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[1] Proxy records from stony reef corals are established tools for reconstructing climate
features. However, validation procedures for proving the calibrations are often
insufficient or even lacking. We address this problem by the establishment and
validation of statistical regression models for the reconstruction of large-scale climate
patterns from local coral records (upscaling). We apply the upscaling technique to the
annual growth rates of two coral species from Bermuda, representing a period of about
140 years. The coral records are related to reanalyzed sea surface temperature (SST) and
sea level pressure (SLP) fields. In the western North Atlantic, the correlation maps
between the SSTs and the single coral records and their leading principal component
show similar structures. On the basis of regression patterns for limited areas, upscaling
models are established. Validation of such models for the SST yields an explained
variance of 30% of the low-pass-filtered data using the first principal component of both
corals. For the detrended SLP time series, representing an almost hemispheric SLP
pattern, 21% of the interannual variability is explained by means of only one coral. Thus
different corals from neighboring sites represent similar climate signals, however, to
slightly varying degrees, leading to different reconstruction skills. Problems remain in
reconstructing long-term trends. We conclude that reconstructions from multiple corals
are not a priori predominant to those from single corals. A calibration to what extent a
single coral represents a climate parameter should be the first step before combining
multiple corals as the basis for a reconstruction.
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1. Introduction

[2] The understanding of climate and its variability
requires long-time data sets far beyond the time of instru-
mental data. Where instrumental data are missing or data
coverage is insufficient, proxy data derived from paleocli-
matic archives are used to obtain climatic information.
Corals represent an extensively used archive providing
century-long, annually or seasonally resolved records from
the shallow tropical and subtropical oceans. The most
commonly measured coral proxies for sea surface temper-
ature (SST) include d18O [Pätzold, 1984; McConnaughey,
1989; Kuhnert et al., 1999; Felis et al., 2000; Gagan et al.,
2000], Sr/Ca [Smith et al., 1979; Alibert and McCulloch,
1997; Linsley et al., 2004; Felis et al., 2004], and skeletal
extension rates [Dodge and Vaišnys, 1975; Slowey
and Crowley, 1995; Lough and Barnes, 1997; Carricart-

Ganivet, 2004]. d18O is also an indicator for sea surface
salinity (SSS) and precipitation [Cole and Fairbanks, 1990;
Linsley et al., 1994; Cobb et al., 2003; Pfeiffer et al., 2004;
Timm et al., 2005].
[3] Most investigations on coral proxies are confined to

correlations or calibrations against local SST or rainfall time
series or large-scale climate indices, such as the NAO or
NIÑO3 indices. Only a few of these investigations per-
formed a validation check, i.e., tested the proxy calibration
against independent data [Crowley et al., 1999; Quinn and
Sampson, 2002; Lough, 2004]. Crowley et al. [1999]
calibrated seasonally and annually resolved d18O against
local gridded SSTs and performed a validation with inde-
pendent data. Besides underlining the need of verification
against independent data, they recommended calibrations
against large-scale fields in order to relate coral proxies to
large-scale climate signals. Lough [2004] standardized coral
stable isotope data and gridded SST series for a 30-year
period. By applying this standardization to the remaining
periods of the data, verification against independent data
was performed. It was found that although most of the coral
time series show significant relationships with interannual

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, D23103, doi:10.1029/2005JD006903, 2006
Click
Here

for

Full
Article

1GKSS Research Centre, Geesthacht, Germany.
2Department of Geosciences, University of Bremen, Bremen, Germany.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2005JD006903$09.00

D23103 1 of 10



variations of local SSTs, only some of them show consistent
SST signals at decadal timescales.
[4] In addition to the direct comparisons of proxy and

single instrumental time series outlined above some studies
include reconstructions of large-scale climatic patterns by
means of one or a couple of corals from different drill sites.
Evans et al. [2002] used empirical orthogonal functions of
corals from 12 sites of the tropical oceans in order to
reconstruct the first modes of the Pacific SST. Furthermore,
field correlations of proxy data with SST or sea level
pressure (SLP) are applied in order to detect large-scale
climate patterns including El Niño/Southern Oscillation
(ENSO) and the North Atlantic Oscillation (NAO) [Evans
et al., 1999; Pfeiffer et al., 2004; Rimbu et al., 2001;
Kuhnert et al., 2005].
[5] Field correlations directly provide spatial information

with the proxy. Thus they are often even better suited to
detect climate patterns than correlations with predefined
indices or pattern time series, especially if such correlation
patterns do not represent a dominant climate pattern (e.g.,
AO, ENSO). However, a validation of such local coral-
based reconstructions of large-scale SST and SLP fields has
not been attempted so far.
[6] This is the aim of this work. Validated statistical

models will be established for the prediction of large-scale
SST and SLP fields from local coral records. This involves
the question, as to what extent the local coral records are
related to large-scale SST and SLP fields. Secondly a
validation check with independent data supplies an assess-
ment for the reliability of the reconstructed patterns. Such
so-called upscaling models try to statistically invert the
physical processes that determine the proxy, here the coral
growth. In cases where several processes influence the
proxy, the statistical inference is problematic. This is a
limitation of upscaling models compared with, e.g., down-
scaling models which are capable to regard multiple pre-
dictors that are linked to the proxy [Crüger et al., 2004].
[7] Bermuda is of major interest concerning the dominant

mode of northern hemispheric climate variability, the AO

and NAO, respectively. Wallace et al. [1990] found that the
first EOF of the North Atlantic SST pattern, which is
associated with positive anomalies in Bermuda, is related
to a 500 hPa geopotential pattern that resembles the 500 hPa
NAO pattern. Further investigations concerning the rela-
tionship between North Atlantic SSTs and northern hemi-
spheric SLP show that the winter NAO is positively
correlated with the SSTs in Bermuda and the Sargasso
Sea, where the maximum correlation is found when SST
lags the NAO index by 0–2 years [Visbeck et al., 2003;
Walter and Graf, 2002]. Investigations with corals showed
that temperature records from Bermuda are also strongly
influenced by the AO/NAO [Kuhnert et al., 2002; Cohen et
al., 2004; Kuhnert et al., 2005]. Figure 1 shows the
correlation map of the winter NAO (DJF) and the annual
SST (see below) for lag = 0 for the period of 1860–1991. It
is characterized by a pronounced pattern of positive corre-
lation values around Bermuda, especially northeast of
Bermuda and the North Sea. Negative values are found
west of Africa and between Newfoundland and Island. Thus
Bermuda can be viewed as a relevant location for the North
Atlantic and European climate that makes it reasonable to
undertake an upscaling on the basis of proxies from this
location.
[8] The aim of our study is to establish validated upscal-

ing models, i.e., statistical regression models for the recon-
struction of large-scale climatic patterns from local proxy,
here coral records. We use two annual growth records of
140 years length from different coral species (Diploria
strigosa, Montastraea cavernosa) from Bermuda. The
Montastraea record was taken from the work of Pätzold
et al. [1999]. A shorter portion (1928–1982) of the Diploria
material was previously investigated for Sr/Ca by Kuhnert
et al. [2005], who found a statistically significant correlation
of late-year Sr/Ca with the NAO index as well as for
subsurface temperatures. The two annual growth records
enable us to calibrate and validate transfer functions with
the time series of SST and SLP patterns for a relatively long
period (140 and 80 years, respectively). Furthermore, we

Figure 1. Correlation between annual SSTs and December to February (DJF) NAO index (1860–
1991). The dot indicates Bermuda.
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can evaluate, whether corals from adjacent sampling sites
represent consistent climate signals, and whether a combi-
nation of both records strengthens the climate signals. The
paper is structured as follows: After describing the data
used, we perform a correlation analysis between the coral
time series and the SST and SLP fields. The description of
the statistical technique for the development and validation
of upscaling models is followed by the presentation of the
models for the reconstruction of SST and SLP patterns.
Finally, the results will be discussed.

2. Data

2.1. Corals

[9] Two different coral species are used (Diploria stri-
gosa and Montastraea cavernosa, referred to as DS and
MC, respectively). The colonies were recovered from 12 m
water depth at the North-East Breakers of Bermuda. Ber-
muda is influenced by the recirculation of the subtropical
gyre. The gyre advects Subtropical Mode Water, which
forms south of the Gulf Stream, to Bermuda [Talley and
Raymer, 1982; Klein and Hogg, 1996]. Both sample sites
are near the northern margin of the Bermuda reef, where the
water masses are well mixed. Therefore we assume that
both corals are subjected to the same environmental influ-
ences and neglect all local disturbances. Sample preparation
followed the standard procedures. Slabs (6 mm thick) were
cut parallel to the major growth axis and X-rayed to reveal
the density banding pattern. Both corals were similarly
analyzed in such way that the middle of each high-density
band was chosen to separate two adjacent annual growth
increments. High-density bands in our corals formed in late
summer to fall.
[10] Thus a growth year in our coral chronology begins

and ends approximately with the onset of fall or within early
fall. In our study we use the coral data from 1841 until
1983, which comprises the entire DS record and it also
represents the period where both records overlap. For both
colonies, the investigated section is about 50 cm long. The
average annual skeletal extension is about 3.5 mm, which
falls within the typical range for massive species in loca-
tions exposed to the open ocean at Bermuda [Dodge, 1978;
Logan et al., 1994].
[11] Figure 2 shows the normalized growth rates from

1841 until 1983 and their leading principal component

(PC1). The first empirical orthogonal function (EOF)
explains 71% of the coral growth rate variability. Since
we normalized the records, both contribute with the same
weight to the EOF. The loading of the first EOF is 0.84.
This value also represents the correlation between the single
coral records with PC1. The mean of the squared correlation
coefficients is the explained variance of the EOF (71%).
The correlation between both coral records is 0.45 for the
entire period from 1841 until 1983, after the trend is
removed.

2.2. Instrumental Data

2.2.1. Sea Surface Temperatures (SSTs)
[12] The SSTs used in this work are derived from the

monthly anomalies of the MOHSST5 data set based on the
GOSTA data set of the U.K. Meteorological office [Parker
et al., 1994; Kaplan et al., 1998]. The period covered by
this data set is from 1856 until 1991. Because of the
statistical procedures that utilizes available observations at
all space points and information from all times [Hurrell and
Trenberth, 1999], the data set has no missing values on a
5 � 5 grid. A detailed description of the statistical method
is found in work by Kaplan et al. [1997, 1998]. The
anomalies of the SSTs are based on the 1951–1980 time
period. For our purpose, we calculated the annual mean
anomalies. Seasonal means were also tested, but they did
not yield better results. For the assessment of correlation
values calculated with these SSTs we tested the 1-year lag
autocorrelation of the SSTs. Around Bermuda correlation
values of at least 0.4, north of Bermuda even 0.5 are
obtained, leading to a considerable reduction of the
degrees of freedom of the SST time series and conse-
quently to an increase of the significance thresholds for
correlation values obtained with these data (not shown).
For 1-year lag autocorrelation values of, e.g., 0.5, the
degrees of freedom decrease to about one third of the
total time series length [Leith, 1973].
2.2.2. Sea Level Pressure (SLP)
[13] The SLP data set provided by NCAR is used, which

is described in detail by Trenberth and Paolino [1980]. The
period of this data set is from 1899 until 1983. It covers
nearly the entire Northern Hemisphere from 20 N to the
pole, however, with occasionally missing values at high
latitudes and in Asia. From the monthly values, the winter
mean for the December to February (DJF) months are
calculated yielding the strongest signal with the coral
records. Lag-1 correlation of DJF SLP is clearly smaller
than for the SSTs and can be neglected over the areas
considered here (not shown).

3. Results

3.1. Correlation Maps

3.1.1. Growth Rates and SSTs
[14] Generally, growth rates are found to be positively

correlated with local SSTs [Bessat and Buigues, 2001;
Lough and Barnes, 1997; Slowey and Crowley, 1995;
Carricart-Ganivet, 2004]. This is in contrast to Bermuda
corals, for which the correlation values between the annual
growth rates and the local gridded annual SST are �0.4 for
DS, �0.38 for MC and �0.45 for PC1. Bermuda is located
in the northwestern part of the Sargasso Sea and accom-

Figure 2. Normalized annual growth rates of DS (dashed
curve) and MC (solid curve) and their PC1 (top).
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modates the northernmost subtropical coral reefs in the
Atlantic Ocean. In contrast to many other reefs, annual
skeletal extension in Bermuda corals is significantly but
negatively correlated with SST [Dodge and Vaišnys, 1975;
Logan et al., 1994; Pätzold, 1994]. This relationship is
indirect: in years with cooler water temperatures vertical
mixing is more intense [Bates, 2001], which leads to an
increase in nutrient supply (and consequently in plankton)
in the surface water.
[15] In Figure 3 the correlation maps are shown for the

North Atlantic SSTs with the two single corals and their
PC1, respectively. All time series were previously
detrended. Only values of magnitude higher than 0.2 are
displayed. Since around Bermuda the 1-year lag autocorre-
lation for SSTs is from about 0.4 up to more than 0.5 (see
above), the number of degrees of freedom decreases to
about 45 in this area [Leith, 1973]. Therefore only correla-
tions with magnitude higher than about 0.3 are statistically
significant at the 95% level. The correlation maps for the
single coral records show that there are negative values
around Bermuda up to the US coast and the Gulf of Mexico,
which partly reach significance (95%) (Figures 3a and 3b).
The highest values are found for PC1 with amounts higher
than 0.4 around Bermuda and in the Gulf of Mexico.

Therefore the area with statistically significant values has
also been increased using PC1, strengthening the SST signal
(Figure 3c).
3.1.2. Growth Rates and SLP Fields
[16] For Bermuda, the correlation between SLP and coral

growth was noted by Dodge and Vaišnys [1975], who
attributed this to increased light levels that are concurrent
with high SLP. Whereas the highest correlation between the
corals and the SSTs is found for simultaneous time series,
the correlation between coral growth rates and SLP is
highest when the growth records lag the SLP by one year.
[17] Figure 4 shows the correlation maps for the single

corals (Figures 4a and 4b) and for PC1 of the coral records
(Figure 4c) (scaled by �1) between 1901 and 1983. All
patterns show negative values over the polar region, whereas
over the North Atlantic and the North Pacific positive
values occur. This structure is strongest for DS. The highest
correlation values are found in these regions, which are
statistically significant over large areas of the Northern
Hemisphere. This pattern clearly resembles the pattern of
the AO [Thompson and Wallace, 1998] and the NAO,
respectively [Jones et al., 1997]. The correlation between
DS and the AO index is r = �0.43. Smaller, but also
statistically significant (at the 95% level), is the correlation

Figure 3. Correlation between annual SSTs (September to August) and coral growth rates (1857–
1981): (a) DS, (b) MC, and (c) PC1.

Figure 4. Correlation between SLP (DJF) and coral growth rates (1901–1981; SLP leads coral by one
year): (a) DS, (b) MC, and (c) PC1 (scaled by �1; statistically significant values are indicated by the
hatched areas).
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value between DS and the NAO index, for which r = �0.26
is found. For MC and PC1, however, the correlation values
are not as high as for DS and the patterns only weakly
resemble the AO pattern. This is also reflected by the
correlation values with the AO index, which is �0.29 for
MC and �0.19 for PC1. Thus, in contrast to the SSTs, the
clearest signal in the SLP is found for one single coral
record.

3.2. Upscaling Models

[18] We have shown that the single coral time series and/
or PC1 of both series yield statistically significant correla-
tion values with large-scale SSTs and wide parts of hemi-
spheric SLP fields. However, does this also mean that we
can reliably reconstruct past SST or SLP patterns? In order
to investigate this question, we developed upscaling mod-
els; that is, we calibrated large-scale SST and SLP pattern
time series against local coral time series. We apply a simple
regression method; that is, we directly relate the proxy to the
local climatic parameter field, resulting in a regression map,
which is accompanied with the proxy. This map is the basis
for calibration. Another method would be to calculate the
EOFs of the climatic field and use the principal components
for calibration. In this case, a reduction of degrees of
freedom is achieved, however, the patterns are independent-
ly derived from the proxies. A reconstruction is then
achieved by a linear combination of the principal compo-
nents [Evans et al., 2002; Crüger et al., 2004].
3.2.1. Statistical Technique
[19] The regression models presented in this work consist

of regression patterns between local coral time series and
the SLP/SST time series field:

fSLP=SST xð Þ ¼ r xð Þ
sSLP=SST xð Þ

scoral
ð1Þ

Here, fSLP/SST(x) denotes the regression coefficient for an
estimation of SLP/SST(x, t), r(x) the correlation coefficient
and sSLP/SST(x) and scoral the standard deviations of the
climatic fields and the corals, respectively. A reconstruction
of SLP/SST(x, t) can be obtained by multiplying the
regression map fSLP/SST(x) with the coral time series c(t).
Besides the structure of the regression pattern, the
regression model is essentially defined by the spatial extent
of the SLP/SST regression map.
[20] In detail, the following steps are performed for

calibration:
[21] 1. We calculate a regression map fSLP/SST(x) with

detrended anomalies for a reconstruction of a SLP/SST time
series.
[22] 2. We visually assess and select an area, where the

coral record is suggested to represent the SLP/SST. Here we
looked for considerable regression coefficients and/or pro-
nounced structures.
[23] 3. We reconstruct the SLP/SST projection index time

series FSLP/SST(t) from the projection of the regression map
fSLP/SST(x) onto the SLP/SST anomalies ASLP/SST(x, t), min-
imizing e(t):

ASLP=SST ðx; tÞ ¼ FSLP=SST ðtÞfSLP=SST ðxÞ þ eðtÞ ð2Þ

[24] 4. We calculate the variance of the projection index
time series FSLP/SST(t) that is explained by the coral time
series c(t).
[25] 5. We vary the spatial boundaries of the regression

map and repeat step 3 and 4 in order to maximize the
explained variance.
[26] In order to get a statistically reliable regression

model, we verified the regression models with data which
has not been used for calibration. This is carried out with the
cross-validation technique [Michaelsen, 1987; von Storch
and Zwiers, 1999], which has been used before for other
paleoclimate reconstructions [Crüger et al., 2004; Crüger
and von Storch, 2002; Glueck and Stockton, 2001; Jones
and Widmann, 2003]. In this procedure the available data
are divided into calibration and validation data. The cali-
bration data are used for the calculation of the regression
map which in turn is the basis for the reconstruction of the
SLP/SST index time series for the validation time step.
Performing this procedure stepwise for every time step, all
time steps are eventually used for validation.
[27] The following steps are performed for validation:
[28] 1. We separate data into calibration and validation

data.
[29] 2. We calculate the regression map obtained from the

detrended calibration data.
[30] 3. We estimate FSLP/SST(t = tval) for the validation

time step ttval. Note that the SLP/SST anomaly ASLP/SST(x,
tval) for the validation time step is related to the mean of the
calibration period.
[31] 4. We stepwise repeat steps 1–3 until all time step

indices are reconstructed.
[32] 5. We calculate the variance of the projection index

time series explained by the coral time series.
[33] A prediction of the SST/SLP field is obtained

performing the following steps:
[34] 1. We calculate the proxy anomalies related to the

mean of the calibration period.
[35] 2. We multiply the regression pattern obtained using

equation (1) with the anomaly of the proxy. This yields a
SST/SLP anomaly field time series.
[36] Upscaling models were developed for the SST as

well as the SLP fields. In order to guarantee that the data of
the validation time step is completely independent of the
model calibration data [von Storch and Zwiers, 1999], we
removed 11 time steps from the calibration period for the
SLP model. For the SST model we dropped 21 time steps,
because of the high autocorrelation of the SST data. For the
SLP model the 6th and for the SST model the 11th time step
of the removed steps was used for validation.
[37] In order to find out which of the three coral records

yields the best estimate, we established upscaling models
for the single coral records as well as for their PC1.
Furthermore, we checked whether the use of smoothed data
improves the results.
3.2.2. Upscaling Model for SST Fields
[38] For the SST, satisfactory results are only obtained

using data smoothed with a 5-year running mean. That is,
only multiannual variability is described by the regression
models. The highest explained variance is obtained for PC1
of the corals. This model explains about 30% of the
variance of the smoothed, i.e., the multiannual SST field.
For the single coral records only 27.5% (MC) and 20% (DS)
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