SST time series.
Also SST annual means for each grid point of the observed
and simulated SST time series were calculated. Linear
trends for the annual and seasonal SSTs were calculated in
both the observations and the model using the method of
least squares, with adjustments, both for the area-averaged
and grid-point values. Statistical significance was determined using a Student’s t-test. All the significance tests
in the following are at the 95% significant level. By taking
into account the fact that the temperature series are regularly highly auto-correlated, the number of independent
degrees of freedom was determined following Garrett and
Toulany (1981). The adjusted standard errors for the SST
trends were also calculated by taking into account the number of independent degrees of freedom (Wilks, 1995).
The ERSST dataset includes unresolved errors and inhomogeneities that could have an impact on its applications
for climate research (Woodruff et al., 2010). In particular in the case of the Antilles, before around 1925 there
were fewer than 15 observations per grid point per year
(Figure 1(b) of Jury, 2011). The same also happened during World War II and for a few years after. Also for the area
between 60∘ N and 60∘ S the relation between the magnitude of the annual ERSST anomalies and its errors suggests
that the dataset is more reliable after the 1940s (Figure 1
in http://www.ncdc.noaa.gov/ersst/).
Change point detection, a quantitative procedure, was
selected to identify shifts in the observation SST time
series that could be associated to the known limitations
of the ERSST dataset (Gallagher et al., 2013). Multiple
change points were detected by subsegmenting. The whole
series was tested and if any change points were detected,
the method was subsequently applied to the resulting subsegments. No homogenization of the SST grid points data
series was conducted. Change point detection was conducted for each SST grid point and the significance of each
identified change point was determined. Change points
indicate possible inhomogeneities in the time series, but
could also be caused by strong climate changes, such as
volcanic eruptions.
In addition, weighted trends for the period 1906–2005
were calculated from the trends for the two subperiods
1906–1969 and 1972–2005, using the number of years
from each subperiod as the weight. Finally, correlations
between the regional SSTs and the annual mean AMO SST
index and between the annual mean SSTs from models and
Int. J. Climatol. 36: 1873–1886 (2016)
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Statistically significant change points are present in 49.3%
of the grid points of the annual mean SST series in the
entire WC and TA. For the WC and TA, there are change
points in 47.7% and 50.7% of the grid points respectively,
while for the Antilles the amount increases to 92.7%.
Figure 2 shows the distribution of the statistically significant change points. All of them occur south of 25∘ N and
97.7% of the change points occur before 1906. From this
figure, it is evident that the occurrence of statistically significant change points for the whole 1854–2005 period
peaks during a negative rate of change (from warm to cold)
of the AMO index.
Although change points could be caused by strong climate change as well as data inhomogeneities, because
so many occurred before 1906, we find it convenient to
choose 1906 for the beginning of our analysis. This also
gives us 100 years of data for the period 1906–2005. Further analysis of this period was conducted, where the
occurrence of change points inside this period was determined. Results showed the presence of statistically significant change points in 34.2% of the annual mean SST series
for both the WC and TA together. The amount of statistically significant change points represents 64.2% of the
Antilles, 33.2% of the WC and 35.1% of the TA.
The temporal frequency distribution of the change
points, Figure 3, shows two main maxima. They are
concentrated in the years 1925–1926, with 27.6% of all
the cases, and in 1970–1971, with 59.1%. For our main
area of interest, the Antilles, almost all the change points
occur on and after that last pair of years. Based on these
findings, we defined two subperiods for further analysis:
1906–1969 (64 years) and 1972–2005 (34 years). The
highest frequency of occurrence of statistically significant
change points for the 1906–2005 period occurs during a
period of negative rate of change (from warm to cold) of
the AMO, as pointed out for the period 1854–2005 above.
The time between both sets of change points is approximately 65 years, matching the 60–80 years period of
variability attributed to AMO (Sutton and Hodson, 2005).
The inclusion of the period before 1906 in the former
analysis is based on the fact that there is no conclusive
evidence that the first change point is caused solely by
insufficient data during that period. Moreover, Figure 3
shows that the higher frequencies of occurrence of statistical significant change points, for the period 1906–2005,
take place during the years 1925–1926 and 1970–1971.
If we compare this result with the average number of
available observations per grid point per year, as shown in
Figure 1(b) from Jury (2011), we find that, those are years
with higher relative amounts of observations. The years
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Figure 3. (a) Geographical and temporal distribution of change points for
the period 1906–2005. (b) Frequency of occurrence over time of change
points in SST grid-point series for the entire WC and TA region (see
Figure 1), statistically significant at the 95% level.

with lower amounts of observations after 1906 predominantly occurred during World War I and II. However, the
data show no statistically significant change points during
World War I and only 6.1% of the statistically significant
change points during World War II. This result could indicate that the effects of the low amounts of available observations for the ERSST data have been notably reduced
because of the further improvements in the reconstruction
of the dataset using state-of-the-art merging techniques
(Smith et al., 2008).
3.2.

Observed SST trends for the studied regions

Figure 4 shows SST and trends for the period 1854–2005
and for the two subperiods 1854–1905 and 1906–2005
for the three regions selected in the current study. In all
three regions, the linear trends for the period 1854–2005
and the subperiod 1906–2005 are positive with higher
values in the latter period. For the period 1854–1905,
however, the linear trends are negative. Annual mean values of the AMO SST index are also shown in Figure 4. It
shows clearly that the change points occur during negative
(cold) phases of the AMO and in particular during phases
with a negative rate of change of the AMO. In both cases,
the annual mean SSTs after the change points are lower
than the ones before. The coincidence of the phases with
negative rate of change of AMO with the lower annual
mean SST after the change points suggests that the same
physical mechanism, whatever it is, originates with the
AMO and is causing the occurrence of the change points.
Further research is necessary on this issue to determine
the validity of this hypothesis. The correlation coefficients
(r) for the three regions of interest in this study are all
Int. J. Climatol. 36: 1873–1886 (2016)
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Figure 4. SST annual area average from observations (red solid lines)
for the three regions (Figure 1) and AMO Index (green dashed lines)
for the period 1854–2005. Least squares linear regression lines are
shown for the entire period 1854–2005 (blue solid lines) and the
sub-periods 1854–1905 and 1906–2005 (black dashed lines). Vertical
magenta dashed lines denote the year of higher frequency of occurrence
of the 95% level of statistical significance changepoints for the entire
1854–2005 period and for the sub-period 1906-2005. Correlation coefficients (r) are significant at the 95 % level after adjustment for the number of independent degrees of freedom using the method of Garrett and
Toulany (1981).

positive and statistical significant, with values slightly
higher than 0.6.
Figure 5 shows the geographical distribution of the correlation coefficients between the annual mean values of
the SSTs and the AMO SST index. The significance of
the correlation coefficient values in both Figures 4 and 5
was tested after adjustment for the number of independent
degrees of freedom (Garrett and Toulany, 1981). In general, significant correlation coefficients higher than 0.5 are
predominately found in the Antilles while in the waters
south of the United States and in the same latitude of the
Atlantic, values are lower and not significant. This suggests a connection between the SSTs in the Caribbean and
the mechanisms associated with the AMO’s occurrence.
Table 1 shows that in all but three of the regions for
the periods 1854–2005 and 1906–2005 all the trends
are positive, on the order of the 1 ∘ C per century, and
statistically significant. For the period 1906–2005, the
magnitudes of the SST trends are higher, with almost twice
the values found for the period 1854–2005 for the Antilles
and TA, and more than thrice the values found for the WC.
The same table shows that in the case of the explained
variance R2 , its magnitude almost doubled for the TA and
increased three and four times for the Antilles and the WC,
respectively, during 1906–2005 compared to the entire
© 2015 Royal Meteorological Society
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Figure 5. Contours of the SSTs versus AMO SSTs Index correlation
coefficient (r). Shaded areas are trends not significant at the 95% level
after adjustment for the number of independent degrees of freedom using
the method of Garrett and Toulany (1981).

period. All three of the regions have steeper trends for the
period 1906–2005 than for the entire period 1854–2005.
The adjusted standard errors represent the precision with
which the fitting of the trend was determined, depending
directly on the estimated standard deviation of the residuals. For the three regions and the three periods, all of the
adjusted standard errors are of the same order of magnitude
as the corresponding trends (Table 1). However, the magnitudes of the adjusted standard errors of the trends for the
period 1906–2005 are half of the magnitudes of the trends
for the three studied regions.
The period 1854–1905 shows a different pattern, with
negative trends in the three regions. However, the trends
are only statistically significant for the WC. The adjusted
standard errors of the trends are all higher in magnitude
than the trends during this period. Also for this period,
the explained variance R2 has very low magnitudes. Considering that the 1854–1905 period corresponds to a less
reliable period of the ERSST dataset those results should
be taken with particular caution.
Only the period 1906–2005, among the three periods
analysed, shows robust positive trends in the order of
1 ∘ C per century. That conclusion is supported by the fact
that the trends are statistically significant and that the
magnitude of the trends is double the magnitudes of the
adjusted standard error.
The spatial distribution of the observed SST trends
(Figure 6) for the 1854–2005 period shows that maximum
values are about 0.4 ∘ C per century in the central, northeast and southeast portions of the TA, with insignificant or
even negative trends in the Gulf of Mexico. For the period
1854–1905, almost half of the region shows negative
trends with values up to −0.9 ∘ C per century covering the
Gulf of Mexico, the waters east of Florida and the Greater
Antilles, while positive values with maximum of 0.3 ∘ C
per century are present in the Lesser Antilles, the waters
north of Venezuela and the Atlantic. For the 1906–2005
period, the pattern is similar to the period 1854–2005, but
with larger trends in the southern portions of the region,
with values up to 0.8 ∘ C per century. In particular for the
Antilles, for the period 1906–2005, the trends increase to
the southeast from around 0.3 ∘ C per century in the western
portion of Cuba to 0.8 ∘ C per century in the Lesser Antilles,
near the coast of Venezuela. Non-significant SST trends
Int. J. Climatol. 36: 1873–1886 (2016)
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Table 1. Observed SST annual trends for the period 1854–2005 and the subperiods 1854–1905 and 1906–2005 for each of the
studied regions.
Period
Linear SST trends and error (∘ C per century)

1854–2005
1854–1905
1906–2005
1854–2005
1854–1905
1906–2005

R2

Region
Antilles

Wider Caribbean

Tropical Atlantic

0.24 (0.18)
−0.30 (0.44)
0.70 (0.23)
0.14
0.04
0.45

0.16 (0.15)
−0.31 (0.35)
0.53 (0.20)
0.10
0.07
0.40

0.35 (0.17)
−0.07 (0.44)
0.67 (0.25)
0.27
0.002
0.42

In parenthesis are the trend standard errors, adjusted for the effective degrees of freedom. All the trends are statistically significant at the 95%
significance level except the ones for the Antilles and the Tropical Atlantic for the subperiod 1854–1905. R2 is the explained variance.
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Figure 6. Distribution of observed SST annual mean linear trends (∘ C per
century) for the three regions together. Trends not statistically significant
have been shaded.

in the three regions decrease from 14% of the grid points
for the 1854–2005 period to 7% for 1906–2005 period,
while for the period 1854–1906 they represent 73% of
the grid points with data. The heterogeneous pattern of
the trend distribution in the Caribbean has been reported
already (Chollett et al., 2012; Lluch-Cota et al., 2013). In
particular, the cooling reported for the 1985–2009 period
for the SSTs derived from satellite measurements in the
high latitudes of the Caribbean has been attributed to the
North American cold fronts transit across this region, and
their increasing intensity and larger frequency in time
(Melo-González et al., 2000). That explanation could be
© 2015 Royal Meteorological Society

also valid in the case of longer temporal scales like the ones
in the current study.
The years 1970 and 1971 were excluded from the subperiods because they registered 20.4 and 24.1% of the
significant change points for the 1906–2005 period. As
shown in Table 2, all the SST trends for the subperiods 1906–1969 and 1972–2005 in all the three areas
studied are higher than 1 ∘ C per century. In particular
for the Antilles, their magnitudes are 1.3 ∘ C per century
for the subperiod 1906–1969 and 1.4 ∘ C per century for
1972–2005, with all the grid-point SST trends in that
area statistically significant (Figure 7). This result agrees
with recent reported trends for the Tropics and subtropics
(Deser et al., 2010). For both subperiods, the same pattern of geographical distribution remains, in particular the
southeast increase of the SST trends for the Antilles.
The magnitudes of the adjusted standard trend errors for
the subperiods 1906–1969 and 1972–2005 are shown in
Table 2. They are all of the same order of magnitude as
the trends (Table 2) similar to what was found for the
1906–2005 period. However, for the period 1906–1969
the magnitudes of the trends are about twice the magnitudes of the adjusted standard trend errors, while for the
period 1972–2005 they are quite similar. The difference
in the magnitudes of the adjusted standard trend errors
between both subseries could be explained because of the
decrease of degrees of freedom (and consequently of the
adjusted degrees of freedom) from 64 for 1906–1969 to 32
for 1972–2005. It is supported by the fact that the adjusted
standard trend errors depend directly on the estimated standard deviation of the residuals, and consequently on the
inverse of the adjusted degrees of freedom,
The seasonal trends for the whole period 1854–2005
show almost no variation between the different seasons
for the three regions, with positive and significant trends
for all regions (Table 3). For the subperiod 1854–1905,
insignificant negative trends are present in the Antilles and
WC for all the seasons reaching the maximum absolute
value in summer for the Antilles and in autumn for the
WC. In the same subperiod for the TA no trend is found
for the summer, with negative trends for the spring and
autumn and positive for the winter. For the 1906–2005
period, statistically significant trends are found for all
seasons. However, in contrast to the former two periods,
for 1906–2005 a clear summer maximum is achieved in all
Int. J. Climatol. 36: 1873–1886 (2016)
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Table 2. Observed SST trends (∘ C per century) for the subperiods 1906–1969 and 1972–2005.
1906–1969

Antilles
Wider Caribbean
Tropical Atlantic

1972–2005

1906–2005

Trend

GST (%)

Trend

GST (%)

Trend

1.27 (0.54)
1.03 (0.47)
1.02 (0.60)

100
99.3
95.1

1.41 (1.40)
1.18 (1.20)
2.08 (1.55)

97.7
88.0
100

1.32 (0.82)
1.08 (0.71)
1.39 (0.91)

All the trends are statistically significant at the 95% significance level. In parenthesis are the trend standard errors (∘ C per century), adjusted for the
effective degrees of freedom. The percent of grid-point significant trends (GST) statistically significant is also listed. The columns below the label
‘1906–2005’ are the weighted mean of the entire period 1906–2005.
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Figure 7. Distribution of observed SST annual mean linear trends (∘ C per
century) for the three regions together. Trends not statistically significant
have been shaded.

the three regions, on the order of 0.7 ∘ C per century, while
minimum trends are found mainly in autumn. In the case of
the two subperiods 1906–1969 and 1972–2005 (Table 4),
trends are on the order of 1.0 ∘ C per century, with higher
values during the second period and maximum trends
occurring in summer for both the Antilles and the WC. The
minimum trends for those regions are found in winter and
in spring for the 1906–1969 and the 1972–2005 periods,
respectively. For the TA, the maximum trends occur in
spring and autumn for the 1906–1969 and 1972–2005
periods respectively, while the minimum trends occur in
autumn and spring for the same periods.
The last three columns in Table 4 contain the weighted
trends for each region for each season, calculated by averaging the trends for the periods before and after the change
point, and weighting them by the length of each time
series. They are all an order of magnitude higher than the
trends in the last three columns of Table 3, calculated for
each region for each season using the entire SST series
1906–2005. If the change points were produced due to natural causes, the trend for the whole series would be less
reliable (lower correlation coefficients) and therefore less
© 2015 Royal Meteorological Society

useful for predicting the future temperatures than the last
piece of the series 1972–2005 (after the change point) or
than the weighted trend. In that sense, when considering
the presence of the statistically significant change points
in the entire 1906–2005 SST series, the weighted trends
are better suited to forecast the future values of the SSTs
in the WC and the Antilles.
Based on the comparison of the occurrence of statistically significant change points with respect to the AMO
index, as shown in Figure 4, we may consider the hypothesis that the AMO negative (cold) phase by some mechanism ‘resets’ the level of the SST, causing a jump in the
SST time series as revealed by the change points. After that
reset, the potential processes and mechanisms associated
with the atmosphere–ocean interaction and its response
to the changes in the climate keep acting in the region,
producing again positive trends in the SSTs. We determine the effect of all those processes and phenomena on
SSTs during the 1906–2005 period, by calculating the
weighted trends from the two subperiods (Table 4, last
three columns). The maximum trend values of 1.47 ∘ C per
century and 1.39 ∘ C per century occur in summer for the
Antilles and WC, respectively, while the minima occur in
winter with magnitudes of 1.15 ∘ C per century and 0.94 ∘ C
per century, respectively. For the TA, the maximum trend
value occurs in winter (1.5 ∘ C per century) and the minimum in autumn (1.33 ∘ C per century).

4. Comparison of climate model SST simulations
with the ERSST
Monthly mean SSTs for the period 1854–2005 from
ERSST, BCM (five ensemble members) and NorESM1-M
(three ensemble members) are shown in Figure 8.
Both models reproduce the monthly mean SST distributions of maximum and minimum shown in the
observed seasonal cycle. However, in general both
models produce colder values for the three regions.
The exception is the BCM for the TA, which matches
exactly the magnitudes of the monthly mean SSTs from
observations. NorESM1-M-simulated monthly mean
SSTs have the largest differences with respect to the
observations.
Both BCM and the NorESM1-M simulate colder
SSTs for the three regions (Figure 9). This result is not
surprising because it is well known that general circulation models (GCMs) tend to underestimate the SSTs
Int. J. Climatol. 36: 1873–1886 (2016)
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Table 3. Observed seasonal SST trends (∘ C per century) for the whole period 1854–2005 and the subperiods 1854–2005 and
1906–2005.
1854–2005

Winter
Spring
Summer
Autumn

1854–1905

1906–2005

Antilles

WC

TA

Antilles

WC

TA

Antilles

WC

TA

0.23
0.23
0.22
0.20

0.15
0.20
0.20
0.16

0.37
0.33
0.35
0.36

−0.08
−0.39
−0.40
−0.31

−0.22
−0.24
−0.23
−0.30

0.10
−0.17
0.00
−0.10

0.61
0.71
0.79
0.55

0.44
0.56
0.72
0.45

0.67
0.66
0.72
0.64

None of the SST trends for the subperiod 1854–1905 are statistically significant at the 95% significance level.

Table 4. Observed seasonal SST trends (∘ C per century) for the subperiods 1906–1969 and 1972–2005.
1906–1969

Winter
Spring
Summer
Autumn

1972–2005

1906–2005

Antilles

WC

TA

Antilles

WC

TA

Antilles

WC

TA

1.09
1.35
1.36
1.12

0.82
1.04
1.26
0.96

1.11
1.14
0.95
0.79

1.27
1.13
1.68
1.53

1.18
1.07
1.62
1.22

2.23
1.89
2.16
2.34

1.15
1.27
1.47
1.26

0.94
1.05
1.39
1.05

1.50
1.40
1.37
1.33

The columns below the label ‘1906–2005’ are the weighted mean of the whole period 1906–2005.
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Figure 8. SST monthly mean seasonal cycles from observations and
models for the three regions (Figure 1). BCM for the period 1854–1999
and both ERSST and NorESM1-M for the period 1854–2005.

Figure 9. Model anomalies with respect to ERSST observations and
differences between the two models.

in the tropical regions used in this study (Toniazzo and
Woolnough, 2014). In particular for NorESM1-M, a
recent CMIP5 model evaluation for the present climate
showed that the NorESM1-M in particular underestimates most of the extreme temperature indexes selected
(Sillmann et al., 2013).

Observed and simulated SST, surface currents and
LHFs are shown in Figure 10. In the observations, warm
SSTs and high LHF are found in the Gulf Stream region
along the coast of Brazil and into the Caribbean and
the Gulf of Mexico (Figure 10(a) and (b)). Both BCM
and NorESM1-M models show SST cold biases in the

© 2015 Royal Meteorological Society
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Figure 10. Observed and simulated SST (∘ C), surface currents (m s−1 ) and LHF (W m−2 ). (a) Observed SST from TropFlux (Praveen Kumar et al.,
2012) and surface current from GODAS for the period 1980–1999. (b) Observed LHF from the TropFlux dataset for the period 1980–1999. (c)
Simulated difference from observations (model minus observations) in SST and surface currents for a three-member ensemble of historical NorESM
runs for the period 1980–1999. (d) Same as (c), but for LHF. (e) Simulated difference from observations (model minus observations) in SST and
surface currents for a 5-member ensemble of historical BCM runs for the period 1980–1999. (f) Same as (e) but for LHF.

Caribbean (Figure 10(c) and (e)). However, while the
NorESM shows large (∼2 ∘ C) biases covering most of
the WC region similar to other models (e.g. Liu et al.,
2012), BCM shows much smaller biases restricted only
to the northwest section of the Gulf of Mexico. NorESM
shows intensified ocean currents along the coast of Brazil,
likely caused by too strong trade winds (not shown),
and associated higher LHFs (Figure 10(c) and (d)). In
BCM, on the other hand, the warm currents are weaker
than observed (Figure 10(e)). The simulated higher
LHFs in BCM (Figure 10(f)) are thus likely caused by
other mechanisms than overestimated strength of the
trade winds.
Figure 11 shows time series of the model simulations,
after adjusting for their biases, as compared to the observations. In general, the SST anomalies from both models
do an excellent job of simulating the observed anomalies, but both of them fail to represent high-frequency
cooling and warming events. This is to be expected. The
model output is smoother than observations partly due to
the averaging of several ensemble members. There are,
however, large discrepancies in the years surrounding the
World War I, which may be due to data inadequacies.
Although NorESM1-M includes both aerosol direct and
indirect effects and BCM only includes the aerosol direct
effect, the differences with respect to ERSST are very similar for both of them (Figure 9) and worse in magnitude for
NorESM1-M than for BCM.
Table 5 quantifies the model results, and shows that for
both models the SST trends and the R2 increased slightly
© 2015 Royal Meteorological Society

between the first and second periods, in contrast with the
results shown in Table 1 for the observations. Because the
observations for the period after 1906 SST are better, we
consider the trends for that period a better representation of
the real SST trends for all the three regions. For the period
1854–1906, the observed annual trends agree in general
with models, but, both the magnitude of the SST annual
area-averaged trends and R2 are half or less than the magnitudes in the period 1906–2005. Both models show the
same magnitudes of estimated SST change in both periods
for all the three regions (Table 2). Compared to observations (Table 1) the models have larger trends for the period
1854–2005 and smaller for 1906–2005. The adjusted
standard trend errors in the two models are about half of
the values found for the trends (Table 5). The one exception is the BCM simulation for the period 1906–1999,
where the adjusted trend error and the trend are of similar
magnitude.
Figure 12 shows the spatial distribution of the simulated SST trends. For the BCM, both periods end in 1999
instead of 2005. In general, both models show maximum
SST trends in the southeast of the TA, minima in the
northeast, and secondary minima around most of the coast
and the Gulf of Mexico for both periods. They match
the pattern of maxima and minima in SST observations
(Figure 4) better for the period 1906–2005 than for the
whole period 1854–2005. The models have a secondary
maximum in the northern section of the Antilles extending approximately over Cuba, Dominican Republic and
Jamaica, which is not present in observations.
Int. J. Climatol. 36: 1873–1886 (2016)
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Table 6. BCM model forecast SST trends (∘ C per century) for
the period 2000–2099 under the scenarios A1B and E1. All the
trends are statistical significant. In parenthesis are the trend standard errors (∘ C per century), adjusted for the effective degrees of
freedom.
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Figure 11. Annual SST annual mean anomalies with respect to the
respective mean SST value for the period 1961–1990 for the SST
observations (ERSST) and the SST model ensembles outputs from BCM
and NorESM1-M. Model output is smoother than observations, due to the
averaging of several ensemble members.

5. BCM model SST simulations for 2000–2099
The spatial distribution of the BCM-projected SST trends
for the period 2000–2009 is shown in Figure 13, for both
the E1 and A1B scenarios. For both scenarios, the trends
are all statistically significant, showing an increasing
trend southwards, with a similar patterns as the observed
SST trends for all the analysed periods. The trends are

higher in the A1B scenario than in E1 by an order of
magnitude.
For each of the scenarios, there are no significant differences in magnitudes of the trends between the different
individual regions used in this study. However, a difference
for the order of a magnitude is found between the two
future scenarios (Figure 13.) The adjusted standard errors
in the determination of the trends for all the regions and
both scenarios are on the order of 0.1 ∘ C per century. This
is of the same order of magnitude as the trends for the E1
scenario, but one order of magnitude lower than for the
A1B scenario.
When comparing the projected SST trends for the period
2000–2099 from Table 6 with the observed SST trends in
Table 2 for the periods 1906–1969 and 1972–2005, we
find that the best match for the projected trends occurs for
the A1B scenario. The SST trends for these two periods
and the projected SST trends are in the order of 1 ∘ C per
century. The observed SST-adjusted standard trend errors
for the period 1972–2005 are an order of magnitude higher
than for the projected trend for 2000–2099. However, for
the period 1906–1969 the observed SST-adjusted standard
trend errors are of the same order of magnitude as for the
projected trend for 2000–2009.
The BCM-simulated SST trends for the periods
1854–1999 and 1906–1999 (see Table 5) are an order
of magnitude lower than the projected SST trends for
2000–2009 (Table 6). However, the SST-adjusted standard
trend errors are of the same order of magnitude. A similar
pattern can be found by comparing the NorESM1-M

Table 5. SST trends (∘ C per century) for each region for the BCM and NorESM1-M simulations. In parenthesis are the trend standard
errors (∘ C per century), adjusted for the effective degrees of freedom. ΔSST (∘ C) is the difference in the climate between the model
and observations. For the BCM model, the ending year for both periods was 1999.
Model

Period

BCM

1854–1999
1906–1999

NorESM1-M

1854–1999
1906–1999
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Trend
R2
ΔSST
Trend
R2
ΔSST
Trend
R2
ΔSST
Trend
R2
ΔSST

Antilles

Wider Caribbean

Tropical Atlantic

0.25 (0.11)
0.54
0.38
0.39 (0.33)
0.62
0.39
0.31 (0.15)
0.49
0.46
0.51 (0.24)
0.59
0.5

0.25 (0.11)
0.54
0.38
0.40 (0.26)
0.6
0.39
0.29 (0.14)
0.5
0.44
0.47 (0.22)
0.59
0.46

0.22 (0.12)
0.43
0.33
0.38 (0.28)
0.56
0.37
0.25 (0.11)
0.53
0.38
0.39 (0.17)
0.64
0.39
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Figure 12. Linear trends (∘ C per century) of annual mean ensemble mean
SST from BCM and NorESM1-M for the three regions together. Trends
not statistically significant are shaded.

SST trends and its adjusted standard errors for the periods
1854–2005 and 1906–2005 in Table 5 with the BCM
projected SST trends its adjusted standard errors, for the
period 2000–2099 in Table 6.
There is a notable degree of confidence in the
BCM-projected SST trends for the period 2000–2099,
for the Antilles and the WC, because they have the same
signs and orders of magnitudes (for both A1B and E1)
as the observed SST trends for the periods 1906–1969
and 1972–2005. In addition, the adjusted standard trend
errors for the 2000–2099 projected SST trends and for the
1906–1969 observed SST trends are half of the magnitudes of the trends. Under the business-as-usual scenario
the SST trends in the Antilles are in the range between
1.39 and 2.21 ∘ C per century and for the WC between
1.37 and 2.15 ∘ C per century. For the low CO2 emissions
scenario SST trends in the Antilles range between 0.39
and 1.15 ∘ C per century while for the WC it will be 0.43
and 1.29 ∘ C per century.
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Figure 13. Distribution of BCM forecast SST annual mean linear trends
(∘ C per century) for the three regions together, for the period 2000–2099.
All the trends are statistically significant. Simulations conducted for the
scenarios E1 and A1B.
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Determination of the long-term SST trends for the WC and
the Antilles is affected by the presence of two statistically
significant change points in the series, statistically significant, for the period 1854–2005. Taking into account the
last two subperiods 1906–1969 and 1972–2005, defined
by the change points, the weighted trends were calculated.
The results show values of 1.32 ∘ C per century for the
Antilles and 1.08 ∘ C per century for the WC. Considering
that for the period 1972–2005 the trends were 1.41 ∘ C per
century and 1.18 ∘ C per century for the Antilles and the
WC, an intensification of the warming of the sea surface
in both regions has been established.
Seasonally, for the period 1906–2005, higher SST trends
are registered in summer, with maximum values of 1.68
and 1.62 ∘ C per century for the Antilles and the WC in the
period 1972–2005. Weighted SST trends for the summer
during the period 1906–2005 were 1.47 ∘ C per century for
the Antilles and the 1.39 ∘ C per century for the WC.
Geographically, the trends increase southeastward from
around 0.75 ∘ C per century around Cuba for the whole
period 1906–2005 to values of 1.25 ∘ C per century in
the southernmost area of the Lesser Antilles during the
subperiod 1906–1969 and 1.75 ∘ C per century during
1972–2005. The main intensification of the warming is
registered in the southernmost area of the Lesser Antilles
and the Caribbean coast of Colombia and Venezuela.
The analysis for the Caribbean suggests that significant
change points in the SST series are characterized by lower
SST temperatures immediately after they occur. Their
occurrence coincides with a negative rate of change of the
AMO, potentially suggesting that both statistical features
could be footprints of a common physical mechanism.
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That hypothesis is reinforced by significant positive
correlation coefficients (about 0.6) between SSTs
and AMO.
Both the BCM and the NorESM1-M do an excellent job
simulating annual mean SST anomalies in all the three
regions studied. However, in the years surrounding the
World War I discrepancies in the SST anomalies are large.
The models also produce an adequate simulation of the
SST seasonal cycle. Both the SST annual and monthly
means in both models are colder than the observations,
a feature typical of most of the GCMs in the CMIP5
ensemble. In that sense, BCM and NorESM1-M models
are suitable to be used for research on Caribbean climate
taking into account that limitation.
BCM projected future SST trends and their adjusted
standard errors show a good agreement with observed
SST trends and their adjusted standard errors for both the
business as usual and low CO2 emission scenarios. As a
consequence, it is estimated that the SST trends for the WC
will range between 1.37 and 2.15 ∘ C per century under the
business as usual scenario, and between 0.43 and 1.29 ∘ C
per century for the low CO2 emissions scenario.
The results described above fill an existing research
gap in the Caribbean region, pointing to intensification
of the SSTs warming in the Caribbean in general, but
with particular intensity in the southernmost part of the
Lesser Antilles and the Caribbean coast of Colombia and
Venezuela.
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