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[1] We reconstruct Caribbean seawater temperatures from sclerosponge Sr/Ca ratios using a specimen of
Ceratoporella nicholsoni that grew at 20 m below sea level in a reef cave at Jamaica. We sample the time
interval from 1620 to 1745 A.D. with almost monthly resolution. This interval includes the Maunder sunspot
minimum, one of the coldest periods of the Little Ice Age. Reconstructed annual temperature amplitudes are on
the order of about 1�C. The mean growth rate calculated from the annual Sr/Ca variations corresponds perfectly
with U-Th-based growth rates. We find that the interannual climate variability is determined by El Niño–
Southern Oscillation and by a decadal signal, most likely originating from the tropical North Atlantic. On a
multidecadal timescale the Maunder Minimum is characterized by a 1�–2�C cooling and reduced amplitudes of
the interannual and decadal temperature variations.
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1. Introduction

[2] During the twentieth century, climate was unusual in
the context of the last 1000 years [Mann et al., 1999].
Especially the last decade was unusually warm, including
1998 and 2001–2004 as the warmest 5 years in the
instrumental record of global temperature [Hansen et al.,
2001; Moberg et al., 2005] (see http://data.giss.nasa.gov/
gistemp/). Climate did always vary throughout the Earth’s
history, however climate variability can arise from different
factors, and there is still a big debate about how much
anthropogenic and how much natural changes have played a
role during the last century [e.g., Moberg et al., 2005; von
Storch et al., 2004]. In order to predict the future climate
changes, we still need a better understanding in how the
climate system works. This understanding has to be based
on observed past variation as a sound foundation for climate
modeling. Instrumental meteorological records assess hemi-
spheric and global climate changes over the last 100 to
150 years. More regionally limited data are available back
to the early eighteenth century [Jones and Mann, 2004].
Since direct measurements of climate variability are only
available about 100 to 200 years back in time, it is necessary
to use indirect indicators (proxies) for the reconstruction of
earlier climate changes [Jones and Mann, 2004].
[3] Currently, much attention is focused on the climate

variability of the tropics. However, tropical paleoclimate

reconstructions are relatively rare compared to higher-
latitude reconstructions [Black et al., 2004] and are mainly
based on relatively short coral records. Only few coral
records exist that store information about sea surface
temperature (SST) back to the seventeenth century, e.g.,
those of Dunbar et al. [1994], Quinn et al. [1998] and
Hendy et al. [2002] in the Pacific Ocean, Zinke et al. [2004]
in the Indian Ocean, and Kuhnert et al. [2002] in the
Atlantic Ocean. The work of Winter et al. [2000] has
focused on Caribbean SST in four 5-year time intervals
within the last 300 years.
[4] Climate records from annual to centennial timescales

can be derived from sclerosponges. Sclerosponges build a
calcareous skeleton similar to reef corals, but with lower
growth rates (mostly less than 1.5 mm yr�1 for Indo-Pacific
species and less than 0.5 mm yr�1 for Caribbean species
[Swart et al., 2002; Haase-Schramm et al., 2003; Fallon et
al., 2003; Fallon and Guilderson, 2005; Grottoli, 2005])
and extreme longevity (up to several hundred years). Thus
sclerosponges can provide data over a long time span. On
the other hand, most species do not show annual growth
layering, thus dating must be based on radiometric methods.
Recent studies have shown that it is possible, with high-
resolution techniques, to collect intra-annual information
from sclerosponge skeletons [Rosenheim et al., 2004, 2005;
Swart et al., 2002]. It was further shown that Sr/Ca ratios of
sclerosponges are a very sensitive temperature proxy
[Haase-Schramm et al., 2003; Rosenheim et al., 2004].
[5] In this study we present a 120-year high-resolution

(intra-annual) Sr/Ca record of the Caribbean sclerosponge
Ceratoporella nicholsoni, including the Maunder sunspot
minimum (1645–1715 A.D.). The C. nicholsoni specimen
used for the reconstruction was collected in 1996 from
a reef cave north of Jamaica and is exceptional as it
combines a very high average growth rate (0.4 mm yr�1)

PALEOCEANOGRAPHY, VOL. 20, PA4015, doi:10.1029/2005PA001137, 2005

1Forschungszentrum für Marine Geowissenschaften, IFM-GEOMAR,
Kiel, Germany.

2Institut für Geowissenschaften, Universität Kiel, Kiel, Germany.
3Geobiologie, Geowissenschaftliches Zentrum Göttingen, Göttingen,

Germany.

Copyright 2005 by the American Geophysical Union.
0883-8305/05/2005PA001137

PA4015 1 of 8

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by OceanRep

https://core.ac.uk/display/11894901?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


with a 600-year lifespan [Haase-Schramm et al., 2003].
The same specimen has previously been used for the
reconstruction of Caribbean mixed layer parameters like
preindustrial and anthropogenic carbon isotope variations of
total CO2 [Böhm et al., 2002] and the water temperature
history using Sr/Ca ratios and oxygen isotopes [Haase-
Schramm et al., 2003]. Low-resolution sampling combined
with radiometric dating in these previous studies provided a
framework of decadal to centennial variability in the
Caribbean for the last 600 years. It could be shown that the
Caribbean mixed layer thickened and at the same time cooled
by about 0.5�C during the Maunder Minimum [Haase-
Schramm et al., 2003]. This prominent period of the
Little Ice Age, characterized by a strong cooling in many
regions of the Northern Hemisphere [Shindell et al., 2001],
was consequently chosen in the current study for high-
resolution sampling to investigate interannual to decadal
temperature variability in the Caribbean.
[6] It is well known from the instrumental record that the

Caribbean climate is influenced on interannual and decadal
timescales by both the tropical Pacific and the tropical
North Atlantic variability [Taylor et al., 2002]. El Niño–
Southern Oscillation (ENSO) has a significant impact on
climate in the Caribbean, influencing SST, wind stress,
rainfall and the frequency of hurricanes [Enfield and Mayer,
1997; Giannini et al., 2000; Tang and Neelin, 2004]. The
impact of ENSO has been observed in tree rings and
speleothems in the surroundings of the Caribbean and the
Gulf of Mexico [Cleaveland et al., 1992; Lachniet et al.,

2004; Frappier et al., 2002], but ENSO signals are scarcely
represented in Caribbean marine proxy time series [Black et
al., 2004; Gischler and Oschmann, 2005].
[7] The influence of natural and anthropogenic forcing on

the frequency and amplitude of ENSO events and their
teleconnections is still not fully understood. D’Arrigo et al.
[2005] and Cobb et al. [2003] showed that ENSO variabil-
ity during the Maunder Minimum was initially very high
but later declined to a very low value, a result not fully
explained by models of radiative forcing.
[8] With our study we investigate the relative importance

of Pacific and Atlantic forcing of Caribbean water temper-
ature during the Maunder Minimum, a period considered
crucial for understanding of climate change [D’Arrigo et al.,
2005; Rind et al., 2004]. We provide the first subannually
resolved marine temperature record for the Maunder Min-
imum in the northern Caribbean to reconstruct ENSO and
other interannual variability during this period of unusual
climate.

2. Material and Methods

[9] A specimen of the sclerosponge Ceratoporella
nicholsoni (Ce96) was collected in spring 1996 at 20 mbsl
in a reef cave at Montego Bay, along the north coast of
Jamaica (18�280N, 77�570W) (Figure 1). The cave is exposed
to the open sea, away from the influence of restricted lagoonal
waters. The collection site is located in the Caribbean
isothermal surface layer during the whole year.

Figure 1. Sampling locality at Jamaica (star) in the Caribbean Sea. Major surface currents are shown.
Modified from Haase-Schramm et al. [2003], using data from Gordon [1967], Roberts [1997], and
Schmitz and McCartney [1993].
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2.1. U-Th Dating

[10] The method for U-Th dating was already published
elsewhere [Haase-Schramm et al., 2003]; 0.3 to 1 g of
sponge carbonate was dissolved in warm concentrated
HNO3 and spiked with a 229Th and 233U-236U double spike.
The separation of U and Th followed the procedure de-
scribed by Chen et al. [1986] and Edwards et al. [1987].

2.2. Sr/Ca

[11] Sampling for Sr/Ca analysis was carried out using the
computer-controlled microdrill (Merchantek Micromill) at
the University of Göttingen, similar to the technique de-
scribed by Swart et al. [2002]. Samples were milled along
lines between 0.7 and 2 mm long, perpendicular to the
growth axis. We continuously milled samples in 20 to 50 mm
steps along a 45 mm long transect. The drilled lines were
400 mm deep. The powder produced by drilling (about 50 to
150 mg) was directly transferred into the sample tubes
(Eppendorf centrifuge tubes) and ready for chemical treat-
ment. The powder was dissolved in 2N HNO3. Sr/Ca ratios
were analyzed using a SPECTRO CIROS CCD SOP ICP-
AES. For simultaneous measurements of Sr and Ca lines of
421 nm (Sr) and 315 nm (Ca) were used. External repro-
ducibility from repeated measurements using an in-house
sclerosponge standard (Ce96-40, n = 16) and an in-house
coral standard (May5A, n = 20) yielded 0.4 and 0.3%
(double standard deviation, 2SD), respectively. Several
samples were measured as duplicates or triplicates. The
average external reproducibility determined from these
repeated measurements is 0.3% (double standard error of
the mean, 2sem). Internal precision of the sample measure-
ments varies between 0.01 and 0.2% (relative standard
deviation) (n = 5). To account for instrumental drift,
our sclerosponge standard (Ce96-40) was measured every
5 samples for reference. The correction factor for each
sample is calculated relative to the two bracketing standard
measurements, calculated as a linear regression.

2.3. Time Series Analysis

[12] Time series analysis (singular spectrum analysis
(SSA), multitaper method (MTM), maximum entropy

method (MEM)) of the Sr/Ca data was carried out with the
SSA-MTM toolkit 4.1 [Ghil et al., 2002]. Samples were
collected in 50 mm steps (measured perpendicular to the
growth banding). Intervals with lost samples or with higher
sample density were interpolated to a 50-mm sample spacing.
SSAwindow sizes were chosen to optimally fit the frequen-
cies of the respective components [Ghil et al., 2002].

3. Results

[13] The results of the U and Th analysis were published
in the work of Haase-Schramm et al. [2003] and only a
short summary is provided here. The measured d234U ratios
lie at 154 ± 3%. Individual statistical errors (twice the
standard error of the mean, 2sem) on the ages vary between
10 and 30 years (one exception of 92 years). The external
reproducibility was determined as ±20 years (2sem). The
whole specimen represents a time interval between 1400
and 1996 A.D. Growth rates were calculated by interpola-
tion with a third-order polynomial. The growth rate of the
sponge varies between 0.23 and 0.43 mm yr�1.
[14] On the basis of the U-Th ages, our sampling

transect represents the time period from 1620 to 1745 A.D.
The Sr/Ca ratios of the sclerosponge vary between 9.3
and 9.8 mmol mol�1, with an average of 9.68 ± 0.16
(double standard deviation (2SD)) mmol mol�1. The Sr/
Ca ratios show a long-term increase from average values
of 9.55 around 1620 A.D. to 9.75 mmol mol�1 at 1640 A.D.
(Figure 2, long-term trend reconstructed from the first two
EOFs (empirical orthogonal functions) of SSA, window
size 120). Between 1640 and 1700 A.D., ratios vary
around 9.7 mmol mol�1. They decrease again from
1700 to 1745 A.D. to 9.6 mmol mol�1. In addition to the
long-term trend, the Sr/Ca ratios show regular high-frequency
variations with average amplitudes of 0.1 to 0.2 mmol mol�1

andmaximum amplitudes of up to 0.3mmolmol�1 (Figures 2
and 3).
[15] In order to investigate regular cyclicities and trends,we

applied SSA and MTM to the Sr/Ca ratios. In the SSA
analysis, we find a strong annual signal that explains 19%
of the total variance (represented by EOFs 3–6, window

Figure 2. Measured Sr/Ca ratios (dots) of the sclerosponge
skeleton and long-term trend (line) reconstructed from the
first two EOFs of singular spectrum analysis (SSA)
(window size 120). Notice the inverse Sr/Ca axis.

Figure 3. The 10-mm portion of the sclerosponge Sr/Ca
record demonstrating the regular Sr/Ca cycles with average
amplitudes between 0.1 and 0.2 mmol mol�1 and maximum
amplitude of 0.3 mmol mol�1.
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size 10). After filtering out the annual signal, we find a
2- to 3-year signal representing 7% (EOFs 4 to 7) and a
7-year signal with 14% of the total variance (EOFs 2 and
3, window size 45). The residual 60% of the total
variance is determined by the trend. All described fre-
quencies produce peaks above the 99% significance level
in the MTM spectrum (Figure 4).
[16] Tuning the time axis to annual Sr/Ca cyclicity reveals

similar frequencies. However, as annual Sr/Ca cycles are
not continuously visible, we prefer the more objective
timescale calculated from the mean growth rate.

4. Discussion

4.1. Interannual Growth Rate Variations

[17] Previous work [Haase-Schramm et al., 2003] has
shown that the long-term growth rate of specimen Ce96
varied between 230 and 430 mm yr�1, based on U-Th ages.
The sampling section was selected to lie in a skeletal part
with a relatively high average growth rate of 370 mm yr�1.
The observed Sr/Ca cycles are likely representing annual
cycles [Swart et al., 2002] (Figure 3). In order to prove this

hypothesis, we perform a simple test: If we assume, that
each Sr/Ca cycle corresponds to 1-year, annual growth rates
can be determined by measuring the width of each Sr/Ca
cycle [Swart et al., 2002]. The resulting growth rates vary
between 200 and 600 mm yr�1 with a mean of 370 mm yr�1

(Figure 5) which is in perfect agreement with the calculated
growth rate based on U-Th ages (370 mm yr�1). The MTM
spectrum of the SSA reconstruction representing the annual
signal defines peaks at 550, 330, 310, 250 and 220 mm
which reflect the range of variation of the annual growth
increments, i.e., the short-term variance in the growth rate of
the sclerosponge. This variation in growth rate is slightly
smaller than determined visually (Figure 5). However, as
seen visually, by measuring the width of annual Sr/Ca
cycles, only 7% of all cycles show growth rates greater
than 500 mm yr�1, which is insufficient to produce a
significant peak in the MTM spectrum. Thus SSA and
visual determination are in good agreement and define the
growth rate variation between 200 and 600 mm yr�1.
[18] In summary, our results show, first, that the observed

variations in Sr/Ca ratios really represent annual cycles and,
second, that the seasonal Sr/Ca variations can be used to
obtain annual growth rates. Third, it demonstrates the
reliability of our U-Th ages and U-Th-based growth rates.
With that we reproduce the results of Swart et al. [2002].
This opens the possibility to create annually resolved time-
scales for proxy reconstructions with sclerosponges.

4.2. Annual Temperature Variations

[19] The sclerosponge of this study (Jamaica, 20 mbsl)
shows annual Sr/Ca variations on the order of 0.1 to
0.2 mmol mol�1 in the time period between 1620 and
1745 A.D. (Figures 2 and 3). These variations are relatively
small compared to the study of Rosenheim et al. [2004],
who find recent annual Sr/Ca variations for the same species
in Jamaica in 25 m water depth of about 0.4 mmol mol�1.
[20] For the conversion of Sr/Ca to temperature, we use

the Sr/Ca temperature sensitivity of Rosenheim et al. [2004]
of –0.1 mmol mol�1 K�1, which is in good agreement with
our previously published temperature sensitivity [Haase-
Schramm et al., 2003]. On the basis of this, we find in our

Figure 4. Multitaper method frequency spectrum (a) of the
original Sr/Ca ratios of the sclerosponge and (b) after
filtering the annual Sr/Ca signal. Peaks that are above the
99% significance level are outlined.

Figure 5. Annual growth rate calculated from the Sr/Ca
data of the sclerosponge, assuming that each Sr/Ca cycle
corresponds to 1 year. Horizontal line represents the mean
growth rate.
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record annual temperature amplitudes of 1� to 2�C and in
exceptional cases up to 3�C. Many of the observed ampli-
tudes do not exceed 1�C. The SSA reconstruction of the
annual signal shows an average annual temperature ampli-
tude of 1�C (Figure 6a, window size of 10, EOFs 3–6).
Only few events with a higher amplitude of up to 2�C
appear in the reconstruction at about 1630, 1735 and
1745 A.D.
[21] The recent seasonal temperature variation at our

collection site (Montego Bay) was about 3�C during the
late twentieth century [Levitus and Boyer, 1994], which
should cause variations in Sr/Ca ratios of 0.3 mmol mol�1

[Rosenheim et al., 2004]. Of course, annual temperature
amplitudes may have changed since the seventeenth and
eighteenth century. However, Winter et al. [2000] found no
significant change in annual d18O amplitudes in corals from
the eastern Caribbean, comparing a 5-year slice of the late

Maunder Minimum (LMM) with the 1980s. Watanabe et al.
[2001] found only a 20% reduction of annual LMM
temperature variations using Mg/Ca ratios in the same
corals. It is therefore more likely that the smaller amplitudes
of our data compared to the Rosenheim et al. [2004] data are
due to the different sampling techniques. Rosenheim et al.
[2004] used a laser ablation ICP-MS technique. Although
we drilled samples of similar width (about 20 to 50 mm), the
depths of our sampling lines (400 mm) could have led to
some time averaging, smoothing the real temperature ampli-
tudes. This effect has also been observed in corals [Leder et
al., 1996; Quinn et al., 1996]. Intraspecific variability can
be ruled out because the Sr/Ca-temperature calibration
includes different individuals from different locations
[Haase-Schramm et al., 2003; Rosenheim et al., 2004].
Different temperature amplitudes at the sampling site of
Rosenheim et al. [2004] and our site can be neglected. Both
sites are located in reef caves of similar water depth (20–
25 m) at the north coast of Jamaica and experienced very
similar climatic conditions [Levitus and Boyer, 1994].

4.3. Interannual Variations

[22] There are a number of publications that are
concerned with climate variability in the Caribbean and its
connection to Pacific or Atlantic variations. For example,
Enfield and Mayer [1997], Giannini et al. [2001], and
Taylor et al. [2002] find relationships between interannual
climate changes in the Caribbean and ENSO. According to
Enfield and Mayer [1997] ENSO is the dominant mode of
interannual temperature variability in the Caribbean. George
and Saunders [2001] find NAO-linked variations in the
Caribbean. Decadal variations in the Tropical and Subtrop-
ical North Atlantic are determined by Andreoli and Kayano
[2004] and are connected to the NAO index by Melice and
Servain [2003] and Kuhnert et al. [2002].
[23] Our observed 2- to 3-year signal in the Caribbean

sponge lies within the frequency band of ENSO. The
reconstruction of this signal is shown in Figure 6b. The
temperature amplitude of the reconstructed ENSO signal in
the Caribbean sclerosponge (early seventeenth to mid eigh-
teenth century) (Figure 6b) is similar to recent ENSO
temperature amplitudes in the Caribbean, reconstructed
from the Kaplan SSTA data set for 17.5�N, 77.5�W for
the mid nineteenth to the late twentieth century [Kaplan et
al., 1998; Reynolds and Smith, 1994]. This implies that
ENSO variability has not dramatically changed between
about 400 years ago and today and supports the suggestion
of Jones and Mann [2004] that El Niño was relatively
constant in the past centuries. On the other hand, in the
ENSO reconstruction of the sclerosponge, the temperature
amplitudes vary with time: before 1650 A.D. and after
1730 A.D. amplitudes were higher than in between
(Figure 6b). The temperature excursions around 1730
and 1740 A.D. coincide with time intervals of strong to
very strong El Niño events at 1720, 1728 and 1736 A.D.
[Quinn and Neal, 1992]. The time interval with relatively
small temperature amplitudes corresponds to the Maunder
sunspot minimum. This is similar to the results of
Dunbar et al. [1994] who found a 2- to 3-year signal
in a Galapagos corals after but not during the Maunder

Figure 6. SSA reconstruction of the (a) annual Sr/Ca
signal, (b) 2- to 3-year Sr/Ca signal, and (c) 7-year Sr/Ca
signal. Window sizes (M) and numbers of the empirical
orthogonal functions (EOFs) are shown in Figures 6a–6c.
Temperature anomalies are calculated from the Sr/Ca
temperature sensitivity of �0.1 mmol mol�1 K�1

[Rosenheim et al., 2004].
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Minimum. D’Arrigo et al. [2005] also found decreasing
ENSO variability during the Maunder Minimum in an
American tree ring reconstruction in agreement with the
Pacific coral record of Cobb et al. [2003]. The strong ENSO
amplitude around 1640 A.D. coincides with large volcanic
eruptions of 1640/41 in Japan and on the Philippines [Briffa et
al., 1998, 2004]. So, ENSO variability in our record appears
to be associated with solar irradiance variations and possibly
with large volcanic eruptions [Mann et al., 2005].
[24] The smoothing effect observed in the annual signal

may also slightly influence the interannual temperature
records. However, to generate the observed trends in the
interannual record would require regular growth rate varia-
tions, which are not observed (Figure 5).

4.4. Decadal Variations

[25] Besides the observed 2- to 3-year ENSO signal, there
is a strong 7-year signal in the sclerosponge record of this
study. While the ENSO signal (2–3 years) explains 7% of
the total variance, the 7-year signal explains 14%. The
question arises, if the observed 7-year signal is also caused
by ENSO or if it is connected to another mechanism, for
example the decadal SST variability in the tropical North
Atlantic (TNA) with a periodicity on the order of 8–14 years
[Andreoli and Kayano, 2004; Melice and Servain, 2003;
Metha and Delworth, 1995], or the decadal NAO band
[Kuhnert et al., 2002].
[26] Commonly the ENSO periodicity lies in a range of 1

to 5 years with spectral peaks at 2 to 4 years [Quinn and
Neal, 1992]. Thus the observed 7-year signal in the scle-
rosponge is a marginal case. It is intermediate and could
either be put at the low-frequency end of the ENSO band or
at the high-frequency end of the Atlantic decadal band.
[27] In the NINO3 SST record [Kaplan et al., 1998;

Reynolds and Smith, 1994] 2–4 years define the dominating
ENSO period (�60% of the total variance), while 6-year
periods are less important (�20%). In our sponge record,
the 7-year period has a higher variance than the 2- to 3-year
period. It is possible that during the seventeenth to eigh-
teenth century ENSO was dominated by low frequencies.
However, we conservatively expect a similar pattern of high
and low frequencies in the NINO3 record and the Caribbean
sclerosponge record. Thus we conclude that the 7-year
period is likely a part of the decadal tropical North Atlantic
signal and not connected to ENSO.
[28] If we compare our data with the Kaplan SSTA record

for the Caribbean site for the last 150 years, the Kaplan
SSTA record shows a strong ENSO signal (2–6 years) that
explains about 21% and a decadal signal (10–12 years) that
explains about 11% of the total variance (SSA, EOFs 5 to
10 and EOFs 3 and 4, respectively, window size 200).
Consequently, the Kaplan record shows a ratio between
interannual and decadal signal of 2:1 for the Caribbean. In
our sclerosponge record, the ratio between interannual (2–
3 years) and decadal (7 years) variance is 1:2. Although
the two ratios appear different, they are in the same order
of magnitude. It is possible, that the interannual signal in
our record is underrepresented relative to the decadal
signal. For the calculation of the periodicity we use the
average growth rate of 370 mm yr�1. Since the real growth

rate is varying between 230 and 550 mm yr�1, it is possible
that a certain part of the interannual signal is falsely included
in the annual signal in the SSA, which would result in an
apparently less strong or frequent interannual signal than it
really is. To test the effect of variable growth rates on the
reconstructed interannual signal we tuned the time axis to
annual Sr/Ca cyclicity and found similar amplitudes and
frequencies as in the analysis based on a constant growth
rate. We conclude that no major changes occurred in the ratio
between annual and decadal variability in the Caribbean from
the seventeenth to the twentieth century.
[29] In summary, we find similar ENSO temperature

amplitudes and similar interannual to decadal amplitude
ratios during the early seventeenth to mid eighteenth cen-
tury and during the nineteenth and twentieth century.
[30] In the SSA reconstruction of the 7-year signal (EOFs

3 and 4, window size of 120) (Figure 6c) the strongest
amplitudes occur in the mid seventeenth and in the mid
eighteenth century, that is, before and after the Maunder
sunspot minimum. Thus not only the ENSO signal, but also
the decadal signal was reduced during the Maunder Mini-
mum. This supports the observation, that although the
global response to solar irradiance is relatively small,
regional response can be larger [Shindell et al., 2001].
The minimum in solar irradiance apparently had an influ-
ence on the temperature amplitudes of the ENSO and
decadal signals.
[31] The interannual and decadal climate variability in the

Caribbean has been investigated by several authors. Three
independent driving forces (which in turn can interact) have
a significant influence on the Caribbean climate variability
on these timescales: first, the ENSO, which seems to be the
major mode; second, the decadal tropical North Atlantic
variability; and, third, the NAO [Enfield and Mayer, 1997;
Giannini et al., 2000, 2001; Stephenson and Chen, 2004;
Taylor et al., 2002]. For the Caribbean we find between the
early seventeenth and mid eighteenth century similar indi-
cations for ENSO-related temperature variability and for a
decadal mode, comparable to the decadal tropical North
Atlantic mode. Thus we suggest that the climate variability
and its major driving forces 400 years ago were the same as
today.

5. Summary and Conclusion

[32] This study presents the first proxy-based temperature
reconstruction for the Caribbean water temperature for a
120-year time period between 1620 and 1745 A.D. during
the Little Ice Age with an almost monthly resolution. With
the high-resolution sampling method we are able to resolve
intra-annual Sr/Ca variations in the sclerosponge Cerato-
porella nicholsoni from the Caribbean. On the basis of the
Sr/Ca cycles, which reflect annual temperature cycles, we
have determined interannual growth rates that vary between
200 and 550 mm yr�1. In the long term, the mean growth
rate based on the Sr/Ca cycles agrees perfectly with the
growth rate determined with U-Th ages (370 mm yr�1).
[33] Singular Spectrum Analysis shows that the annual

signal explains 19%, the ENSO signal 7% and the decadal
signal 14% of the total variance. The annual Sr/Ca cycles
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are direct indicators for temperature variations, with average
annual temperature amplitudes on the order of 1�C. We find
that ENSO temperature variabilities and interannual to
decadal amplitude ratios during the early seventeenth to
mid eighteenth century were similar as in the nineteenth
to twentieth century. However, during the Maunder sunspot
minimum, both ENSO and decadal signals were reduced,
which implies that solar forcing also had a strong influence
on the Caribbean climate.
[34] In our work we show that during the studied time

interval in the Little Ice Age (1620 to 1745 A.D.) one
leading factor in the interannual climate variability is

related to ENSO, while the decadal variability is likely
connected to the tropical North Atlantic. This would
suggest that the major factors that determine the climate
variability in the Caribbean have not changed over the past
400 years.
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