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ABSTRACT

The oxygen isotopic composition (3!180) of coral skeletons reflects a combination of sea
surface temperature (SST) and the 8180 of seawater which is related to sea surface salinity (SSS).
In contrast, the magnesium/calcium (Mg/Ca) ratio of a coral skeleton reflects SST independent of
salinity. By using the relationships among coral Mg/Ca ratios, coral 8130, seawater 180 and SST,
it is possible to uniquely determine past SST and SSS. Such determinations were made and
calibrated using the Mg/Ca ratio and the 130 of the modern part of a 3 m long coral core

(Montastrea faveolata), collected from the southwest coast of Puerto Rico in the Caribbean Sea

where both SST and SSS changes seasonally and the seawater 8130 measured at the coral site. Our
results yielded three relationships (coral Mg/Ca-SST, 8180,,,,-8130,4(er-SST, and 8180,,,-SSS).
With these calibration equations seasonal changes in SST and SSS during the Little Ice Age
(LIA) in the Caribbean Sea were reconstructed. The 3180 and Mg/Ca ratio of the coral skeleton
between 1699 and 1703 suggests that the SST during the LIA was approximately 2°C cooler than
present with the SSS showing greater seasonal changes as well. These results are in good agreement
with climate-based reconstruction from corals based on oxygen isotopes, although the possibility of

some uncertainty remain in our estimation including long-term decadal scale trends in climate.
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1. Introduction
1-1. Coral as proxies

Coral skeletons provide high-resolution records of climate variability in the
tropical oceans during the last several hundred years. Coral skeletal d'80 (8'8QOc)
reflects a combination of sea surface temperature (SST) and the 8'%0 of ambient
seawater (8'80w) which is related to the sea surface salinity (SSS). Coral 8'80 records
can provide ambient SST variations in regions with constant hydrologic balance (e.g.
Leder et al., 1996; Wellington et al., 1996) alternatively they can provide records of
hydrologic balance in regions where temperature is constant (e.g. Cole and Fairbank,
1990).

The Caribbean is a semi-enclosed sea where SST and SSS vary seasonally. In
such regions, it is necessary to remove SST effects from the coral 080 by an
independent method in order to track SSS changes. Trace element ratios (e.g. Mg/Ca,
Sr/Ca, U/Ca) in biogenic carbonates can provide such salinity-independent
paleothermometric constraints (e.g. Chave, 1954; Oomori et al., 1982; Beck et al.,
1992; Niirberg et al., 1996; Klein et al., 1996; Mitsuguchi et al., 1996). Using both
trace elements and the 8'°0 from corals it is possible to reconstruct past changes in the
O30 of seawater, as long as the signal to noise ratio is low. In our study, we adopted
Mg/Ca ratios as our primary paleothermometer because of the narrow range of SST in
our research area at La Paraguera (4°C) and the relatively large dependence of the
Mg/Ca ratio in corals on temperature (3-4% oc!: Mitsuguchi et al., 1996; Sinclair et al.,
1998; Fallon et al., 1999), compared to that of Sr/Ca (0.6-0.8%/°C: e.g. Beck et al.,
1992; Villiers et al., 1994; Shen et al., 1996; Alibert and McCulloch, 1997, Gagan et al.,
1998).

In our investigation, we first evaluated the fidelity of coral records as proxies of
both SST and SSS based on the combination of d'80 and Mg/Ca ratios of the part of a
coral core for which measured SST and SSS were known. Using the modern section as
a calibration, we then determined the seasonality in SST and SSS of the Caribbean Sea
during the climatically important LIA, partly because of the lack of direct information
in the Caribbean on this time period and the role the Caribbean may play in helping to

decipher the mechanisms responsible for the LIA.

1-2. The Little Ice Age



The Little Ice Age (LIA), a cold climatic interval from the middle of the 15th
century to the late 19th century, was spatially and temporally complex (Jones and
Bradley, 1992; Mann et al., 1998). Most reconstructions of air temperature during the
LIA come primarily from high latitude regions with data sets that include ice cores, tree
rings, mountain glacier movement, lake levels, and historical documents. The longest
instrumental record those from middle England showed that the air temperature during
the 18th century was 2°C cooler than present (Manley, 1974). These cooler
temperatures are also reflected in tree ring data (Jacoby and D’Arrigo, 1989; Jacoby et
al., 1996) and from ice cores (Dansgard et al., 1975). In particular, the period from mid
17th to early 18th century between 1609 and 1703 is interesting because during this
time solar activity was anomalously low and Sunspots disappeared (Wallance and
Hobbs, 1977). Wigley and Kelly (1990) and Lean et al. (1995) have reconstructed the
radiation change for the last 350 years and their results suggest that solar irradiance was
at a minimum from 1645-1715 and that the reconstructed solar irradiance and Northern
Hemisphere surface air temperature were positively correlated (r = 0.86). Seawater
temperature records from marine biogenic carbonate including coral and foraminifera
all indicate that tropical ocean temperature were lower by anywhere from 0.5° - 5° C
during the LIA (Druffel, 1982; Glynn et al., 1983; Danbar et al., 1994; Linsley et al.,
1994; Keigwin, 1996; Winter et al., in press) with the vast majority of studies indicating
a 1-2°C change.

Seasonal movements of the Inter Tropical Convergence Zone (ITCZ) affect
precipitation and cloudiness in topical regions. However, there are few reports on
salinity and its related variable, precipitation, in the tropical region during the LIA.
Verschuren et al. (2000) reported that it was wetter than present in east Africa from the
16th to 18th century, based on lake-levels and the species components of fossil diatom
and midge assemblages.  Similarly, a series of large-amplitude d'80 oscillations in
corals from the Gulf of Chiriqui, Panama, during the latter part of the LIA have been
interpreted as evidence for past changes in the amount of Caribbean tropical

precipitation related to ITCZ activity (Lnsley et al., 1994).

3. Materials and Methods
3.1. Site and samples
On June 2, 1994 SCUBA divers using a hydraulic drilling apparatus extracted a 3

m long, 5 cm-diameter core from the coral Montastrea faveolata at 7 m depth off La



Parguera, Puerto Rico (Fig. 1). The core was slabbed parallel to the axis of
maximum growth and X-rayed to observe density banding. Each slab was cut to a
thickness of 4 mm by a double diamond-cutting saw. The middle slab chosen for this
work had 329 high-low density band couplets. Assuming that each band couplet
represents one year of coral growth (Knutson et al., 1972) these were used to date the
coral from 1665 and 1994 (Fig. 2).

Contact prints of the X-radiographs were scanned and the images were analyzed
using NIH-Image software. This program assigns a value for the optical density (OD)

of each pixel of the scanned images, ranging from 0 (white) to 255 (black).

3.2. Freezing microtome sampling technique

Samples were collected from the coral slab along growth axis in two intervals, a
six-year interval between 1984 and 1989 and a five year-interval between 1700 to 1704.
The coral slab was sampled for Mg/Ca ratios and 0!'30 analyses using the freezing
microtome technique (Watanabe and Oba, 1999) in which a microtome in a cold room
(-20°C) is used to peel off samples at 300 um intervals (corresponding to weekly
resolution) from a frozen plug of the coral’s theca-wall, eliminating possible
contamination arising from other skeletal elements (e.g. Pétzold, 1992; Bernes and
Lough, 1993; Lough et al., 1997;). Each sample was immediately freeze-dried to

remove water from the peeled sample.

3.3. Isotopic analysis

Powdered samples (0.1 mg) were reacted with 100% phosphoric acid at 70.0°C
with an automated individual-carbonate reaction device (Kiel device) and the §!30 of
the extracted CO, was determined by a coupled Finnigan MAT 251. Isotopic values
were expressed relative to the isotopic ratio of the carbon dioxide gas derived from the
Pee Dee Belemnite (PDB) in conventional delta notation through NBS-20 standard. The
oxygen isotopic values have been expressed in per mil (%o).

The analytical error (2 o) was estimated by multiple analysis of a homogenizing
powder of crushed coral. The analytical errors for the standard deviation (20; 95%
confidence) of fifteen replicate measurements are 0.08 %o and 0.05 %o for 6'80 and 6'3C,
respectively. For oxygen isotopic analysis of seawater, 2 ml of sample was equilibrated

with carbon dioxide (4 ml) of known 8180, by shaking between seven to twenty-four



hours at 25.0 £0.1°C (Yoshida and Mizutani, 1986). Then the equilibrated CO2 gas

was injected into the vacuum line for CO2 extraction. The purified CO2 was measured

by a Finigan MAT 251. The 080 of seawater is expressed relative to the V-SMOW

standard.

3.4. Elemental analysis

Magnesium and calcium were measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES) at Hokkaido University. Approximately 1.5 mg of
cleaned powder samples were dissolved into 4 ml of 0.5 M nitric acid and introduced
into a Leaman Labs - JICP-PS. An internal reference standard solution derived from the
coral skeleton and milli-Q water, was measured after every three analyses in order to
correct for low-frequency drift due to change in room temperature, plasma, and
electronics. A correction factor for each sample was calculated using the average
value of the reference measurements, similar to the method of Schrag (1999). The
analytical error for fifteen replicate measurements of homogeneous coral powder was
0.1 mmol mol ' (20; 95% confidence).

The purification process for the sample preparation was carried out with the
greatest possible care for our ICP-AES analysis, because trace elements are highly
susceptible to pre-existing surface contamination (detritus and organic) and to
contamination introduced during sample recovery and preparation (Bernes and Lough,
1993). We compared several cleaning procedures for Mg analysis of coral Montesterea
faveolata described in previous papers (Hasting et al., 1998; Shen and Boyle, 1988) and
determined that the best process for the removal of organic matter and for minimizing

sample loss was to use a 50-50 mixture of 30 % H,0, and 0.1 M NaOH in a 60 °C

water bath for 15 min.

3.5. Environmental data

Seawater samples were collected for isotopic analysis from 5 m water depths, just
above the top of the corals used in this study. Such samples have been taken
sporadically since 1991 and systematically about every three to four weeks between
November 1996 and January 1998. Each sample bottle was overflowed with seawater
and 0.5 mg of mercuric chloride was added to prevent any biological activity. The caps

was then sealed with aluminum package tape to avoid air contamination. Each seawater



sample was kept in a refrigerator (below 5°C), until analyzed.

SSTs during 1989-1993 were measured at the field station of the University of
Puerto Rico, La Parguera, situated 3 km from the corals in the study area. A plastic
bucket was lowered at the dock to a depth of 5 m, where it remained for five minutes.
Upon retrieval, water temperature was measured immediately in the shade with a
mercury thermometer. Daily precipitation records were also obtained from the field

station at La Parguera.

3.6. Age model

For our coral age model, conversion of the x-axis from distance units to time scale
units was done in three steps using the Analyseries program (Paillard et al., 1996),
which uses tie-points to constrain the age of a record, and assumes constant coral
growth rate within tie-points. Our previous work has shown that high-density (HD)
bands of M. faveolata corals, growing at La Parguera, are precipitated once each year
(Knutson et al., 1972; Quinn et al., 1996; Swart et al., 1996; Quinn et al., 1998; Swart et
al., 1999) in Spring (Winter et al., 1991; Oba et al., 1998; Watanabe, 1998). Therefore
our first task was to assign a calendar year to each density-band couplet (HD/LD) by
counting downward from the colony surface, deposited at a known date. Then,
highest Mg/Ca values from the coral skeleton, for each year, were tied to the highest
values of SST (occurring August-September) and the lowest Mg/Ca values tied to the
lowest values of SST (February-March). This is in accord with laboratory and field
experiments that show that temperature is the primary control on Mg/Ca in corals
(Mitsuguchi et al., 1996; Sinclair et al., 1998; Fallon et al., 1999). Lastly we added
eight additional time markers (tie points) by tying the lowest coral 8!13C values for each
calendar year with the time of year which had the lowest cloudiness values (winter) and
highest coral d'3C with the period of highest cloudiness for each year (October).
Values for cloudiness were taken from the COADS data set. Previous studies in the
study area (Winter et al., 1991; Oba et al., 1998; Watanabe, 1998) found a high negative
correlation between cloudiness and coral 8'3C (r = - 0.79) because coral §!3C is primary

controlled by the activity of symbiotic algae which are affected by insolation.

4. Modern calibration

4.1. 6'0 and Mg/Ca ratios of modern coral skeletons



The range in the '80 of coral skeleton between 1989 and 1993 is 1.43 %o (-4.73
to -3.30 %o; average -4.16 %o; n = 140, Fig. 3). The range of the Mg/Ca ratio of coral
skeleton during the same period was 2.11, the ratio varying between 3.46 and 5.56
mmol mol”; average 4.47 mmol mol’ (n = 147) (Fig. 3). A seasonal cycle is

observable in both 8'*0 and Mg/Ca (Fig 3).

4.2. Calibration of Mg/Ca ratio to temperature

The relationship between measured Mg/Ca ratios in the coral skeleton and the
known SST, using the tie points and mean values for each year our (Fig. 4-a. solid
circles), yields the following regression line with 95% confidence limits for the slope

and intercept:

Mg/Ca (mmol mol™") = 0.28 ( 0.04) x SST (°C) — 3.24 (£ 1.15), r = 0.92 (1)

When all other Mg/Ca ratios from our study (open circles) are included in this
equation, the correlation coefficient of the regression line is 0.74 (Fig. 4-a). The
uncertainty in calibration for calculated SST is ~ 1.03°C, based on the standard
deviation of the residuals of the regression (i.e., subtracting the calculated SST from the
observed SST) (Fig. 4-b). The average difference between the calculated and the
observed SST are respectively 0.48, 0.90, and 0.55°C for annual maximum, minimum,
and mean values for each year.

Previously reported calibrations between coral Mg/Ca and temperature for coral
Porites (Mitsuguchi et al., 1996; Sinclair et al., 1998; Fallon et al., 1999; Mitsuguti et
al.,1998), foraminifera (Niirberg et al., 1996), and bivalves (Klein et al., 1996) are
plotted in Figure 4 for comparison with our calibration line. As can be seen in this
figure, there is clear divergence among previous calibration lines, even among the same
coral genus, (i.e. Porites). Our calibration line is different from that of Porites coral.
The discrepancy of calibration lines for Porites and Montastrea corals suggests that
Mg/Ca thermometry may be affected by inter-species differences. On the other hand,
it is similar to that of Niirnberg et al., (1996) and the slope (0.28) is close to that that of
Klein et al., (1996) (0.30).

Figure 5 compares the monthly instrumental SST time series measurements at La

Parguera with the calculated SST time series based on our Mg/Ca relationship (Eq 2).



The maximum and minimum SSTs in the La Parguera instrumental time series were
31.1°C and 24.7°C, with an average of 28.0°C. The calculated maximum and
minimum SST for the same period were 30.9°C and 24.6°C, with an average of 27.6°C,
well within 1.03°C uncertainty of the calculation. Note that both the measured and
calculated curves are particularly well matched for the summer temperatures of 1988,
1989, and 1991 and for the winter temperature of 1990, 1991, and 1993. Slight
differences between the calculated and measured SST can be attributed to inconstant
annual growth rates (Barnes et al., 1995)that can cause some distortions of
environmental signals in coral skeletal material. Thus, it appears that coral Mg/Ca can
be a good proxy of annual temperature variations.

It is well known that factors other than temperature such as salinity and water
chemistry (Klein et al., 1996; Mitsuguti et al., 1996; Niirberg et al., 1996) have little
influence on skeletal Mg/Ca ratios. However, presently there is some debate that
skeletal growth rate may (Swart, 1998) depend on (Lorens and Bender, 1980; Oomori et
al., 1982; Niirberg et al., 1996) kinetic factors that influence skeletal Mg/Ca ratios. In
our study, we compared the annual growth rate to the skeletal Mg/Ca ratio for the
periods 1987-1993 and 1699-1703 (Fig. 6). No relationship between skeletal growth
rate and Mg/Ca ratio could be found even though the corals had different growth rates

during these two intervals (from 4 to 9 mm year™).

4.3. The 8'80 of seawater
On the basis of analytical determinations of sea water samples, the relationship
between the 8130 of seawater and SSS at La Parguera between 1991 and 1998 (Fig. 7-a)

can be expressed as (r = 0.93; 95% confidence limits on the slope and intercept):

8180w = 0.204 (= 0.03) x SSS — 6.54 (= 0.68), (2)

We used 20 samples that measured both the isotopic values and salinity for this
calculation. This strong positive correlation shown in Figure 7-a indicates that the d'80
of seawater is mostly governed by SSS changes. As can be seen in this figure, the 3'80
of seawater has a seasonal trend which follows the annual pattern in precipitation
ranging from 0.25%o in November to 1%o0 in May-July (Fig. 7-b). The slope of eqn. 2

(i.e. 0.204) is expected from tropical, semi-enclosed seas (Craig and Gordon, 1965;



Rostek et al., 1993; Schmidt, 1999). It should be noted that the d8'80/salinity
relationship in Figure 7 may be affected by discharge from the Orinoco River. The
seasonal outflow pattern from the Orinoco River is not well known, but the maximum
plume usually occurs in November (Miiller-Karger et al., 1989) coinciding with the
precipitation maximum. To determine more precisely the role of the Orinoco River as
an environmental factor influencing oxygen isotopes, long-term salinity profiles in the
Caribbean are needed. To this end, our calibration may also be useful for estimating

paleosalinity from §'80 proxies across the Caribbean Sea.

4.4. Comparison between precipitation and the calculated 6'°0 of seawater

Using the age model described in section 4-2. and assuming seasonal changes in
the 8!30 of seawater that are described in section 4-4. are representative, the
relationship between SST and the isotopic difference between coral skeletons and sea

water (0c-Ow) is given by the following (Watanabe, 1998):

(B¢ - 8w) =— 0.19 (= 0.04) x SST (°C) + 0.75 (£ 0.61), r = 0.93 3)

where Oc is the d'80 of the coral skeleton (vs. V-PDB) and d&w is the 8'80 of the
seawater (vs. V-SMOW) adding a -0.27 %o correction between PDB and SMOW scales
(Hut, 1987, discussed by Bemis, 1998).

The slope of eqn (3) is 0.20%o °C™" which is very similar to that derived from
inorganic calcite (0.23%o °C™'; O’Neil et al., 1969), molluskan aragonite (0.21%o °C!;
e.g. Grossman and Ku, 1986), and coral skeleton (0.21%0 °C! for Porites; e.g.
McConnaughey, 1989, 0.22%0/°C for Montastrea, e.g. Leder et al., 1996).

Using eqn (3), therefore, it is possible to calculate the 8'80 of seawater and SSS (from
Eq 2), because both skeletal §'80 and SST were measured in our study. Making such a
calculation we are able to derive SSS from the known relationship between the 880 of
seawater and SSS at La Parguera. Although the continuous record of salinity is not
available in La Parguera, our calculated SSS was well within the measured salinity
range. Comparing our calculated salinity with the precipitation data from La Parguera
(Fig. 8), it can be seen that the lowest values of calculated SSS correspond to peaks in
precipitation. The correlation coefficient (r) between spikes of precipitation and the

calculated 0'%0 is 0.86 (n = 5). However, there are some discrepancy and uncertainly in
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the relationship, especially the end of 1998. Differences are probably due to the fact
that the salinity in La Parguera area is also affected to some extent by the outflow from

the Orinoco River (Miiller-Karger et al., 1989).

5. Paleoenvironments of the Little Ice Age in the Caribbean Sea

5.1. SST reconstruction of the Caribbean Sea during the LIA: Comparison of the Mg/Ca
ratio between the two periods (1699-1703 and 1987-1993)

The range of Mg/Ca ratios in our coral skeletal material during the LIA period
(1699-1703) is 1.43 mmol mol™ ranging from 3.18 to 4.61 mmol mol, (average 3.83
(mmol mol™: n=131). Comparison of Mg/Ca ratio of our coral skeleton between the
LIA and the present is shown in Fig. 9-a. A seasonal cycle can be observed for Mg/Ca
ratios during both periods. Equation 1 was used to convert the coral Mg/Ca ratios (left
axis) to SSTs (right axis). The calculated SST during the LIA period (1699-1703) yields
an average SST of 25.8°C, a maximum of 28.9°C, and a minimum of 23.8°C.
Comparison of derived SST between the LIA (1699-1703) and the present (1987-1993)
suggests that the mean SST was about 2°C cooler in the LIA with the summer SST
being ~2°C cooler and the winter being ~SST 1°C cooler. These results are in good
agreement with climate-based reconstruction from corals based on oxygen isotopes
(Danbar et al., 1994; Druffel, 1982; Glynn et al., 1983; Linsley et al., 1994; Winter et
al., in press). However we need the future paleoenvironmental study based on fully
measurements through long coral cores in order to eliminate the possibility of some

uncertainty including longer-term decadal scale trends in climate.

5-2. Reconstruction of SSS in the Caribbean Sea during the LIA: Comparison between
the residual 6'80 signal during the two periods (1699-1703 and 1987-1993)

The maximum and minimum values recorded for 0!%0 in the LIA section
(1699-1703) is -3.31 and -4.65%0 respectively (range = 1.34%o0) with an average of
-3.87%o (n = 131; Fig. 9-b). Our coral 8'80 shows a strong seasonal cycles, with the
differences in skeletal 030 values between the 1700’s and 1990°s reflecting the
influence of both SST and seawater §'80O changes. Combining coral 8!%0 and Mg/Ca

provides an opportunity to calculate past SSS changes. Such changes can be evaluated

11



from the Mg/Ca ratio of coral skeleton using the relationship Eqn. 1. The past 830 of
seawater can then be calculated by removing the temperature component from the d'80
of coral skeleton, using Eqn. 3. Finally, the calculated 6'80 can be converted to the SSS
using the equations Eqn. 2. Completing this series of calculation, the calculated SSS
between the two periods (1699-1703 and 1987-1993) are shown in Figure 10. From
this figure, the calculated SSS during 1699-1703 shows more distinctive variability than
that during 1987-1993, especially in early summer when the 830 of seawater is more
than -0.5%o which corresponds to a salinity of 30 ppt.

Comparison of the LIA and Recent salinity records (Fig. 10) suggests that
seasonal variability was stronger during the LIA than today and that LIA wet and dry
seasons were more pronounced. Because water temperatures at La Parguera are
representative of changes occurring in the wider Caribbean, at least over the last 100
years (Winter et al., 1991), it seems reasonable to assume that La Parguera proxy
records should be representative of large-scale environmental changes back beyond the

historical record and at least, down through the LIA.

6. Conclusion
Our study, calibration equations for SST and SSS were established by combining
the Mg/Ca ratio and 6'30 values in modern coral skeletons with meteorological data.

Our results yielded three relationships:

(1) Mg/Ca (mmol/mol) =0.28 (= 0.04) x SST (°C) —3.24 (= 1.15), r=0.92
(2) (8'80Oc - 6180wW) =—0.19 (= 0.04) x SST (°C) + 0.75 (= 0.61),r=0.93
(3) 0180w =0.204 (= 0.03) x SSS — 6.54 (= 0.68), r = 0.93.

Using these calibrations, the seasonal variability in SST and SSS in the Caribbean
Sea during the Little Ice Age were reconstructed. The techniques and equations
provided in this paper provide the basis for quantitative reconstruction of past salinity
within seasonal resolution using coral skeletal material. This approach is particularly
well suited for paleoenvironmental reconstructions made from corals of long-term
decadal scale trends in climate. Key conclusions we are able to draw from our data
are that:

(1). Mg/Ca ratios in corals correlate well with the SST record at La Parguera.

12



(2). the residual coral 8'80 signal representing the d'80 of seawater, can be used to
calculate past SSS.

(3). comparison of the Mg/Ca ratio between the two periods (1699-1703 and
1987-1993) suggests that SST during the Little Ice Age (LIA) were about 2°C cooler
today: and

(4). comparison between the residual 6'80 signal during the two periods (1699-1703
and 1987-1993) suggests that the SSS in the LIA had stronger seasonality than it does
today.

Acknowledgments

This work was completed as part of first author’s Ph.D thesis at Hokkaido
University. We thank Hisatake Okada, Masao Minagawa, Shiro Hasegawa, Luejiang
Wang, Kerherve Philippe, Lallan Prasad Gupta, and David Lea for their critical review.
Insightful reviews by Graham Mortimer and an anonymous reviewer allowed us to
improve the manuscript significantly. We thank Richard E. Dodge and Kevin Helmle of
Nova Southeastern University for providing their facilities to cut and X-radiograph the
corals slabs. Richard Johnson is thanked for cutting the coral cores and assisting with
x-rays at Nova University. The able assistance of the crew of the RV Pezmar of the
Department of Marine Sciences, University of Puerto Rico is acknowledged. Milton
Carlo and his diving team are thanked for their assistance in underwater drilling. Hideki
Narita is thanked for providing assistance in the frozen microtome sampling method.
We thank Kazuhiro Toyota for advising us on ICP-AES analysis. We thank Hodaka

Kawahata, Jane Terranes and Barbara Ransom for helpful comments.

13



References

Alibert , C., McCulloch, T., 1997. Strontium/calcium ratios in modern Porites corals
from the Great Barrier Reef as a proxy for sea surface temperature : Calibration
of the thermometer and monitoring of ENSO, Paleoceanography , 12: 345-363.

Barnes, D.J., Lough, J.M., 1993. On the nature and causes of density banding in
massive coral skeletons. J. Exp. Mar. Biol. Ecol., 167: 91-108.

Barnes, D.J., Taylor, R.B., Lough, J.M. 1995. On the inclusion of trace materials into
massive coral skeletons. Part 1: distortions in skeletal records of annual climate
cycles due to growth process. Journal of Experimental Marine Biology J. Exp.
Mar. Biol. Ecol., 194: 251-275.

Beck, J. W., Edwards, R.L., Ito, E., Taylor, W.T., Recy, J., Rougerie, F., Joannot, P.,
Henin, C., 1992. Sea-Surface Temperature from Coral Skeletal
Strontium/Calcium Ratios. Science, 257: 644-647.

Beck, J. W., Edwards, R.L., Ito, E., 1994. Taylor, W.T., Recy, J., Rougerie, F., Joannot,
P., Henin, C., Errata to Beck et al., (1992). Science, 264: 891.

Bemis, B.S., Spero, H.J; Bijma, J; Lea, D.W., 1998 Reevaluation of the oxygen isotopic
composition of planktonic foraminifera: Experimental results and revised
paleotemperature equations. Paleoceanography, 13: 150-160

Cole, J.E., Fairbanks, R.G., 1990. The southern oscillation recorded in the 8180 of
corals from Tarawa Atoll. Paleoceanography, 5: 669-683.

Comprehensive Ocean-Atmosphere Data Set, NOAA-CIRES Climate Diagnostics
Center, Boulder, Colorado, Web site at http://www.cdc.noaa.gov/

Chave, K.E., 1954. Aspects of the biogeochemistry of magnesium. Journal of Geology,
62: 266-283.

Craig, H., Gordon, L.I., 1965. Deuterium and oxygen 18 variation in the ocean and the
marine atomosphere, In: Stable Isotopes in Oceanographic Studies and
Paleotemperatures, E. Tongiorgi (Eds.), Con. Naz. di Rech., Spoleto, Italy,
pp-9-130.

Dansgard, W., Johnsen, S. J., Reeh, N., Gundestrup, N., Clausen, H. B., Hammer, C.U.,
1975. Climatic changes, Norsemen and modern man, Nature, 255: 24-28.

Dunbar, R.B., Wellington, G.M., Colgan, M.W., Peter, W., 1994. Eastern Pacific sea
surface temperature since 1600 A.D.: The d'80 record of climate variability in

Galapagos corals. Paleoceanography, 9: 291-315.

14



Druffel, E. M., 1982. Banded corals: Changes in oceanic carbon-14 during the Little Ice
Age. Science, 218: 13-19.
de Villiers, S., Shen, G.T., Nelson, B.K., 1994. The Sr/Ca-temperature relationship in

coralline aragonaite: Infiuence of variability in (Sr/Ca)geawater and skeletal

growth parameters. Geochimica et Cosmochimica Acta, 58: 197-208.

Fallon, S. M., van Woesik, M.T, Sinclair, R, D.J., 1999. Corals at their latitudinal
limits: laser ablation trace element systematics in Porites from Shirigai Bay,
Japan., Earth Planet. Sci. Lett., 172: 221-238.

Gagan, M.K., Ayliffe, L.K., Anker, S., Hopley, D., Cali, J.A., Mortimer, G.E., Chappell,
J., McCulloch, M.T., Head, M.J., 1998. Temperature and surface-ocean water
balance of the mid-Holocene tropical Western Pacific. Science, 279: 1014-1018.

Glynn, P.W., Druffel, E.M. and Dunbar, R.B., 1983. A dead Central American coral
reef tract: Possible link with the Little Ice Age. J. Mar. Res. 41: 605-637.

Grossman, E.L., Ku, T.L., 1986. Oxygen and carbon isotope fractionation in biogenic
aragonite: temperature effects. Chemical Geology (Isotope Geoscience Section),
59 :59-74.

Hastings, D.W., Russell, A.D., Emerson, S.R., 1998. Foraminiferal magnesium in
Globeriginoides sacculifer as a paleotemperature proxy. Paleoceanography, 13:
161-169.

Hut, G., 1987. Consultants group meeting on stable isotope reference samples for
geochemical and hydrological investigations, Rep. to Dir. Gen., Int. At Energy
Agency, Vienna, 42pp,

Jacoby, G.C. and D'Arrigo, R.D., 1989. Reconstructed northern hemisphere annual
temperature since 1671 based on high-latitude tree-ring data from North America.
Climatic Change, 14: 39-59.

Jacoby, G.C., D'Arrigo R.D. and Davaajamts, T., 1996. Mongolian tree rings and
20th-century warming. Science, 273: 771-773.

Jones, P.D. and Bradley, R.S., 1992. Climatic variations over the last 500 years. In: R.S.
Bradley and P.D. Jones (Eds.), Climate Since AD 1500, Routledge, London, pp.
649-665.

Keigwin, L.D., 1996. The Little Ice Age and medieval warm period in the Sargasso Sea.
Science, 274: 1504-1508.

Klein, R.T., Lohman, K.C., Thayer, C.W., 1996. Bivalve skeletal record sea-surface

15



temperature and 8'°0 via Mg/Ca and '*0/'°0 ratio, Geology, 24: 415-418.

Knutson, D.W., Buddemeier, R.W., Smith, S.V., 1972. Coral Chronometers: Seasonal
Growth Bands in Reef Corals. Science, 177: 270-272.

Lean, J., Beer, J. and Bradley, R., 1995. Reconstruction of solar irradiance since 1610:
implications for climate change. Geophys. Res. Lett., 22: 3195-3198.

Leder, J.J., Swart, P.K., Szmart, A.M., Dodge, R.E., 1996. The origin of variations in
the isotopic record of scleractinian corals, 1. Oxygen, Geochimica et
Cosmochemica Acta , 60: 62857-2870.

Linsley, B. K., Dunber, R. B., Wellington, G. M. and Mucciarone, D. A., 1994. A
coral-based reconstruction of Intertropical Convergence Zone variability over
Central America since 1707. J. Geophys. Res., 99: 9977-9994.

Lorens, R.B., Bender, M.L., 1980. The impact of solution chemistry on Mytilus edulis
calcite and aragonite, Geochim. Cosmochim. Acta, 44: 1265-1278.

Lough, J.M., Barnes, D.J., Taylor, R.B., 1997. Understanding growth mechanisms: the
key to successful extraction of proxy climate records from corals. Proc. 8th Int.
Coral Reef Sym., 2: 1697- 1700.

Manley, G., 1974. Central England temperatures: monthly means 1659 to 1973. Quart.
J. R. Met. Soc., 100: 389-405.

Mann, M.E., Bradley, R. S., Hughes, M.K., 1998. Global-scale temperature patterns
and climate forcing over the past six centuries. Nature, 392: 779-787.

McConnaughey, T., 1989. °C and 'O isotopic disequilibriun in biological carbonates:
1. Patterns. Geochim. Cosmochim. Acta, 53: 151-162.

Mitsuguchi, T., Matsumoto, E., Abe, O., Uchida, T., Isdale, P.J., 1996. Mg/Ca
thermometry in coral skeletons. Science, 274: 961-962.

Mitsuguchi, T., Matsumoto, E., Uchida, T., Kawana, T., Isdale, P.J., 1998. An attempt
to recover middle Holoeene sea surface temperature in Okinawa region from coral
Mg/Ca and Sr/Ca ratios, Proc. 3rd Int. Mar. Sci, Symp, on Coral Climatology by
Annual Bands, 50-56.

Miiller-Karger, F.E., McClain, C.R., Fisher, T.R., Esaias, W. E. and Varela, R., 1989.
Pigment distribution in the Caribbean Sea Observations from space. Prog.
Oceanog. 23: 23-64.

Niirberg, D., Bijma, J., Hemleben, C., 1996. Assesing the reliability of magnesium in
foraminiferal calcite as a proxy for water mass temperatures, Geochim.

Cosmochim. Acta, 60: 803-814.

16



Oba, T., Ishioroshi, H., Watanabe, T., Winter, A., 1998. Comparisons between 1980's
and the Little Ice Age using oxygen and carbon isotopes from a Puerto Rican

coral, Proc. 3rd Int, Mar. Sci. Symp. on Coral Climatology by Annual Bands,

22-28.
O’Neil, J. R., Clayton, R.N., Mayeda, T.K., 1969. Oxygen isotope fractionation in
divalent metal carbonates, J.Chem. Phys., 51: 5547-5558.

Oomori, T., Kanesima, K., Nakamura, Y., Kitano, Y., 1982. Seasonal variation of
minor elements in coral skeletons, Galaxea, 1: 77-86.

Paillard, D.L., Labeyrie, L. and Yiou, P., 1996. Macintosh Program Performs Time
Series Analysis. Eos Trans. AGU, 77: 379.

Pédtzold, J., 1992. Variation of stable oxygen and carbon isotopic fractionation within
the skeletal elements of reef building corals from Bermuda. Proc, 7th Int. Coral
Reef Sym., 1: 196-200.

Quinn, T.M., Crowley, T.J., Taylor, F.W., Henin, C., Joannot, P., Join, Y., 1998. A
multicentury sable isotope record from a New Caledonia coral: FInternnual and
decadal sea surface temperature variability in the southwest Pacific since 1657
A.D., Paleoceanography, 13: 412-426.

Quinn, T.M., Taylor, F. W., Crowley, T. J., Link, S. M., 1996. Evalution of resolution
in stable isotope records: A case study using records from New Caledonia and
Tarawa, Paleoceanography, 11: 529-542.

Rostek, F., Ruhand, G.. Bassinot, F.C., Miiller, P.J., Labeyrie, L.D., Lancelot, Y., Bard,
E., 1993. Reconstructing sea surface temperature and salinity using d180 and
alkenone records. Nature 364: 319-321.

Schmidt, G.A., 1999. Error analysis of paleosalinity calculations, Paleoceanography,
14: 422-429.

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

Shen, C.-C., Lee, T., Chen, C.-Y., Wang, C.-H., Dai, C. F., 1996. The calibration of
D[Sr/Ca] versus sea surface temperature relationship for Porites corals. Geochim.
Cosmochim. Acta, 60: 3849-3858.

Shen, G.T., Boyle, E.A., 1988. Determination of lead, cadmium and other trace metals
in anually-banded corals. Chem. Geol. 67: 47-62.

Sinclair, D.J., Kinsley, L.P., McCulloch, M.T., 1998. High resolution analysis of trace

elements in corals by laser ablation ICP-MS. Geochimica et Cosmochimica Acta,

17



62, 11: 1889-1901.

Swart, P.K., 1982. The strontium, magnesium and sodium composition of recent
scleractinian coral skeletons as standards for palacoenvironmental analysis,
Palacogeography, Palaeoclimatology, Palacoecology, 34: 115-136.

Swart, P.K., Dodge, R., Hudson, E., Harold, J., 1996. A 240-Year Stable Oxygen and
Carbon Isotopic Record in a Coral from South Florida: Implications for the
Prediction of Precipitation in Southern Florida., Palaios, 11.

Swart, P.K., Genevieve, H., David, R., Anderegg, D., Dodge, R.E., Rudnick, D., 1999.
The Use of Proxy Chemical Records in Coral Skeletons to Ascertain Past
Environmental Conditions in Florida Bay, Estuaries, 22: 384-397.

Verschuren, D., Laird, K.R., Cumming, B.F., 2000. Rainfall and drought in equatorial
east Africa during the past 1000 years. Nature, 403: 410-414.

Wallance, J. M. and Hobbs, P. V., 1977. Atmospheric Science, An Introductory Survey,
Academic Press.

Watanabe, T., 1998. Paleoenvironments of the Little Ice Age in the Caribbean Sea
using stable isotopes and trace elements in coral skeletons. Ph.D. thesis,
Hokkaido University, Japan: 100pp

Watanabe, T., Oba, T., 1999. Daily reconstruction of water temperature from oxygen
isotopic ratios of a modern Tridacna shell with freezing microtome sampling
technique. J. Geophys. Res, 104: 20,667-20,674.

Wellington, G.M., Dunbar, R.B., Merlen, G., 1996. Calibration of stable oxygen isotope
signatures in Galapagos corals. Paleoceanography, 11: 467-480.

Wigley, T.M.L. and Kelly, P.M., 1990. Holocene climatic change, “C wiggles and
variations in solar irradiance. Phil. Trans. R. Soc. Lond., A 330: 547-560.

Winter, A., Goenaga , C., Maul, G.A., 1991. Carbon and oxygen isotope time series
from an 18-year Caribbean reef coral. J. Geophys. Res., 96: 16673-16678.

Winter, A., Ishioroshi, H., Watanabe, T., Oba, T.and Christy, J.R., A Two-to-Three
Degree Cooling of Caribbean Sea SurfaceTemperatures During the Little Ice Age
Geophysical research letters, in press.

Yoshida, N., Mizutani, Y., 1986. Preparation of carbon dioxide for oxygen-18
determination of water by use of a plastic syringe. Anal. Chem, 58: 1273-1275.

18



Figure Captions

Fig. 1 Location of the study area with regard to the Puerto Rican coast (right inset) and
the sampling location (dot) of coral and seawater (main diagram; large solid dot).
Seasonal shifts of the Inter tropical Convergence Zone (ITCZ) in the Caribbean are
shown in the inset (dashed line).

Fig. 2 X-radiograph of coral core Montestarea faveolata showing 360-years of banding.
Collected from La Parguera, Puerto Rico, Caribbean Sea. The periods 1989-1993 and
1699-1703 are used to represent modern condition and reconstruct the LIA condition,
respectively. Each age was determined by assigning a calendar year to each
density-band couplet (HD/LD) by counting downward from the colony surface,
deposited at a known date.

Fig. 3 Records of coral Mg/Ca, 830, 813C, optical density (OD) from image-analysis,
and SST for the period 1987-1993. Striped vertical lines represent the high density
bands of the coral skeleton.

Fig. 4-a Relationship between the skeletal Mg/Ca ratio and the monthly mean SST.
Solid circles represent tie-points that were used to constrain the age of the record. All
other points are represented by open circles. The regression line (solid line) for this
study was calculated using the tie points (solid circles): Mg/Ca (mmol/mol) = 0.28 (+
0.04) x SST (°C) — 3.24 (£ 1.15), (r = 0.92). Also shown are published calibration
lines for the coral Porites (hair lines: Mitsuguchi et al., 1996; Sinclair et al., 1998;
Fallon et al., 1999; Mitsuguti et al.,1998), foraminifera (solid dashed line: Niirberg et al.,
1996), and bivalves (dashed line: Klein et al., 1996).

Fig. 4-b Residual SST obtained by subtracting the estimated SST from the measured
SST. Dashed lines denote the standard deviation (2 o) of the residuals.

Fig. 5 Measured SST (grey line) and calculated SST (black line) from the skeletal
Mg/Ca ratio. The monthly SST was recorded at the meteorological station at La
Parguera, Puerto Rico, located about 3 km from the corals the study area.

Fig. 6 Coral Mg/Ca ratio vs. growth rates. Respectively, solid diamonds and cross
symbols indicate the annual average and the annual data the periods 1987-1993. Open
diamonds and cross symbols indicate those data from the periods of 1700-1703. Growth
rates are defined as the distance between each high-density band.

Fig. 7-a Linear relation between the  '80 of seawater (8'80w) and SSS (S) at the coring
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site.

Fig. 7-b The 8'30 of seawater at our coral site from 1991-1998. Dashed line represents
the overall collective monthly averages.

Fig. 8 Comparison between the calculated 8'°0 of seawater and precipitation at La
Parguera. The 8'80 of seawater is calculated from the measured 080 (9.) and
temperature (T) using eqn 2, (8!'30c - 6180w) = 8 0.19 (£ 0.04) x SST (°C) + 0.75 (=
0.61). The SSS is estimated from the calculated §'%0 of seawater using eqn 1: §'80 =
0.204 x S SS- 6.54.

Fig. 9-a Comparison of the skeletal Mg/Ca ratio between the two periods (1699-1703
and 1987-1993). The Mg/Ca ratio is used to calculate SST using the equation, Mg/Ca
(mmol/mol) = 0.28 (= 0.04) x SST (°C) — 3.24 (= 1.15). Dashed lines represent the
overall average value for the interval shown.

Fig. 9-b Comparison of the skeletal §!%0 values between the two periods (1699-1703
and 1987-1993). Dashed lines represent the average value for the interval shown.

Fig. 10 Comparison between the calculated d'80 during the two periods of 1699-1703
(black lines) and 1987-1993 (grey lines). The & 180 of seawater (dw) is calculated from
the measured 8130 (8,) and Mg/Ca ratio of coral skeleton using the eqn 1 (8'80c -
8180w) = — 0.19 (£ 0.04) x SST (°C) + 0.75 (+ 0.61) and Mg/Ca (mmol mol™) = 0.28
(£ 0.04) x SST (°C) — 3.24 (£ 1.15). Also the SSS is estimated from the calculated
080 of seawater using the equation, 630 = (0.204 x SSS - 6.54.
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