What can and what cannot be reconstructed from coral records: Cross-validation of corals ffi^{18}O and ship-based sea surface temperatures. Alexey Kaplan, Michael Evans, Mark Cane Lamont Doherty Earth Observatory of Columbia University, Palisades, NY 10964

The goal of this work is the systematic mutual verification of two collections of data: all available long records of coral ffi^{18}O and ship-based historical records of sea surface temperature (SST). Not only does this verification add validity to both kinds of data being compared, but it also helps to understand which type of climate information and with what expected accuracy can be objectively extracted from coral ffi^{18}O records. This understanding is especially important for doing sensible reconstructions of past climates using coral data. In the future we will compare the coral results with similar verifications of other types of proxies (tree rings, ice cores) in order to characterize better the climate-recording features of each.

Our source of SST data is the recently produced analysis (Kaplan et al. 1997) of the MOHSST5 (Parker et al. 1994) product of the U.K. Meteorological Office. MOHSST5 is a 5^o�5^o monthly compilation of historical (1856-1991) ship-based observations of SST, and the analysis employs the newly developed technique of the reduced space optimal smoother to objectively extract large scale variations of SST from incomplete spatial and temporal observations. Large-scale features of the SST field are reproduced in the near-global analyzed solution, within estimated error bars, whose reliability has been verified. The small scale details (amounting to (0.3-0.4)^2(^oC)^2 of the local intermonthly variance) which are not constrained by the observed data are filtered out. We use annual (April to March) means for the period 1856-1990 from this SST analysis for comparisons with the coral data.

Beginning with the work of Weber and Woodhead (1972), much empirical evidence indicates that variability in the ffi^{18}O of coral aragonite is a function of sea surface temperature in which the coral accreted its skeletal material. Additional ffi^{18}O variability may be due to variability in the ffi^{18}O of sea water, which depends on the net evaporation-precipitation balance (Gat 1996) However, derivation of the empirical relationship between ffi^{18}O and SST has largely been based upon short intervals of ffi^{18}O and local SST observations. We use 9 coral ffi^{18}O records: all 7 long (longer than 40 years) records available from the World Data Center - A for Paleoclimatology (ftp://ftp.ngdc.noaa.gov/paleo/coral/), the Cebu record by J. Pätzold, and the record from Kiritimati atoll by M. Evans et al. (1997). These records are listed in Table 1. Resolution of the records change from monthly (TAR, KIR) to biannual (ABR). We interpolate all of them on the annual (April to March means) time grid, centralize and normalize them and compare these with like averages of the Kaplan et al. (1997) analysis of the global SST fields.

Table 1. Coral ffi^{18}O records used in this work

# Core name Site Location Time period Reference 1 AQ18 Aqaba 29.5N, 35E 1788-1992 Heiss (1994) 2 AQ19 Aqaba 29.5N, 35E 1886-1992 Heiss (1994) 3 CEB Cebu 10N, 124E 1859-1979 Pätzold (1984) 4 ABR Abraham Reef 22S, 153E 1635-1957 Druffel and Griffin (1993) 5 ESP Espiritu Santo 15S, 167E 1806-1979 Quinn et al. (1993) 6 TAR Tarawa atoll 1N, 172E 1894-1989 Cole et al. (1993) 7 KIR Kiritimati 2N, 157W 1938-1993 Evans et al. (1997) 8 UR[86-7] Urvina Bay 0.4S, 91.2W 1607-1953,62-81 Dunbar et al. (1994) 9 PP Punta Pitt 0.7S, 89W 1936-1983 Shen et al. (1992)

Table 2. Comparison of coral data with SST (1856–1990): N_t, number of time points available, correlations with local SST (SST_{loc}) and with NINO3, correlations with the same when all variables are smoothed by 5- or 11-year running means filter, and correlations with timeseries found in the SVD analysis.

# Core N_t Correlations Correlations with SST_{loc} after Correlations SST_{loc} NINO3 running means filter with SVD timeseries 5-year 11-year 1st 2nd SST_{loc} NINO3 SST_{loc} NINO3 (ENSO) (trend) 1 AQ18 135 -0.19 -0.11 -0.56 -0.01 -0.68 0.11 0.17 -0.40 2 AQ19 105 -0.16 0.10 -0.17 0.21 -0.15 0.27 0.14 -0.71 3 CEB 116 -0.22 0.06 -0.18 0.17 -0.23 0.25 0.04 -0.72 4 ABR 102 0.06 0.10 0.31 0.14 0.36 0.09 -0.44 -0.05 5 ESP 124 -0.08 0.28 0.18 0.21 0.38 -0.12 -0.50 0.48 6 TAR 97 -0.57 -0.71 -0.46 -0.60 -0.53 -0.58 0.82 0.09 7 KIR 55 -0.72 -0.79 -0.28 -0.70 -0.04 -0.71 0.89 0.30 8 UR 113 -0.37 -0.36 -0.28 -0.17 -0.37 -0.07 0.70 0.35 9 PP 48 -0.72 -0.71 -0.48 -0.59 -0.53 -0.64 0.76 0.15

Table 2 displays the number of available annual data points in coral records (inside the comparison period) and correlations of coral data with analyzed SSTs from the corresponding 5x5 degree grid box. Corals from the equatorial oceans provide the best correlations with SST: the last four ffi^{18}O- SST correlations are significant at the 1% level. Among the other five stations, only AQ18 and CEB correlate marginally significantly at the 5% level with SST. In addition, maps of the correlation coefficient computed between ffi^{18}O time series and the SST field show that all corals give maximum correlation to SST at locations removed from the coral site. These patterns can have real physical bases. For example, net precipitation lowers the ffi^{18}O content of sea water. This makes TAR and KIR records better correlated with NINO3 (average over [150W-190W, 5S-5N], the area to the east of both sites) than with local temperature. At Tarawa (Figure 1), coral ffi^{18}O variability is dominated by precipitation variability associated with ENSO (cf. Cole et al. 1993). This example suggests that proxy data may provide an integrated record of both SST and SST-covariant rainfall, which surprisingly may provide more information on large-scale features of tropical SST variability than the local SST would.

Additional, low-frequency or secular features in the ffi^{18}O records may originate in non-climatic influences on the ffi^{18}O of coral aragonite. The evidence for this (Table 2) is that smoothing the data does not increase their correlations with SST, with the exception of AQ18. Smoothing should rule out possible errors in coral age models as the reason for low annual correlations, as all of age models considered here have estimated uncertainties of less than �5 years. Nevertheless, high correlations for equatorial sites considerably decrease after switching to 5- or 11-year running means and lose their statistical significance. The influence of very local climate effects (e.g. the difference between pointwise SST value and averages for 5^o�5^o boxes which we use for the comparison) is unlikely, as it is not expected to be dominating on the long time scales. We are left with the conclusion that low frequency variability in coral ffi^{18}O may be a function of variability in the mean disequilibrium between coral ffi^{18}O and sea water ffi^{18}O, which may have a complex, biological or ecological origin. These non-climatic effects start to dominate when strong interannual ENSO variability is filtered out by smoothing.

This reasoning suggests that the individual coral records are best for SST extraction in the limited interval of ENSO frequencies, provided the site location is right for this. However, non-climatic influence can be expected to be uncorrelated between individual cores, and thus to be eliminated in the analysis when the records are combined. We test this hypothesis by performing EOF and SVD analyses of coral and SST data. Since there are no established procedures for these kinds of analyses when there are missing data in the samples, we first reanalyze the set of coral records by

(a) corr[Tarawa ffi^{18}O, SST] (b) corr[Tarawa SST, SST]

(c) corr[Tarawa precipitation, SST]

Figure 1: Correlation of Tarawa values of (a) ffi^{18}O, (b) SST and (c) precipitation with global SST anomalies

performing an OI analysis on it. We estimate a location�location covariance matrix for all coral ffi^{18}O data available for the comparison period (1856-1990) and use it to produce the OI solution assuming (very conservatively) the observational error in coral records of 0.5 standard deviation. This level of error also guarantees larger than 0.9 correlation of the OI solution with the original records. For the time points where there is no coral data available, the OI analysis emphasizes common cross-site features, and this is consistent with our general purpose of using the available coral data to reconstruct broad-scale features of SST variability.

We performed EOF analyses of the OI interpolated coral records and of the standardized SST timeseries for coral locations. For coral ffi^{18}O records, only two leading modes of variability were found significant by Preisendorfer’s ruleN and those two were easily interpretable as the ENSO mode and the “trend” mode of Cane et al. (1997). Standardized SST records had three significant EOF patterns, of which the first was that of ENSO; VARIMAX rotation was required to reveal the “trend” mode as a linear combination of the other two. The SVD analysis between coral records and SST fields retrieved the same characteristic patterns of SST variability even more clearly (Figure 2). The contributions of individual cores towards these two SVD modes are also interpretable and shown in Table 2.

Despite individual coral ffiO^{18} records being dominated by non-climatic influences on the long time scales, the two leading principal components of the set are similar to those of SST, although the second of them manifests a strong trend. This demonstrates the potential of objective reconstruction of SST fields from the coral data. This potential will only increase as long coral records become more abundant.

Acknowledgments. Dan Schrag suggested we validate the low frequency signals evident in many coral records against local SST data. Julie Cole and Terry Quinn assisted with gathering of coral data sets, and gave valuable advice concerning their use. The World Data Center - A for Paleoclimatology (http://www.ngdc.noaa.gov/paleo/paleo.html) provided easy data access. We thank the cited scientists who kindly made their published data available through this medium.

1st mode 2nd mode

Figure 2: First two leading SVD modes of coral ffi^{18}O records vs. global SST. Top panel show timeseries for these modes, while bottom ones display heterogeneous correlation SST patterns

References

Cane M.A., A. C. Clement, A. Kaplan, Y. Kushnir, R. Murtugudde, D. Pozdnyakov, R. Seager, S. E.

Zebiak, 1997. 20th Century Sea Surface Temperature Trends. Science, 275, 957–960. Cole, J. E., R. G. Fairbanks, and G.T. Shen, 1993, The Spectrum of Recent Variability in the Southern Oscillation: Results from a Tarawa Atoll Coral. Science, 260, 1790-1793.

Druffel, E.R.M. and S. Griffin, 1993, Large Variations of Surface Ocean Radiocarbon: Evidence of Circulation Changes in the Southwestern pacific, J. Geophys. Res., 98, 20246-20259.

Dunbar, R.B. Wellington, G.M., Colgan, M.W., and Glynn, P.W., 1994, Eastern Pacific Sea Surface Temperature since 1600 A.D.: The ffi^{18}O Record of Climate Variability in Galapagos Corals, Paleoceanography, 9, 291-315.

Evans M.N., R.G. Fairbanks, J.L. Rubenstone, 1997. Thermal oceanographic signal of ENSO constructed from a Kiritimati Island coral. J. Geophys. Res., to be submitted.

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annual Reviews of Earth and Planetary Sciences, 24, 225-262.

Heiss, G. A., 1994. Coral reefs in the Red Sea: Growth, production and stable isotopes, GEOMAR Report, 32, 1-141.

Kaplan, A., M.A. Cane, Y. Kushnir, A.C. Clement, M.B. Blumenthal, B. Rajagopalan (1997). Analyses of global sea surface temperature 1856-1991. J. Geophys. Res., in press. Analyzed SST fields are available at http://ingrid.ldgo.columbia.edu/SOURCES/.KAPLAN/.RSA MOHSST5.cuf/.dataset documentation.html while some useful SST indices are stored at http://ingrid.ldgo.columbia.edu/SOURCES/.KAPLAN/.Indices/.dataset documentation.html Parker, D.E., P.D. Jones, C.K. Folland, and A. Bevan, 1994: Interdecadal changes of surface temperature since the late nineteenth century, J. Geophys. Res., 99, 14,373-14,399.

Pätzold, J., 1984. Growth rhythms recorded in stable isotopes and density bands in the reef coral Porites lobata (Cebu, Philippines). Coral Reefs, 3, 87-90.

Quinn, T.M., Taylor, F.W., and Crowley, T.J, 1993. A 173 Year Stable Isotope Record from a Tropical South Pacific Coral, Quaternary Science Reviews, 12, pp 407-418.

Shen, G. T., J. E. Cole, D. W. Lea, L. J. Linn, T. A. McConnaughey, and R.G. Fairbanks, 1992. Surface ocean variability at Galapagos from 1936-1982: Calibration of geochemical tracers in corals, Paleoceanography, 7,563-588.

Weber J.N. and P.M.J. Woodhead, 1972. Temperature dependence of oxygen-18 concentrations in reef coral carbonates. J. Geophys. Res, 77, 463-473.