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PAGES (Past Global Changes) is the International Geosphere-Biosphere Program (IGBP) core project charged with
providing a quantitative understanding of the Earth’s past environment and defining the envelope of natural variabil-
ity within which anthropogenic impact on the Earth system can be assessed. Through the organization of coordinated
national and international scientific efforts, PAGES seeks to obtain and interpret a variety of paleoclimatic records
and to provide the data essential for the evaluation of predictive climatic models.

CLIVAR (Climate Variability and Predictability) is an interdisciplinary research effort within the World Climate Research
Program (WCRP) focusing on the variability and predictability of seasonally to centennially varying components of
the climate system.

PAGES/CLIVAR, via a joint effort, seeks to formulate and promote:
1) a program of paleoclimatic reconstruction providing long-term records of quantitative paleoclimatic data with

seasonal to interannual resolution in areas which are of direct relevance to IGBP and WCRP (i.e., monsoon and
ENSO regions, the North Atlantic and areas of the globe with possible hydrologic predictability).

2) a program for collecting, analyzing and integrating paleoclimatic data in order to reveal evidence of patterns of
variability within the climate system over seasonal to century time scales.

3) the use of paleoclimatic data in evaluating predictive physical climate models, as well as the use of inverse
models, to understand the variability present in the paleoclimatic and paleoceanographic record, and to coop-
erate with other modeling activities of relevance to PAGES and CLIVAR.

Cover Illustration: Center map shows monthly average sea surface temperature anomalies for December 1877 de-
rived from the Kaplan SSTA data set [MOHSST5 available at http://ingrid.ldeo.columbia.edu/SOURCES/.KAPLAN/ from
A. Kaplan] with overlay symbols showing sites of current annual resolution paleoclimate studies involving corals (gray
circles), tree rings (red triangles), ice cores (yellow squares), and sediments (blue diamonds). This figure illustrates
how a network of multiple paleoclimate proxies helps define past expressions of extreme climate events such as
the 1877/78 El Niño. Other images, clockwise from top: composite time series of coral δ18O from 7 Galapagos coral
cores (R. Dunbar and G. Wellington); X-radiograph of a coral core from Malindi, Kenya (R. Dunbar and J. Cole); pho-
tograph of late Holocene laminae interpreted as varves in a sediment core from Lake Titicaca (R. Dunbar); an empiri-
cally derived Markov model expression for prediction of tropical sea surface temperature anomalies and first EOF
of Pacific SST anomalies from January 1965, through June 1993 from COADS data (S.␣ Johnson, D. Battisti, and E.
Sarachik); photograph of tree rings (T. Caprio); photograph of annual layers in an ice bluff from the Quelccaya Ice cap
(L.␣ Thompson).
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This PAGES workshop report is derived from the first ARTS science work-
shop, held in Kauai, Hawaii from September 26–30, 1996. Organized by J.
Cole, R. Dunbar, M. Gagan, and J. Recy, the goal of this initial meeting was
to review the state of our knowledge of past climate variability in the trop-
ics and to develop a science agenda for ARTS. The workshop included 34
scientists from 9 countries active in various paleoclimatic disciplines (pri-
marily corals, but also tree-rings, ice cores, and laminated sediments) as
well as atmospheric and ocean scientists interested in integrating paleo-
climate records with numerical models and instrumental data sets. Attend-
ees included climate scientists active in CLIVAR and on the US National
Research Council’s advisory panels on seasonal-interannual and decadal-
century climate variability. This report describes the scientific rationale for
the ARTS program as well as specific recommendations derived from
workshop discussions. The report has further benefited from additional
input solicited from ARTS scientists after the workshop and extending
through the PAGES Open Science Meeting held in London during April,
1998. Major contributors to this document include David Battisti, David
Stahle, Dan Schrag, Ellen Druffel, Mike Gagan, Tom Guilderson and Glen
Shen. We also thank Brad Linsley, Lonnie Thompson, Ping Chang, Peter
Swart and Ellen Mosley-Thompson for their assistance. US participation
in this workshop was supported by NSF award ATM-9528411. PAGES sup-
ported non-US participants.

Preface
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The goals of the Annual Records of Tropical Systems (ARTS) program are
to:

1. document and understand the behavior of the tropical ocean-atmo-
sphere and its teleconnections, with seasonal to annual resolution, over
the past several centuries; and

2. assess the stability of tropical climate systems and their teleconnec-
tions as the background climate and associated forcing phenomena
change over seasons to centuries.

The ARTS initiative promotes the synthesis of paleoclimate data with in-
strumental and modeling perspectives to address uncertainties in our un-
derstanding of tropical climate variability and its impacts. Tropical ocean-
atmosphere interactions provide the dominant signal in interannual
climate variability. Paleoclimate and historical evidence indicate that tropi-
cal systems also vary over periods of decades to centuries. The tropics
interact with higher latitude climate systems via atmospheric and oceanic
teleconnections that, although relatively consistent over the past few de-
cades, appear to have changed substantially over the past century and
longer. Paleoclimate reconstructions offer the only source of information
on long-term changes in tropical variability and its teleconnections and
derive an even broader utility when interfaced with numerical simulations.

ARTS workshop participants identified a need for long, continuous records
of interannual to centennial variability in the tropics and of the teleconnec-
tions to the extratropics. An important target for paleoclimate reconstruc-
tion is the extension of indices of large-scale climate systems into pre-in-
strumental periods. Well-calibrated, multicentury reconstructions need to

Executive Summary
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be integrated into spatially gridded research products that can be used to
drive or test general circulation model simulations. We outlined an ARTS
synthesis project to analyze climate of the past several centuries (entitled
“Climate of the Nineteenth Century,” or CNC) which would coordinate
these efforts, including the development of records from critical locations,
spatial interpolation techniques to link point reconstructions, model simu-
lations, and model/paleodata comparison. The highest priorities for the
CNC project are production of fields of sea surface temperatures (SST’s)
across the tropical Pacific extending back to at least 1800 AD, and exami-
nation of teleconnections within the Indian Ocean, Australasian and Ameri-
can regions. New sampling will be steered by analysis of available data.
Workshop participants also recommended the further development and
application of tracers of ocean circulation (e.g. 14C in corals) as a comple-
ment to the CNC project and as a means to examine past variability in
oceanic circulation. In addition, analysis of the relationship between back-
ground climate and climate variability requires that we develop high-reso-
lution records from targeted Holocene and last-glacial intervals as win-
dows onto climate states forced by boundary conditions substantially
different from those prevailing today.
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Tropical ocean-atmosphere interactions orchestrate climate variability
worldwide over a range of time scales important to society. The El Niño/
Southern Oscillation (ENSO) includes a far-reaching system of teleconnect-
ed climate anomalies, and billions of people live in areas where agricul-
tural productivity is influenced by the Asian, African, and American mon-
soons. Intensive observational programs have focused on improving the
empirical basis for understanding and modeling the tropical ocean and at-
mosphere. Still, most instrumental observations of tropical climate span
only the past few decades, and only a handful of instrumental records from
the tropics predate the turn of the century. Thus, state-of-the-art predictive
models are based only on the information available from the past several
decades. As instrumental records have lengthened and as high-quality pa-
leoclimate reconstructions have become available, climate dynamicists
and modelers have recognized the significance of decadal and longer vari-
ability in these tropical systems. In the tropical Pacific, for example, records
from long-lived corals indicate the persistence of decadal patterns of
ENSO-like variability that are unrecognizable from existing instrumental
data and are not simulated by most of the current generation of numeri-
cal models. In fact, ENSO appears to vary on decadal time scales, perhaps
as a consequence of longer-term background changes. Records from
varved sediments, tree-rings, and ice cores substantiate inferred long-term
variability in the tropics and indicate that the relationship between tropi-
cal and extratropical climate anomalies may not remain stable over de-
cades to centuries.

Paleoclimatic records have a unique and critical role to play in improv-
ing our understanding of tropical climate variability and sensitivity and in
developing a predictive knowledge of these systems that incorporates
multiyear perspectives. Paleoclimatic reconstructions offer the only source
of information on long-term changes in tropical variability and its telecon-
nections, but they require the perspective of instrumental data for calibra-
tion, process understanding, and sample site selection, and they derive a
broader context when interfaced with numerical simulations. Paleoclimatic
reconstructions also provide a testbed for numerical models of the ocean
and atmosphere and can suggest new conceptual models for tropical varia-
tions. The ARTS (Annual Records of Tropical Systems) initiative was con-
ceived to foster collaboration among paleoclimatologists working with
tropical or tropically influenced records and climate dynamicists who use
the perspectives of numerical experimentation and instrumental records.
Bringing these communities together to plan scientific strategies facilitates

Introduction
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a better understanding of each group’s priorities, capabilities, and chal-
lenges. ARTS promotes the synergistic use of paleoclimate data with in-
strumental and modeling approaches to define a better understanding of
tropical variability and its impacts.

The first ARTS planning meeting was convened in Kauai, Hawaii, in
September 1996. Participants included representatives from research
groups working with high-resolution tropical paleoclimate archives as well
as tropical climate dynamicists and oceanographers. Workshop speakers
provided state-of-the-art information about the climate phenomena and
time scales of greatest interest to the climate dynamics community and
also described the capabilities and limitations of the paleoclimate record
for studying time-dependent behavior of these systems. Working groups
and individuals defined potential foci for the implementation of ARTS,
including new field campaigns in undersampled regions of the tropics and
a variety of conceptual frameworks for organizing regional field efforts
around process-oriented themes. This report presents the scientific goals
of ARTS and its initial implementation strategies and summarizes the cur-
rent status of ARTS science, as presented at the Kauai meeting and in sub-
sequent ARTS-related gatherings and communications.

Participants defined two broad goals for the new ARTS initiative:
• To document and understand the behavior of the tropical ocean-atmo-

sphere and its teleconnections, with seasonal to annual resolution, over
the past several centuries;

• To assess the stability of tropical climate systems and their teleconnec-
tions as background climate and associated forcing phenomena change
over longer periods.
The ARTS program will require coordinated efforts directed towards

new data collection, data-model integration, paleoclimate record enhance-
ments (e.g. improved chronologies, calibration, and replication strategies),
and the regular interaction of scientists using the different perspectives of
proxy based paleoclimate reconstruction, modeling, and instrumental
studies. Our specific objectives center on the climatic phenomena of inter-
est described in the following section. Implementation plans that coordi-
nate all of these inputs are partially developed, but further definition will
require smaller, focused groups of scientists to lay out strategies by which
these objectives can be realized. Such interaction is occurring even now,
and we anticipate that future ARTS workshops will (in conjunction with
other PAGES and CLIVAR efforts) focus on planning the implementation of
specific objectives that contribute to ARTS goals.
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1.1 Pacific Ocean/Americas/Australia: ENSO and
Decadal ENSO-like Variability

The ENSO system dominates interannual variability of the ocean and at-
mosphere in the tropical and subtropical Pacific (Figure 1, upper series, and
Figure 2, left panel). This signal propagates through the global atmosphere
to leave its imprint on planetary systems as diverse as polar sea ice, maize
growth in Africa, and rainfall in Florida. ENSO results from instabilities in
the coupled ocean-atmosphere system that drive interannual shifts in
oceanographic and atmospheric variables throughout the Pacific. Features
that are dramatically influenced by ENSO (and participate actively in the
evolution of ENSO anomalies) include the intensity and location of atmo-
spheric convection over the western Pacific, the east-west equatorial Pa-
cific SST gradient, the strength of the zonal atmospheric Walker circulation,
and the three-dimensional distribution of ocean currents. Although ENSO
variability is defined on an interannual scale, decadal variations in ENSO-
related parameters are clear in paleoclimatic records and have recently
emerged from the lengthening instrumental record. Seasonal, interannual,
and decadal modes of variability appear to change in concert through time
in the tropical Pacific. How these changes modulate ENSO’s extratropical
influences remains unknown. The sensitivity of ENSO and its teleconnec-
tions to rising greenhouse gas concentrations also requires further inves-
tigation.

1. Background: Tropical Climate
Systems and their Impacts

Figure 1
Time series of ENSO (up-
per line in red) and the
decadal ENSO-like (GR -
lower line in blue) climate
variability. The index of
ENSO is the cold tongue
index (CT), which is the
SST averaged monthly and
from 4°N to 4°S, 90°W to
180°W. The index of the
decadal ENSO-like vari-
ability is the time series of
the dominant pattern of
global SST anomalies af-
ter the ENSO-related (CT)
SST anomalies have been
removed from the global
SST data (from D. Battisti
using data in Zhang et al.
1997).
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A detailed analysis of the historical record spanning the past century
has produced a new view of the spatial patterns of ENSO variability
through time (Allan et al. 1997). This compilation suggests that rainfall, SST,
and wind field anomalies associated with ENSO events (both “warm” and
“cool”) differ strongly from event to event, and that the centers of action
also shift. For example the eastern pole of the Southern Oscillation of sea
level pressure, conventionally defined as Tahiti for the construction of a
standard Southern Oscillation Index (SOI), appears to have wandered
during the present century. In addition, comparison of both instrumental
and paleoclimatic records of US drought with ENSO records shows that
patterns of ENSO-related drought in the US have not remained stable over
this interval (Cole and Cook 1998). Clearly, the interannual ENSO phenom-
enon experiences significant variations from its canonical state, and the
predictability of this system and its impacts depends on understanding
these variations.

Instrumental and paleoclimatic data indicate significant decadal vari-
ability in the tropical Pacific climate system (Figure 1, lower series). This
variability is similar in structure to ENSO (Zhang et al. 1997; Figure 2).
Although primarily a low frequency climate anomaly, the changes in am-
plitude can be rapid and include the well documented Pacific basin “regime
shift” of 1976 (Trenberth and Hurrell 1994; Graham 1994). The physical
mechanisms responsible for decadal ENSO-like variability are not known,
but the resulting climate anomalies are significant. Furthermore, the inter-
annual ENSO and decadal ENSO-like phenomena are associated with
qualitatively different climate anomalies at mid and high latitudes
(Ebbesmeyer et al. 1991; Zhang et al. 1997; Mantua et al. 1997; Figure 3).
Climate anomalies associated with interannual ENSO variability feature a
more zonal perturbation in the western hemisphere circulation at mid-lati-
tudes and explain a lower fraction of the variance in the mid-latitude cli-

Figure 2
Global fields regressed
upon the monthly ENSO
(CT) time series (at left)
and the monthly ENSO-
like decadal variability
(GR) time series, as dis-
played in Figure 1.
Top panel: Sea Surface
Temperature, Middle:
wind stress, and Bottom:
Sea Level Pressure. The
contour interval is (per
unit standard deviation):
(top) 0.1°C, (middle)
8.3␣ m2␣ /s for the longest
vector, and (bottom)
0.1␣ mb. Negative contours
are dashed and the zero
contour is thickened. Re-
produced from Figures 11
and 12 of Zhang et al.
(1997).
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mate anomalies. The ENSO-like decadal variability features a classic Pacific
North America (PNA) pattern (Kawamura 1994) and explains a significant
portion of winter climate anomalies in the mid-latitude northern hemi-
sphere (Graham 1994; Zhang et al. 1997; Bitz and Battisti 1999).

Numerical and statistical models indicate skill in predicting the state of
ENSO about a year in advance (Barnett et al. 1988; Zebiak and Cane 1987;
Latif et al. 1998). However, there are substantial differences in forecast skill
from decade to decade (Chen et al. 1995, Balmaseda et al. 1995). The cause
of these changes is not clear; leading candidates include a change in the
basic state of the tropical climate system and a change in the phase of the
decadal ENSO-like climate anomaly (i.e., the 1976 regime shift). Both of
these possibilities suggest a need for improved understanding of the
decadal to centennial variations in the tropical Pacific.

The relationship of ENSO to anthropogenic warming remains an impor-
tant and controversial topic. Several studies support potential links be-
tween ENSO and increasing greenhouse gas concentrations. The shift to-
wards generally more ENSO-like conditions in 1976 is consistent with
atmospheric GCM predictions of an intensified hydrologic cycle under
doubled CO2 scenarios (Graham 1995). Both the recent tendency for more
ENSO warm anomalies and the prolonged warm anomaly that persisted
through the early 1990’s are unprecedented in the instrumental climate
record. A simple statistical model indicates that given the characteristics
of the historical record, these anomalous periods would have a very low
probability of occurrence in a stationary system (Trenberth and Hoar 1996).
This result raises the question of whether recent ENSO anomalies occurred
as a result of increasing greenhouse gases (Trenberth and Hoar 1996;
Rajagopalan et al. 1997). Yet studies utilizing paleoclimatic records suggest
that similar anomalies of the duration of the 1991–4 event have occurred
over the past three centuries, implying no relation to recent greenhouse
gas increases (Allan and D’Arrigo 1999). A recent modeling study suggests
that greenhouse gas increases may ultimately result in cooler SST’s in the
easternmost tropical Pacific (Cane et al. 1997) via a process involving
warming of the western Pacific, a stronger east-west equatorial SST gra-
dient, and resulting stronger trade winds that enhance upwelling of cool
water in the east. Attributing any observed recent changes to anthropo-
genic greenhouse gas forcing ultimately requires a more extensive
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Figure 3
Correlation maps of the
winter mean storminess
(NDJFMA band-passed
500 mb height anomalies)
with winter mean climate
indices for the period
1947-1994. Maps show
correlations between
storminess and indices of
a) ENSO (the Cold Tongue
index - CT), b) the decadal
ENSO-like variability index
GR (as defined in Bitz and
Battisti, 1999), and c) the
Pacific Decadal Oscillation
(PDO) as defined by Man-
tua et al. (1997). Contours
show correlations exceed-
ing the 95% confidence
level where each year is
considered to be indepen-
dent of the last. Positive
correlations indicate more
storminess associated
with warmer water in the
tropical Pacific and colder
water in the North Pacific.
Reproduced from Figure
11 of Bitz and Battisti (J.
Climate, in press).



13

BACKGROUND: TROPICAL CLIMATE SYSTEMS AND THEIR IMPACTS

Ba
ck

gr
ou

nd

Figure 4
Commonly observed ENSO
warm mode impacts dur-
ing December–January
(NOAA Network Informa-
tion Center, at http://
www. nnic.noaa.gov/
products/
analysis_monitoring/
ensostuff/).

baseline of ENSO observation than currently exists – temporally, spatially,
and with respect to multiple processes. The question of whether ENSO is
influenced by changes in global climate forcing may also be partly ad-
dressed by examining its sensitivity to past periods of altered boundary
conditions (see section 1.4).

ENSO sensitivity and predictability would be of less interest if ENSO
affected only the tropical Pacific, but this system produces a far-reaching
set of global climate teleconnections that allows the predictability of ENSO
to be translated to predictability of anomalies in many other regions, tropi-
cal and extratropical (Figure 4). ARTS goals include characterizing the tem-
poral and spatial stability of these teleconnections. A GCM-based study
indicates that ENSO teleconnections may vary as background climate
changes (Meehl and Branstator 1992), and a recent characterization of the
Pacific decadal pattern (Zhang et al. 1997) indicates that the mid-latitude
anomalies associated with decadal variations in the Pacific differ from
those associated with interannual ENSO variations (Figure 3). Over the past
century, patterns of ENSO-related drought in the US have varied signifi-
cantly (Figure 5; Cole and Cook 1998). Variations in ENSO teleconnections
may result from changes in the “flavor” of ENSO as seen in the historical
record (i.e. the locations of centers of action, seasonal timing, intensity of
anomalies) or from the interaction of ENSO with mid-latitude anomalies
or other decadally varying aspects of climate (Simmons et al. 1983, Barsu-
gli et al. 1996; Kumar and Hoerling 1997, Cole and Cook 1998, Gershunov
and Barnett 1998, Trenberth et al.). Understanding the nature and causes
of teleconnection instability is crucial for ongoing climate prediction efforts
related to ENSO and is a major objective of ARTS research.
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1.2 Indian Ocean/Asia/Africa/Australia: The Monsoon

The irregularities of the monsoon govern food production for billions of
people, often in countries where poorly developed infrastructure and lack
of financial and agricultural reserves exacerbate vulnerability to climate
variability. A weak monsoon can bring drought; an abundant one can re-
sult in flooding and infrastructure damage. Early attempts at monsoon pre-
diction led to the discovery of the Southern Oscillation (Walker 1923, 1924)
but monsoon predictability remains an elusive goal (Webster et al. 1998).
Knowledge of the fundamental cause of monsoon circulation, the imbal-

Figure 5
Maps of correlation coeffi-
cients between Palmer
Drought Severity Index
(PDSI, both instrumental
and reconstructed ver-
sions) and instrumental
December, January, Febru-
ary Southern Oscillation
Index for 30 year intervals
during the late 19th

through 20th centuries. The
reconstructed PDSI is
based on a continental
U.S. tree ring database
and ends in 1978. These
maps capture the essen-
tial details of the chang-
ing relationship between
ENSO and drought in the
United States. The stron-
gest drought signature is
in the southwest and is
associated with la Niña.
The mid-Atlantic states
experience an anomaly of
the opposite sign, stron-
gest in the mid-20th cen-
tury, whose emergence
may be related to North
Pacific influences. The
general pattern of ENSO-
related drought is broader
in the cooler 19th century
than more recently. The
locus of maximum ENSO-
related drought shifts from
Texas northwestward to-
wards Arizona and Califor-
nia over the course of the
past century. From Cole
and Cook (1998).
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ance in the rate and magnitude of seasonal heating and cooling over the
land and ocean, has not yet led to a thorough understanding of the factors
that govern interannual and decadal variations in this system.

ENSO variations are linked to monsoon strength in many regions. In
Australia the monsoon is weakened during ENSO warm phases as the
convective system that usually resides over the maritime continent mi-
grates northeastward. In Asia, although the monsoon and ENSO are linked,
a weak monsoon tends to precede the season of strong ENSO warm con-
ditions, reducing the utility of ENSO as a predictor (Webster and Yang 1992).
In East Africa, rainfall during the lesser of the two annual rainy seasons (Oc-
tober-November) is strongly correlated with ENSO but the strength of the
more substantial rainy period (March-May) is unrelated (Hastenrath et al.
1993). ARTS research can define these linkages through time and can also
help characterize other influences on monsoon rainfall when ENSO is weak
(e.g. 1920-1950) or, for whatever reason, does not correlate well with mon-
soon rainfall.

The cause of interannual to centennial variability in the Asian monsoon
remains a subject of debate; better observations of this long-term varia-
tion will help to distinguish among candidate hypotheses. In general, two
classes of explanations have been put forth: those attributing monsoon
variations to oceanic conditions and those invoking land-surface pro-
cesses. For example, studies exploring the impact of Indian Ocean SST on
Asian monsoon strength have reached disparate conclusions, perhaps as
a consequence of limited SST data (Terray 1995). South of the equator,
warm SST’s in the boreal summer can induce rising air that acts as an al-
ternative site for moisture convergence in the region, reducing available
moisture for convergence over land and leading to a weak monsoon (Ca-
det 1979; Cadet and Reverdin 1981; Shukla 1987). Alternatively, land-sur-
face feedbacks related to Eurasian snow cover, vegetation, and soil con-
ditions may impart interannual and longer variability to the monsoon due
to changes in the radiation balance over land (Vernekar et al. 1995).

With respect to the East African monsoon, large-scale SST fields likely
play a role in the seasonal transit of the Inter-Tropical Convergence Zone
(ITCZ) southwards from the Asian continent (following boreal summer), as
it crosses the East African coast in the boreal fall and spring, and moves
back towards Asia the following summer. However, this relationship has

Figure 6
Map of correlation coeffi-
cients between June-Au-
gust Indian Ocean SST
anomalies and East Afri-
can coastal rainfall for A)
full year and B) October-
November. The correlation
pattern indicates that dur-
ing rainy periods on the
East African coast, off-
shore SST is warm and
eastern Indian Ocean SST
is cool, with implications
for zonal atmospheric cir-
culation over the tropical
Indian Ocean. SST data
are from the Global Sea
Ice and Sea Surface Tem-
perature (GISST) data set
(Parker et al. 1995) and
the coastal rainfall data
represent 7 coastal sites
in Kenya and Tanzania
from the Global Historical
Climatology network
(available at http://
cdiac.esd.ornl.gov/cdiac).
Analysis spans the period
1950-1990. From Cole,
Clark, and Webster, in
preparation.
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not been well defined. Figure 6 maps the correlation between Indian Ocean
SST and East African coastal rainfall, suggesting that rainfall responds
positively to warm anomalies in the western Indian Ocean and that cool
anomalies in the eastern portion of the basin are also involved, likely as a
component of a zonal ocean-atmosphere circulation system (Webster et al.
1999; Cole, Clark, and Webster, unpublished results).

The potential exists to test proposed forcings and mechanisms of mon-
soon variability with concurrent records of both surface ocean and land
conditions from annually resolved paleoclimate archives. For example,
SST reconstructions from Indian Ocean corals reveal substantial variabil-
ity on decadal time scales, which is poorly documented by the very lim-
ited instrumental SST record. In a Seychelles coral, the decadal patterns
of variation correspond with Indian monsoon rainfall indices, suggesting
that long-term regional rainfall variability may originate at least in part
from the ocean (Charles et al. 1997). This and other coral records spanning
1800–1995 AD (R. Dunbar and J. Cole, unpublished) also indicate a long-
term warming trend leading up to 1986–1995 as the decade with the warm-
est SST’s in the past two centuries. This trend was identified from the much
shorter instrumental record but dismissed due to possible biases in the
data (Terray 1995).

1.3 Atlantic Ocean/Caribbean/West Africa:
The Atlantic Dipole

In the tropical Atlantic, regionally coherent SST anomalies north and south
of the equator govern the strength and position of the ITCZ and influence
the variability of rainfall on adjacent continents, particularly in the Nordeste
region of Brazil (Figure 7) and to a lesser extent, the African Sahel (Hasten-
rath and Heller 1977; Hastenrath and Lamb 1983; Moura and Shukla 1981;
Folland et al. 1986; Hastenrath 1990; Servain 1991; Hastenrath and Grei-
schar 1993; Enfield and Mayer 1997). Hastenrath has identified the inter-
hemispheric tropical SST gradient as especially important in this regard:
when the northern tropical Atlantic is anomalously warm and the south
anomalously cool, the ITCZ is displaced northwards and rainfall is in-
creased in the Sahel and decreased in the Nordeste. When the opposite
SST configuration prevails, the Sahel suffers from lack of rain and the
Nordeste is unusually wet. Although on interannual time scales, the vari-
ability in northern and southern tropical Atlantic SST appears uncoupled

Figure 7
Correlation between aver-
age Feb-May precipitation
in northeast Brazil and sea
surface temperature. Red
(blue) shading indicates
regions in which above-
normal SSTs tend to be
observed in conjunction
with above (below) normal
rainfall in Northeast Bra-
zil. The strongest correla-
tions are on the order of
0.7. Northeast Brazil rain-
fall tends to be more
strongly correlated with
Atlantic sea surface tem-
peratures than with Pa-
cific sea-surface tempera-
tures. The precipitation
time series is the average
of 6 stations from north-
eastern Brazil (including
Fortaleza and Quixiramo-
bim) and the SST is from
COADS. The analysis pe-
riod is 1946-1985. From
“Pan American Climate
Studies: Prospectus and
Implementation Plan”,
available at http://
www.atmos.washing-
ton.edu/gcg/PACS2/
newPACS/pacs.new.pdf.
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(Houghton and Tourre 1992), on decadal scales the interhemispheric SST
gradient appears to reflect a dipole, with inversely correlated anomalies
on either side of the equator.

Chang et al. (1997, 1998) use singular value decomposition of SST and
wind data to describe this decadal SST dipole (Figure 8). Based on a se-
ries of model experiments, they propose a mechanism by which ocean-at-
mosphere interaction maintains this oscillation on a decadal time scale. The
proposed mechanism involves a balance between SST anomalies rein-
forced by anomalous winds and negative feedback associated with the
cross-equatorial transport of heat by ocean currents. One explicit conclu-
sion of this study is that the Atlantic dipole is not strongly influenced by
remote or global patterns but depends on local mechanisms. However,
other studies have indicated that at least in the southern tropical Atlantic,
SST anomalies are correlated with ENSO interannually (Enfield and Mayer
1997; Hastenrath et al. 1987; Curtis and Hastenrath 1995), and in the north-
ern tropics, links to the North Atlantic Oscillation are possible (Lamb and
Peppler 1992; Kawamura 1994). The mechanism proposed by Chang et al.
(1997, 1998) also requires that shifts between phases of the dipole are trig-
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Figure 8
The Atlantic dipole-like
variability as illustrated by
a joint singular value de-
composition (SVD) analy-
sis of monthly mean ocean
surface data from 1950–
1989 AD. The data source
is the reprocessed Com-
prehensive Ocean-Atmo-
sphere Data Set (COADS).
The upper panel shows
the spatial structure of the
first SVD mode. Contours
show SST anomaly in °C.
Vectors depict wind stress
anomalies. Colors indicate
the strength of surface
heat flux anomalies in
W/m2. The first SVD mode
explains about 45% of the
total squared variance in
this coupled system and
has a dipole-like SST pat-
tern with maximum ampli-
tudes at about 15°S and
15°N. The lower panel
shows two associated
time series (in red, the
first SVD of Atlantic SST
anomalies; in blue, the
first SVD of Atlantic atmo-
spheric variation. The time
coefficients have been
normalized by their own
standard deviations. From
Figures 1a and 1b of
Chang et al.(1997). Re-
printed by permission from
Nature 385:516–518,
copyright 1997 Macmillan
Magazines Ltd.
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gered by circulation changes that alter cross-equatorial heat transport.
Testing these hypotheses is an intriguing target for coral-based paleocean-
ography (Figure 9), which can provide reconstructions of the dipole over
longer time frames than used by the studies cited here and perhaps sug-
gest or rule out mechanisms of long-term variation.

1.4 Tropical Variability under Altered Background
Climates and Boundary Conditions

Well dated, seasonally resolved paleoclimate records extracted from fos-
sil archives may be uniquely suited for documenting seasonal to interan-
nual changes in important climatic systems under altered boundary con-
ditions or during different background climate states. Targets for such
investigation could include ENSO, the monsoons, trade winds, and coastal
upwelling systems. Seasonal surface temperature gradients across the
ocean basins drive atmospheric circulation; these may have been very
different in the past. Corals are capable of revealing subtle changes in SST,
rainfall, and evaporation within the annual cycle, and can provide clues
about how seasonal climate responds to large-scale forcings and back-
ground changes. These data sets will be particularly useful for understand-
ing the sensitivity of climatic processes to global climate change, at time
scales that are relevant to society.

The nature of tropical involvement in past climate change remains
poorly understood but may provide clues about the potential importance
of the tropics in future changes via feedback or amplification mechanisms.
Addressing this issue requires robust estimates of both past mean condi-
tions and past variability. Several outstanding issues in paleoclimate re-
search are particularly well suited to investigation using fossil corals. For
instance, reconstructing tropical SST is a classic problem in paleocean-
ography. This condition holds today; the precise measurement of the Sr/
Ca ratio in coral aragonite by thermal ionization mass spectrometry (TIMS)
or inductively-coupled plasma atomic emission spectroscopy (ICP-AES) of-
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Figure 9
Comparison of a compos-
ite annual δ18O record
from two Venezuela corals
(red line) with the Compre-
hensive Ocean-Atmo-
sphere Data Set (COADS)
SST from the relevant
2x4° grid (blue line) and
the time series of the
northern mode of tropical
North Atlantic SST
(Houghton and Tourre
1992; magenta line). The
coral data appear to re-
flect regional SST variabil-
ity, which in turn corre-
lates with the northern
mode of the Atlantic “di-
pole.” Although few reefs
exist within regions influ-
enced by the dipole, these
data suggest that corals
from Venezuela may con-
tain information needed to
reconstruct at least the
northern component of
this pattern (Cole 1996).
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fers a promising thermometer for reconstructing SST of the distant past
(Beck et al. 1992; Guilderson et al. 1994; Shen et al. 1996, Alibert and
McCulloch 1997; Gagan et al. 1998; Schrag 1999). The applicability of this
technique to fossil corals depends to a large degree on the stability of the
Sr/Ca ratio of seawater through time. This condition holds today because
high-precision measurements of Sr/Ca in modern reef waters show little
variability, equivalent to offsets of only 0.2°C in reconstructed SST (de
Villiers et al. 1994; Shen et al. 1996). However, recent models by Stoll and
Schrag (1998) suggest that dissolution of Sr-enriched aragonite exposed
on continental shelves during sea-level low stands (i.e. the LGM) will in-
crease the Sr/Ca ratio of glacial seawater, potentially producing “cool”
artifacts of 1–2°C in reconstructed SST. Nevertheless, the Sr/Ca ratio of
seawater should remain sufficiently stable during interglacial sea level
high-stands to provide paleo-SST reliable to ±0.5°C.

Paleotemperature estimates from the Sr/Ca ratio of corals from the
Caribbean and western Pacific indicate that tropical SST was 5–6°C cooler
than today during the late stages of the last glacial maximum (LGM)
(Guilderson et al. 1994; Beck et al. 1997). Although more coral paleotem-
perature data are needed, these early results suggest that the envelope of
potential SST change in the tropics may be large, in contrast to the CLIMAP
LGM SST reconstruction for the tropics, which indicates little or no change
(CLIMAP 1976). Paleoclimate data for temperate and polar regions suggest
that the ensuing Holocene climate may have been complex, with abrupt
alternation between cool and warm periods at high latitudes and substan-
tial hydrologic variability at low to mid-latitudes (Sirocko et al. 1993; Fisher
et al. 1995; Lamb et al. 1995; O’Brien et al. 1995; Overpeck 1995; Alley et al.
1997; Stager and Mayewski 1997; Woodhouse and Overpeck 1998). The
global climatic expression of these events, and the potential role of the
tropics in their forcing, remains unclear and needs to be investigated. Key
time slices for exploring potentially rapid cooling, followed by abrupt
warming, in the tropics include the Younger Dryas (10.5 ka 14C yrs), the 8.2ka
cooling (Alley et al. 1997), the mid-Holocene (ca 5 to 7 ka; Lamb et al. 1995),
the beginning of the Medieval Warm Epoch (ca 1000 AD; Keigwin 1996), and
the Little Ice Age (ca 1500 to 1900 AD; Bradley and Jones 1993). High-reso-
lution records from fossil corals will allow us to check the global extent of
these events and the response of important climate systems such as the
ENSO and monsoon.

Fossil coral paleotemperature data could also shed light on the debate
about self-regulation of SST in the tropical warm pool regions. Previous
studies have suggested that the long-term mean SST in the tropics can-
not warm beyond about 30°C because of negative feedbacks in the radia-
tion balance of the surface ocean and atmosphere (Ramanathan et al. 1989;
Ramanathan and Collins 1993; Waliser and Graham 1993). Coral SST recon-
structions from periods when the earth may have been warmer than today
could provide hard evidence on whether or not this apparent SST maxi-
mum can be exceeded. Key time slices that could shed light on this impor-
tant question might include the last interglacial (125 ka), and the mid-Ho-
locene (8 to 5 ka).



ANNUAL RECORDS OF TROPICAL SYSTEMS (ARTS)

20

In addition to their use as ocean thermometers, the correlations ob-
served between the ratios of  coral Sr/Ca (Beck et al. 1992), U/Ca (Shen and
Dunbar 1995; Min et al. 1995), Mg/Ca (Mitsuguchi et al. 1996) and δ18O may
also make it possible to determine sea-surface δ18O, by removal of the
temperature component of the coral δ18O signal (Figure 10). Maps of sea-
surface δ18O could be produced to estimate variations in the volume of the
planetary ice caps. If the strong correlation between seawater δ18O and
salinity holds through time (Rohling and Bigg 1998), it may be possible to
produce maps of sea surface salinity that can be used to track changes in
water balance over the tropical oceans (cf Gagan et al. 1998) as well as
varying surface circulation patterns.

Such records are important, particularly for periods when the tropics
may have been warmer than today. For instance, recent work has shown
that even a small increase in tropical SST (on the order of 0.5°C) leads to
a marked increase in oceanic evaporation and precipitable water in the
atmosphere, both on the order of 20% (Flohn et al. 1990). Model simula-
tions show that the tropical hydrological cycle and latitudinal gradients in
SST may drive changes in the mid-latitude atmospheric circulation (Rind
1998). Coral records of the distant past could yield new insights into the
links between the hydrological cycle and tropical SST and the degree to
which water vapor in the tropics may contribute to the recent warming
trend.

Figure 10 shows an example of changed tropical ocean mean tempera-
tures and variability reconstructed from a Great Barrier Reef coral. A 12-
year coral record from 5,350 14C years ago provides evidence that relative
to today, background SST were warmer by about 1.2°C and that continen-
tal runoff was much less variable (Gagan et al. 1998). The pattern of cooler
SST and reduced runoff associated with ENSO anomalies in this region
today is not seen in any portion of this record. These data, although pre-
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Figure 10
Comparison between sea
surface temperatures cal-
culated from coral Sr/Ca
ratio (blue curves) and
δ18O (upper red curve) for
modern (left) and 5,350 yrs
BP (right) Porites corals
from Orpheus Island, cen-
tral Great Barrier Reef,
Australia. Differences in
seawater δ18O (lower red
curves), relative to the
modern mean, are ob-
tained by removal of the
temperature component of
the δ18O signal (∆δ18O).
The horizontal lines show
the mean ∆δ18O of seawa-
ter, as defined by the
seven ∆δ18O values
(squares) falling in the
austral winters (vertical
lines). Relative to the mid-
Holocene, the modern
coral indicates cooler av-
erage water temperatures
(by 1.2°C and the charac-
teristic interannual vari-
ability in salinity
(~δ18Oseawater) that accom-
panies the ENSO cycle
(from Gagan et al. 1998).
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liminary, are consistent with archeological and paleoclimatic data from South America suggesting
a very different pattern of ENSO influence prior to 5,000 years ago (Sandweiss et al. 1996, Rodbell
et al. 1999). Pollen data from Australia also support this interpretation; taxa adapted to the inter-
mittent drought associated with the modern ENSO today are not present before about 5,000 yr
BP (Shulmeister and Lees 1995; McGlone et al. 1992).
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2.1 Corals

Massive corals from the tropical ocean are the only known paleoclimate
archive that offer both the annual resolution and multicentury record
length needed for quantification of seasonal-centennial changes in the
tropical surface ocean (summary in Dunbar and Cole 1993). Most reef
corals live at depths <20 m and grow continuously at rates of 6–20␣ mm/yr,
with most species producing annual density bands that provide time
markers for the development of long chronologies (Figure 11). Coral skel-

2. The Tools for ARTS

Figure 11
X-radiograph (left) and
photograph of a coral slab
illuminated under ultravio-
let light. White numbers
indicate assigned year of
growth. The coral core
was collected from a
4␣ meter high specimen of
Porites lutea from Malindi
Marine Park, Kenya. This
photograph shows the up-
per 20 cm (1994 to 1978
AD) of a chronology that
extends back to 1692 AD.
Centimeter ruler is at left.
The X-radiograph reveals
annual variations in coral
skeletal density that result
from small changes in the
relative magnitude of ex-
tension rate versus calcifi-
cation rate. The bright
bands that result from vi-
sual wavelength fluores-
cence under excitation
with ultraviolet light most
likely result from terres-
trial organic substances
that are incorporated into
the coral skeleton during
the annual pulses of river
runoff. Both X-ray and UV
bands can be correlated
between cores from a
single head and between
cores from within a site
and thus comprise useful
chronologic and cross-dat-
ing tools. From R. Dunbar
and J. Cole.
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etons have provided new information on environmental changes in surface
ocean conditions over the past several centuries in many regions of the
tropics (Druffel 1982; Isdale 1984; Isdale et al. 1998; Shen et al. 1991, 1992a;
Cole et al. 1993; Quinn et al. 1993, 1998; Dunbar et al. 1994, 1996; Linsley
et al. 1994; Tudhope et al. 1995, Charles et al. 1997; Crowley et al. 1997). A
summary of highlights is given below.
1) Worldwide, 15 to 20 coral-based climate records extending back to at

least the mid 1800’s AD are currently available or nearing completion
(Figure 12). An additional 20 to 30 records extend back 50 to 100 years
from the present. Since reliable instrumental records of past SST vari-
ability in the tropics rarely extend prior to about 1940, these coral re-
cords are highly useful for studies of decadal climate variability as well
as stability and linkages within the climate system at interannual time
scales.

2) Many coral records have absolute annual chronologies, wherein annual
age assignments are based on multiple independent and consistent
age-dating criteria. However, many other coral records are assigned
age accuracies of about 1%, based on uncertainties in the parameters
used to assign ages. Application of cross-dating and multiple age-spe-
cific tracers should allow most coral records to achieve true annual
chronologic precision. Many coral records provide sub-annual resolu-
tion, on the order of bimonthly to seasonal.

3) The aragonite skeleton of reef-building corals carries a diverse suite of
isotopic and chemical indicators that track water temperature, salinity,
and isotopic composition as well as site-specific features including
turbidity, runoff, and upwelling intensity. At this early stage in the ex-
ploration of coral records of climate, few have been calibrated by multi-
year in-situ monitoring studies. Investigators typically rely on correla-
tions (both near-field and far-field) between their proxies and gridded
data sets of SST or rainfall, or with standardized indices of phenomena
such as ENSO.

Sites with coral paleoclimate data
records that extend beyond 120 years
(most are published).
Sites where coral cores have been
recovered (including many of >120 years)
and data collection is underway.

4

7
8

5

6

3 1
2

9

SST(°C)

18 21 24 27 30

10
11

12

Figure 12
Tropical SST’s and loca-
tions of current coral pa-
leoclimate research. Mean
January SST map from
NMC SST data available
at http://ingrid.ldgo.co-
lumbia.edu; coral sites
represent the work of
many investigators and
may be incomplete. Re-
cords that extend beyond
about 120 years are
shown in magenta; gray
circles represent both
sites where long records
are in progress and
shorter published records.
Numbered sites are men-
tioned in text:
1.␣ Galápagos; 2. Panamá
(Chiriquí); 3. Tarawa (Kiri-
bati); 4. Kiritimati Island
(Line Islands, Kiribati);
5.␣ Nauru; 6. Vanuatu;
7.␣ New Caledonia;
8.␣ Abraham Reef, Great
Barrier Reef; 9. Cebu, Phil-
ippines; 10.␣ Seychelles;
11. Malindi, Kenya;
12.␣ Bermuda.
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4) Corals from equatorial and near-equatorial sites in the Pacific basin and
central Indian Ocean record past ENSO variability, through ENSO’s
impact on SST, SSS or a combination of the two. Most coral records
show changes in dominant periods of variance going back through time
at time scales ranging from annual to multidecadal.

5) Most of these records reveal surprisingly large variability at decade to
century time scales. Most are consistent with long-term warming of
SST by 0.5 to 2°C since the early 1800’s. Rainfall-sensitive sites also
suggest long-term variability in tropical precipitation.

6) Some western Pacific records show SST variability related to volcanic
events during the past 3 centuries (Crowley et al. 1997).

7) Coral records from a few sites (including published records from
Tarawa, Galápagos, Christmas, and Seychelles, and unpublished re-
cords from the central Pacific islands of Fanning, Aranuka, Maiana, and
Nauru) exhibit exceptionally strong correlations to instrumental ENSO
and/or SST indices. These sites also indicate changes in the strength of
the annual cycle of either rainfall or SST through time.

2.1.1  Stable Isotopes
Many coral studies have relied on oxygen isotopic measurements because
they are easy to obtain and relatively straightforward to interpret. The
stable isotopic content (particularly δ18O, the 18O/16O ratio) of coral carbon-
ate provides a useful history of environmental variability. Coral aragonite
δ18O records SST variability, usually according to the standard paleotem-
perature relationship for carbonates. The isotopic composition is offset by
a biological non-equilibrium component that appears to be stable through
time, as long as a consistent (and maximum) growth axis is sampled (We-
ber and Woodhead 1972; Dunbar and Wellington 1981; Pätzold 1984; Mc
Connaughey 1989; Winter et al. 1991; Shen et al. 1992a; Gagan et al. 1994;
Leder et al. 1996; Swart et al. 1996; Wellington et al. 1996). When seawater
δ18O is variable (a function of hydrologic balance: precipitation, evapora-
tion, and runoff), this component is also incorporated into the skeletal δ18O
(Dunbar and Wellington 1981; Swart and Coleman 1980; Cole and Fairbanks
1990; Gagan et al. 1994; Linsley et al. 1994). Long records of coral δ18O have
been used to develop precipitation reconstructions from sites where sea-
water δ18O correlates with rainfall (Cole et al. 1993; Linsley et al. 1994)

The carbon isotopic signal in corals is less straightforward to interpret
in climatic terms, due to interactions with physiological processes that
involve large fractionations (Swart 1983). In some cases, correlation be-
tween δ13C and light intensity has been interpreted to reflect insolation
(cloudiness) variability (Fairbanks and Dodge 1979; Weil et al. 1981;
McConnaughey 1989) or water clarity (Wellington and Dunbar 1995;
Grottoli-Everett and Wellington 1999). In other cases, δ13C correlates poorly
with environmental variables, and the signal may differ greatly among
adjacent corals or even different sampling transects within a core [J. Cole,
R. Dunbar, B. Linsley, unpublished data]. Spawning may also cause skel-
etal δ13C variations (Gagan et al. 1996). A potential linkage between δ13C
variability and nutrient or food availability has been noted (Grottoli-Everett
and Wellington 1999; Felis et al. 1998). At present, there are few published
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indications that highly useful climate information can be derived from
carbon isotopic time series in corals. Nevertheless, 13C/12C data is normally
collected simultaneously with 18O/16O ratios during coral analysis and a
large body of archived δ13C data is currently available (although often not
in publicly accessible electronic archives). At a few sites, δ13C information
will likely contribute semi-quantitative information on water column or at-
mospheric properties. At many other sites, δ13C may be useful in resolving
or cross-checking coral chronologies.

2.1.2 Elemental Indicators
Development of elemental indicators in corals continues to accelerate.
Skeletal constituents known to cycle seasonally in response to environ-
mental forcing include Sr, Mg, U, Ba, Cd, Mn, Cu, B, and F. The con-
centrations of these elements in coralline aragonite have been variously
proposed as proxies for temperature, salinity, vertical mixing, lateral ad-
vection, and wind events. Whether these tracers ultimately meet the needs
of ARTS depends on our understanding of their controls, their sensitivity
to signals of interest, and our analytical capability to deliver sufficient
amounts of high quality chemical data. In spite of remaining uncertainties
on details related to these indicators, independent crystallographic, ther-
modynamic, and oceanographic studies are ongoing and specific environ-
mental controls and incorporation mechanisms are being identified and
quantified. For example, inroads are being made in the determination of
tracer incorporation at the crystal level: x-ray absorption fine structure
(XAFS) spectroscopy has revealed that Ba2+ appears to substitute for Ca2+

in the aragonite lattice (Reeder 1996) – a pivotal but unproven hypothesis
of Lea et al. (1989).

In terms of environmental controls, perhaps the best characterized is
the behavior of Sr in aragonite - a system that has recaptured much atten-
tion over the last five years as precise measurement techniques enable SST
reconstruction with sufficient accuracy for key climate questions (Beck et
al. 1992; de Villiers et al. 1994; McCulloch et al. 1994; Shen et al. 1996;
Mitsuguchi et al. 1996; Gagan et al. 1998; Schrag 1999). With the exception
of the de Villiers et al. study, Sr/Ca appears to be a robust thermometer in
reef corals (Figure 13). In combination with δ18O, surprisingly subtle varia-
tions in temperature and hydrologic balance can be discerned (Figure 10;
Gagan et al. 1998). The apparent influence of growth rate on Sr/Ca (de
Villiers et al. 1995) has not been seen by other groups (C. Alibert, M.
McCulloch, pers. comm.; T. Lee, pers. comm.). Temperature-Sr/Ca calibra-
tions from a variety of oceanic environments are converging on a common
paleotemperature relationship (Shen et al. 1996; M. Gagan, pers. comm.
1996); the main complications appear to be variable Sr/Ca of seawater and
interspecies offsets (de Villiers et al. 1993; Shen et al. 1996) - both of which
can be controlled sufficiently for paleoclimatic studies. A new high preci-
sion (±0.1%) method of Sr/Ca determination via inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using frequent compari-
son of sample unknowns to a reference solution (Schrag 1999) greatly in-
creases sample throughput and may catapult this tracer to the forefront of
coral paleoclimate analytical strategies.
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Other temperature-sensitive elements include U, Mg, and potentially
B and F. Of these, Mg, although not completely free of additional influ-
ences, shows the greatest promise as an additional temperature proxy
(Figure 13; Mitsuguchi et al. 1996). Nevertheless, additional calibration
work is needed on all elemental tracers. Shen and Dunbar (1995) suggest
that coral U/Ca ratio may depend on both temperature as well as seawa-
ter U concentration - thus this indicator should also record salinity. Con-
centrations of Cd, Ba, and Mn in corals reflect elemental concentrations of
seawater associated with upwelling in the eastern equatorial Pacific (Linn
et al. 1990; Shen et al. 1987, 1991, 1992a). Mn/Ca ratios at Tarawa correspond
to anomalous westerly winds, an important ENSO forcing factor in the
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Figure 13
Comparison between SST
(dashed line) and varia-
tions of Mg/Ca and Sr/Ca
ratios and δ18O (solid
lines) in a specimen of
Porites lutea collected
from Yasurazaki, Ishigaki
Island, Ryukyu Islands, Ja-
pan over the period 1986–
93. The time resolution for
SST and these tracers is 3
weeks.
(A) The Mg/Ca-SST linear
correlation is r = 0.923.
Analytical error bars cor-
respond to an uncertainty
of ±0.5°C.
(B) The Sr/Ca-SST linear
correlation is r = 0.853).
Analytical error bars cor-
respond to an uncertainty
of ±1.6°C.
(C) The 18O-SST linear cor-
relation is r = 0.877. Ana-
lytical error bars corre-
spond to an uncertainty of
±0.4°C.
Modified from Mitsuguchi
et al. (1996).
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central and western equatorial Pacific (Shen et al. 1992b). The mechanism
of this recording system, however, suggests strong site specificity, as
westerly winds remobilize Mn from Tarawa lagoon sediments and disperse
it towards portions of the atoll’s living coral communities.

New tracers raise intriguing possibilities. Coralline F may offer a new
salinity tracer if it responds with a cubic dependence on salinity as hypoth-
esized for foraminiferal calcite (Rosenthal and Boyle 1993). This depen-
dence could account for the 50% variability observed in F/Ca by Hart and
Cohen (1996) at Two-Mile Reef, South Africa. A geochemical basis for B
isotope variability can be readily argued; if corals take up B as HBO3

2- (Hem-
ming et al. 1995) the coral skeletal isotopic Ratio of B could reflect pH and
ΣδCO2 of reef waters (Gaillardet and Allegre 1995). Although the rapid in-
crease in numbers of known and potential environmental proxies in cor-
als has outpaced our understanding of the underlying physics and chem-
istry, it is nonetheless clear that more paleoenvironmental information is
available than can be inferred from δ18O alone.

Optimally, by combining as many of the above proxies as possible, tem-
perature and salinity can be reconstructed with multiple redundancy for
both parameters. For SST reconstruction to within ±0.5°C, using these
potential thermometers we need to be able to measure elemental ratios
with the following precisions: Sr/Ca: 0.35%; U/Ca: 2%; Mg/Ca: 1.5%; B/Ca:
2%; F/Ca: 2%. Estimates for B and F are based on the relation between their
seasonality and δ18O, however these new tracers may also be dependent
on other aspects of seawater chemistry such as salinity and/or alkalinity.
For example, if U/Ca records SST and salinity (Shen and Dunbar 1995), a
1‰ salinity change should appear as a U/Ca decrease of 3%. If a cubic
dependence of F on salinity holds true in corals, a 1‰ salinity change (34‰
to 35‰ = 3%) would be reflected as a 27% change in skeletal F/Ca! The
above elements have been measured in corals by the following techniques:
thermal ionization mass spectrometry [TIMS] (Sr), inductively coupled
plasma mass spectrometry [ICP-MS] (U, Ba, Sr, Mg), inductively coupled
plasma atomic emission spectroscopy [ICP-AES] (Sr, Mg), graphite furnace
atomic absorption spectroscopy [GFAAS] (Cd, Mn) and ion microprobe
[IM] (Ba, Mg, Sr, F, B). These techniques all have advantages and drawbacks
in terms of precision, analytical expense, and throughput. For example,
analyses that use TIMS and GFAAS are time consuming and may not be
the method of choice for most ARTS data acquisition efforts (compare the
average TIMS throughput of 6-10 samples/day with isotopes and ICP-based
metal analyses at 40-200/day).

2.1.3 Radiocarbon as a Tracer of Ocean Circulation
Radiocarbon (14C) contained in dissolved inorganic carbon in seawater
(DIC) is a transient tracer useful for determining past changes in ocean
circulation. Radiocarbon is produced both naturally in the upper atmo-
sphere and as a result of thermonuclear testing which peaked in the 1950’s
and early 1960’s. During pre-bomb and post-1970 periods, the main con-
trols on ∆14C in the surface ocean are horizontal advection and vertical
mixing. Immediately following the onset of nuclear testing, 14C levels in the
upper ocean dissolved carbon pool increased by 150 to 250‰, producing
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Figure 14
Locations of coral based ∆14C records in relation to the mean annual SST and surface currents. The longi-
tudinal changes in ∆14C correlate with SST. Upwelling in the eastern equatorial Pacific brings cold, low
14C water to the surface. This water is then advected to the warm pool where it mixes with high 14C wa-
ter from the sub-tropics. The records from French Frigate Shoals and Viti Levu (Fiji) are from the literature
and are the source of high 14C water to the warm pool. New AMS-14C (±4‰) records from Nauru and the
post-bomb Galapagos are also shown. The long-term trend in the individual records reflects the uptake
of bomb 14C in the ocean. The Nauru ∆14C record is dominated by interannual variability (up to 80‰) in
concert with the oceanic manifestation of ENSO. During the warm phase of ENSO (El Niño), the western
equatorial Pacific has higher ∆14C indicative of a larger component of subtropical origin water. During the
cold phase of ENSO (La Niña), stronger than average trade winds increase the upwelling in the eastern
equatorial Pacific and decrease the time that it takes to advect the newly upwelled water across the Pa-
cific, resulting in low ∆14C in the western equatorial Pacific. Maximum ∆14C during El Niño events tend
to lag the corresponding Niño-3 SST anomaly by 3–4 months whereas the return to more negative ∆14C
is in phase. This implies that during the termination of El Niño events there is rapid transport of water
across the equatorial Pacific in as little as several months. From Guilderson et al. (1998), Druffel (1987),
and data from Toggweiler et al. (1991) and Guilderson and Schrag (1999) with M. Kashgarian and J.
Southon.
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a steep gradient in ∆14C that is preserved in coral skeletons and can be used
to track water mass movements (Figure 14). ∆14C is influenced to some
extent by air-sea exchange but the equilibration time is on the order of a
decade. Only when bomb 14C was increasing rapidly in the 1960’s was gas
exchange a primary controller of surface ocean ∆14C. Biological processes
have a negligible effect on DI14C. Thus, unlike temperature and salinity, ∆14C
is a nearly conservative tracer in surface waters. Coral ∆14C data augments
an instrumental record that contains significant spatial and temporal bi-
ases. The bomb-induced 14C transient is providing exciting views into the
dynamics of the modern ocean (e.g. Toggweiler et al. 1991). For example,
Guilderson and Schrag (1998) used subannual ∆14C measurements from a
Galápagos coral to argue that the important 1976 “Pacific climate shift” was
unrelated to subsurface advection of a warm North Pacific thermal
anomaly as has been postulated by Zhang et al. (1998).

In another study, Bermuda coral ∆14C measurements revealed a factor
of 3 decrease in water mass renewal (ventilation) rates in the Sargasso Sea
during the 1970’s (Druffel 1989, 1997). In these types of studies, coral δ18O
or other temperature records may be used to distinguish between two
types of ocean mixing. For example, a change in SST would suggest a
change in upwelling rate as the cause of a ∆14C shift. Circulation changes
associated with ENSO across the tropical Pacific can also be readily dis-
tinguished at many sites (e.g. Druffel 1981; Guilderson et al. 1998). The long
half-life of this tracer also permits its use further back in time. Annual and
seasonal ∆14C records have been reconstructed from banded corals for the
past few centuries from several sites (e.g. Druffel 1981, 1982; Nozaki et al.
1978; Druffel and Griffin 1993).

2.1.4 Existing Records from the Pacific
The tropical Pacific has been a common focus of many coral paleoclimate
studies (labeled sites in Figure 12), due to the importance of ENSO in glo-
bal climate variability and the presence of long-lived coral heads. In the
eastern Pacific, a comprehensive network of coral climate reconstructions
is developing (Druffel 1981; Druffel et al. 1990; Linn et al. 1990; Shen 1996;
Shen et al. 1991, 1992a; Dunbar et al. 1994, 1996; Linsley et al. 1994, 1999;
Wellington and Dunbar 1995; Wellington et al. 1996; Carriquiry et al. 1988,
1994, 1998). A 370-yr δ18O record from the Galápagos Islands reveals strong
interannual through multi-decadal variability in eastern Pacific SST in a
fashion that suggests that ENSO-like processes are operative at decadal
and longer periods. In Panamá, a 280-yr δ18O record from a rainfall-sensi-
tive site indicates decadal periods in the strength and/or position of ITCZ-
related precipitation and a long-term increase in either rainfall or SST.
Decade to century variance in these Galápagos and Panamá records ap-
pears to be anticorrelated, consistent with a southward displacement of the
ITCZ during warmer periods in the Galápagos (Dunbar et al. 1996).

Previous work on corals in the central Pacific has focused on the islands
of central/north Kiribati (near 1°N, 172°E; Cole and Fairbanks 1990; Cole et
al. 1993, Shen et al. 1992b) and the Line Islands (~160°W; Druffel 1985;
Evans et al. 1999; Dunbar and Linsley, in preparation). In this region, the
combination of warm and wet anomalies during ENSO warm phases works
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in phase to generate lower coral skeletal δ18O. Simple calculations based
on observed variability indicate that local rainfall variations can produce
a seawater δ18O signal sufficient to yield the observed coral δ18O variabil-
ity (Cole and Fairbanks 1990; Cole 1992). The δ18O record from Tarawa cor-
als (to 1894 AD) correlates with instrumental ENSO indices at levels simi-
lar to instrumental data from individual Pacific sites (Cole et al. 1993), a
result also seen in Porites corals at Christmas Island (Evans et al. 1999). The
Tarawa record shows that seasonal and interannual variability have varied
together over the past century, with stronger seasonal cycles accompany-
ing periods of reduced ENSO amplitude within and beyond the tropical
Pacific, and that the recent warm period since 1976 is unprecedented in the
past century. Comparison of the Tarawa records with isotopic data from
cores from nearby atolls reveals regional reproducibility of the ENSO sig-
nal in the δ18O data over tens of kilometers and several decades (Urban et
al. 1998).

In the western Pacific, decadal variability of SST or rainfall is implicated
at Vanuatu by a persistent 14-yr period in a δ18O record (Quinn et al. 1993).
A 3-century record from New Caledonia shows evidence for SST variabil-
ity related to volcanic activity (Crowley et al. 1997). Indonesian corals re-
veal interannual variability in δ18O that is strongly correlated with the
Southern Oscillation (Fairbanks et al. 1997). A 3-century record from
Abraham Reef (Great Barrier Reef) has been interpreted as reflecting
changes in ocean circulation off NE Australia (Druffel and Griffin 1993).
Other records are available or are being developed in the Philippines, Thai-
land, Taiwan, Fiji, New Guinea, Tahiti, and the Cook Islands (Pätzold 1984;
Moore 1995; Boiseau et al. 1998; Cole 1998; Lee, Tudhope, Linsley/
Wellington, Cole/Shen, personal communications).

Some regional isotopic events and trends can be explained in terms of
variability in key climatic systems of the Pacific. For example, the driest/
coolest interval at Tarawa (1955–56) corresponds with a very dry/cool pe-
riod at Espiritu Santo (southwest Pacific) and a warm/wet period at Cebu
(Philippines). These observations are consistent with a westward contrac-
tion of the warm pool and consequent local anchoring of the Indonesian
Low during a strong La Niña (1955 through early 1957). Cook (1995) dis-
cusses another multi-decadal inverse relationship between SST’s derived
from the Urvina Bay record, a Great Barrier Reef SST index derived from
coral growth band thickness (Lough et al. 1996), and the Abraham reef δ18O
record (Druffel and Griffin 1993). These results are consistent with ENSO
warm mode conditions raising eastern Pacific SST’s but causing drought
and slight cooling in northeast Australia and suggest that ENSO-type vari-
ability may operate over long time scales. Most of these long coral time
series have only recently become available and this short discussion is not
meant to forecast the results of comprehensive synthesis effort. However,
the results thus far are intriguing enough to warrant further data acquisi-
tion and initial attempts at quantitative synthesis.

Outside the Pacific, long-term records are emerging from the Indian
Ocean that appear to reflect large-scale variability. In the Seychelles, inter-
annual variability in a δ18O record is strongly linked to ENSO, and decadal
variations may be related to long-term monsoon variability (Charles et al.
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1997). A 200-yr record from Kenya (Dunbar and Cole, unpublished) exhib-
its strong decadal variability and agrees with the Seychelles record in dis-
playing a long-term warming trend up to the present.

2.1.5 Remaining Issues and Challenges in Utilizing Recent Coral Records
Despite past successes in the use of corals for paleoclimate reconstruction,
many issues regarding their utility remain to be resolved. These include:
1) Chronology: Many key applications of coral paleoclimate records de-

pend on establishing accurate annual chronologies. Most long time
series are initially dated via the use of annual density bands. The annual
periodicity of density banding has been documented in many species
of corals over a wide geographic range (Weber et al. 1975; Knutson et
al. 1972; Dodge and Thomson 1974; Wellington and Glynn 1983). The
exact causes of this banding are under ongoing investigation; an un-
derstanding of many relevant details is emerging from recent work
(Barnes and Lough 1993 and references therein; Dodge et al. 1994).
Some corals have such clear banding that chronology development is
relatively straightforward, but at many sites, growth bands are indis-
tinct. In addition, because density banding derives from changes in
growth and calcification rates, often related to reproduction and sea-
sonal changes in productivity, possibilities exist for more or less than
1 band per year in settings where the annual cycle is weak. Methods
adapted from dendrochronology, especially cross-dating of multiple
cores from a site, are essential for achieving annual and absolute
chronologic precision over long time scales. In addition to density
bands, any physical or chemical tracer that exhibits regular seasonal
cycling can be used for chronology development, including δ18O, δ13C,
many trace elements, and fluorescent banding.

2) Calibration: Few sites have been calibrated via in situ monitoring of SST
and SSS, and regular water sampling for δ18O and chemistry. Although
empirical relationships have been established between various isoto-
pic and trace element proxies and regional climate indices, uncertain-
ties remain about the partitioning of the coral-derived signals among
specific climate forcing mechanisms. Even after in situ calibrations are
accomplished, we cannot be certain that the modern partitioning we
observe (e.g. between salinity and temperature in a δ18O record) also
applies several centuries in the past. Nevertheless, calibration studies
help establish the causal mechanisms for both isotopic and elemental
variability in coral time series and serve to improve the accuracy of our
climate reconstructions. An example of a multi-sample calibration study
from Galápagos is shown in Figure 15 (Wellington et al. 1996).

3) Coral Growth Issues: Recent anecdotal suggestions of biological causes
of long-term variability in coral δ18O and trace element content have yet
to be documented via observation or experiment. There are no a priori
reasons to expect a strictly biological “aging” effect that would produce
spurious results at multi-decadal to century time scales, but signals at
these scales are generally small and this possibility should be investi-
gated by replication studies using corals of different ages (Linsley et al.
1999). A non-biological, yet local, cause of low frequency variability may
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be the accreting coral surface growing at shallower depths (by several
meters) as a colony ages. This may expose the coral growth surface to
waters of slightly different temperature, salinity, and light intensity at
some locations. A second growth issue is seasonal-annual “smooth-
ing” of the climate signal by calcification at depth below the surface of
the coral. Some calcification must occur within and at the base of the
living tissue layer (typically 3 to 10 mm thick). Since corals usually grow
at annual rates of 5 to 20 mm/yr, there is a possibility of signal attenu-
ation, especially in specimens with low growth rates and thick tissue
layers. Understanding this process is necessary for selecting an appro-
priate sampling resolution as well as establishing the time scale over
which the climate reconstruction is accurate - e.g. monthly vs. seasonal
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Figure 15
Profiles of δ18Oseawater, SSS,
δ18Ocoral, and SST from a cali-
bration study site in the
Galápagos Islands. Data shown
is for a specimen of Porites
lobata from Bartolome Island,
one of 9 coral specimens used
in 4 in situ calibration exer-
cises throughout the archi-
pelago. Water samples were
collected monthly and analyzed
for salinity and seawater isoto-
pic composition. Corals were
stained with alizarin red dye in
January 1993, June 1993,
January 1994, and June 1994,
to provide visible time marks
on the coral skeleton to allow
correlation of coral isotopic
data with seawater informa-
tion. Dashed lines represent
the means. In this example,
SST alone accounts for greater
than 89% of the variance in
coral δ18O. Similar results were
observed at 3 other sites in
Galápagos. From Wellington et
al. (1996).
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vs. annual vs. interannual. For example, McCulloch et al. (1994) dem-
onstrate that this effect is likely minimal in a coral sampled at 50
samples/yr with a growth rate of ~1.3 cm/yr.

4) Replication: There are several published and unpublished examples of
replication of isotopic and elemental time series in corals using cores
from within the same colony or within adjacent heads. Most show very
similar results; others show disturbing disagreement. It seems clear
that greater reliability should be given to climate reconstructions from
sites where multiple records show agreement and allow signal preci-
sion to be established based on differences between the records. This
has not yet been accomplished for most records over 100 years in
length. Multiple coring (and subsequent analysis) will also aid in the
development of accurate age assignments based on cross-dating. Rep-
lication will also allow us to distinguish long-term variations in coral
records that are due to large-scale climate changes from those that may
be due to either localized or biological artifacts.

5) Species issues: The utility of many coral species has not been fully
explored; investigators have concentrated on developing climate re-
cords from just a few species. In some cases, different taxa appear to
yield very similar results (e.g. compare records in Cole and Fairbanks
1990 and Cole et al. 1993; Dunbar et al. 1994; Urban et al. 1998). In other
cases, records from certain species have proven difficult to reproduce
even among adjacent colonies (e.g. Siderastrea siderea: Smith 1995;
Guzman and Tudhope 1998). Some species require very specific sam-
pling procedures for best results (Leder et al. 1996). In general, the
Porites species used in most Pacific and Indian Ocean studies appear
to provide very reproducible results if reasonable care is taken in sam-
pling (Tudhope et al. 1995; Linsley et al. 1999; Urban et al. 1998). A better
understanding of coral growth processes may be the key to develop-
ing specific sampling procedures for “difficult” species - e.g. sampling
specific skeletal growth elements may yield more accurate records of
climate (Leder et al. 1996).

6) Tracer calibration and incorporation: in many cases, a promising tracer
that appears to track environmental variability reliably in one setting or
over a few years may exhibit bizarre behavior in other regions or over
longer time periods. Based on widespread application, some tracers are
known to be more reliable than others. Our present understanding of
how geochemical tracers in corals record environmental variability is
often driven by observed correlations between records, rather than by
a full understanding of the relevant thermodynamic and physiological
constraints. More calibration and process studies will improve the
potential for multivariate reconstructions and will enable us to evalu-
ate which tracers should work best in specific situations.
In summary, there are several issues that remain to be addressed be-

fore we can assign accurate error estimates to most coral climate records.
Calibration and coral growth studies will help us understand what actually
produces the proxy signal at each site. Replication of longer records from
promising sites is essential for age-control and establishing the reliability
of the reconstruction. Existing strong empirical relationships and success-
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ful calibration studies lead us to expect that at some locations, high-accu-
racy, subannually resolved, multi-century climate reconstructions will be
forthcoming. Current data also suggests that corals from some sites will
remain difficult to interpret, for as yet mostly unknown reasons.

It is not too early to begin large-scale data syntheses, but such efforts
must recognize that each individual coral record comes with its own set of
uncertainties that are often site-specific. The impact of small chronology
errors can be minimized by looking at interannual or longer variability.
However, the reliability of isotopic and elemental tracers at each site may
also vary as a function of site-specific factors. The best approach for an
initial spatial synthesis may be to assign a reliability weighting according
to the degree of site-specific replication, calibration and/or agreement with
modern (post-1950 AD) instrumental indices. However, even if this is done,
such syntheses should remain flexible to include new data sets and reli-
ability rankings. We anticipate many developments during the next 5 years
and recommend that the acquisition of new, multi-century records at cli-
matically important sites continue in parallel with calibration, replication,
and synthesis exercises.

2.1.6 Fossil corals
Fossil corals offer a unique source of information on tropical climate vari-
ability throughout the late Quaternary. Several studies have used these
archives to provide information about past changes in tropical SST (Beck
et al. 1992, 1997; Guilderson et al. 1994; McCulloch et al. 1996, 1999), glo-
bal ice volume (Guilderson et al. 1994), hydrologic balance (Klein et al.
1990; Gagan et al. 1998), and ocean mixing (Edwards et al. 1993). The re-
construction of past variability from fossil coral samples benefits from the
diversity of known geochemical paleoenvironmental tracers and from the
ability of corals to provide seasonal reconstructions of sea-surface condi-
tions. Seasonally resolved paleoclimate data are particularly important for
reconstructing ENSO, monsoon systems, and seasonal oceanic upwelling.
Many fossil corals can be accurately dated (to within 1 to 3 percent of their
total age) by precise measurement of their 230Th/234U ratios (Edwards et al.
1987). Annual density bands, or annually varying geochemical tracers, can
then be used to achieve annual chronological control within individual
records.

Chronologically accurate, high-resolution, multivariate data sets ex-
tracted from fossil corals offer the promise of answering questions about
tropical climates that cannot be answered in any other way. New coral
paleothermometers, combined with oxygen and carbon isotope ratios, are
allowing us to explore the natural bounds in tropical SST’s, the hydrologi-
cal cycle, and ocean circulation during the last full glacial cycle. The glo-
bal climate change debate has led to renewed interest in analyzing corals
that grew during times when the earth was warmer than today, or warm-
ing rapidly. Although these climates of the past are not perfect analogues
for a CO2-warmed Earth (Crowley 1990), such records will certainly yield
perspectives on processes driving the climate system (Rind 1993).
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2.2 Tree Rings

Although corals provide substantial information on past variability in tropi-
cal marine areas, information on how this variability translates onto the
continents is also required. Are the linkages between tropical ocean-atmo-
sphere variations and extratropical climate, such as ENSO teleconnections,
consistent through time? Are they sensitive to changes in background cli-
mate, external forcings, and/or extratropical systems? Do these linkages
vary stochastically? Annually dated records of continental climate are re-
quired to address these questions. Tree-rings offer one of the best-docu-
mented and most extensively applied methods for annual climate recon-
struction, particularly in the temperate latitudes. Subtropical tree-ring
studies, particularly in monsoon regions, are expanding into regions where
strong seasonality in precipitation or (in alpine areas) temperature provide
the seasonal stimulus for ring formation. Low-latitude tree-ring analysis is
in its infancy, but is potentially of tremendous value to ARTS.

2.2.1 Temperate Tree-Ring Records
Tree-rings offer a long-standing and powerful technique for the reconstruc-
tion of climate in temperate and highly seasonal locations. Trees form
annual band couplets of early- and late-wood in response to seasonal
stimuli. At sites where climatic aspects are limiting to tree growth, the
width, density, and other aspects of these annual bands have been corre-
lated to climate variability with remarkable success. Physiological studies
confirm that tree-ring formation responds to climatic inputs, in site-spe-
cific ways depending on the limiting climate variable. For example, trees
growing in the arid southwestern US are likely to be limited by water avail-
ability and thus are promising candidates for drought reconstruction; trees
growing at Arctic treeline are likely limited by cold and thus provide bet-
ter records of temperature.

Site selection is a critical initial component of dendroclimate recon-
struction; a well-developed set of chronological and statistical procedures
is employed subsequently to confirm the presence of a climate signal in
a dendroclimatic study (e.g. Fritts 1976; Cook and Kariukstis 1991). First,
cores from many trees are compared, using standard cross-dating tech-
niques, to identify and eliminate age errors associated with extra or miss-
ing rings. This process ensures absolute annual dating of the final chronol-
ogy, composed of many individual cores, and enhances the climatic signal
over potential biological noise. Conservative standardization procedures
are usually applied to remove biological influences and persistence. Cli-
matic signals in ring-width, density, or other core-derived parameters are
then evaluated using standard calibration-verification techniques, by which
a statistical model is developed to relate climate to tree-ring parameters
over a limited calibration interval and then tested over an independent
period during which observational climate data are also available. If the
model verifies (performs as well in the verification interval as it did in the
calibration period), it is considered sufficiently robust for the quantitative
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reconstruction of climate variability. These techniques produce precisely
dated and quantifiable climate reconstructions based on the statistical
relationship between climate and tree growth.

Although ARTS has a tropical focus, our goals will benefit tremen-
dously from the wealth of existing dendroclimatic reconstructions in tem-
perate climates. These records are being compiled and incorporated into
reconstructions that enable evaluation of broad patterns of change in tem-
perature and moisture availability. We can use these to evaluate the
changing influence of tropical systems on the extratropics (e.g. ENSO
teleconnections or monsoon penetration) and to develop gridded fields
of climate reconstructions that can be directly compared with model
output for validation purposes (e.g. Cook et al. 1999; see Section 4 ). For
example, Cole and Cook (1998) use drought reconstructions from tree-
rings to evaluate the stability of teleconnected climate patterns over the
past 140 years (Figure 5). In regions where teleconnections to tropical
phenomena are clearly stable, we can develop reconstructions of tropi-
cal systems based on their extratropical influences. Stahle et al. (1998)
present a reconstruction of ENSO based on drought-sensitive trees from
the southwestern US, where ENSO’s effects are reasonably consistent.

More direct reconstruction of tropical phenomena from tree-rings has
begun, for example in Indonesia (D’Arrigo et al. 1994). Widespread appli-
cation of this approach will require advancements in our ability to develop
tropical and subtropical dendroclimate studies, a process that faces chal-
lenges described in the following section.

2.2.2 Tropical Tree-Rings
The extreme scarcity of long, exactly dated tree-ring chronologies from
tropical forests is the fundamental problem preventing the widespread
application of dendroclimatology in the tropics. The vast majority of tropi-
cal forest species do not produce anatomically distinct annual growth
rings, and therefore cannot be used for paleoclimate reconstruction given
our present understanding and technology. However, a small subset of
tree species native to the tropics has been conclusively shown to form
reliable annual growth rings, and a very few species within this subset
are also long-lived and sensitive to tropical climate variability. The key
challenge is to discover additional species that produce annual growth
rings in as many tropical climate regions as possible.

The absence of strong temperature seasonality, and thus no winter
dormant season, largely explains the lack of annual growth rings in most
tropical tree species. The legendary diversity of many tropical forests is
both a potential advantage and impediment to the search for species
useful to dendroclimatology. Tropical rainforests are the most diverse
forests on earth, and as many as 700 tree species have been counted on
10 selected hectares in Borneo, the same number of tree species native
to all of North America (Wilson 1986). Finding the very few species that
are suitable for dendroclimatology within this cascade of diversity can be
like searching for a needle in a haystack. Effective strategies for expedit-
ing this search need to be developed. Two simple strategies can be sug-
gested. First, in spite of the absence of strong temperature seasonality,



37

THE TOOLS FOR ARTS

To
ol

s

there is dramatic seasonality of precipitation in many tropical climates, and
this rainfall variability is often imprinted on the phenology of native plants.
Many tree species in unimodal rainfall regimes of the tropics are decidu-
ous and shed their entire canopy of leaves during the extended dry sea-
son. This deciduous habit is a major physiological event and does appear
to be associated with the formation of distinctive anatomical structures in
the xylem of certain trees, which can be used to identify the boundaries of
annual growth layers. Canthium burttii in western Zimbabwe, for example,
sheds all leaves during the extended winter dry season, and produces faint
microscopic structures that identify annual growth ring boundaries. Ring
width time series in C. burttii can be exactly synchronized among different
trees (i.e., cross-dated), and are significantly correlated with total rainfall
amounts during the wet season. Other tropical and subtropical species also
show promise; Figure 16 shows an example of variability in ring widths of
Pterocarpus angolensis compared with a regional precipitation index from
Zimbabwe (Stahle et al. 1999).

A second strategy for locating tropical species with annual growth rings
will be to simply expand upon previous successes, and evaluate other
species within a particular botanical family (or genus) that has already
produced one species suitable for tree-ring analysis. Tectona grandis (teak)
has been known for some time to produce annual growth rings under
certain tropical climate conditions. We now know that Vitex keniensis (Meru
oak) and Premna maxima, which along with T. grandis are members of the
family Verbenaceae, also produce annual growth rings under certain cir-

Figure 16
 A) Photograph of annual
growth bands in Pterocar-
pus angolensis from Siku-
mi Forest, Zimbabwe.
B) Time series comparison
of Pterocarpus angolensis
chronology from Sikumi
Forest, Zimbabwe, with
Sharon Nicholson’s region
60 precipitation for the
wet season (DJF; Nichol-
son 1994). Region 60 in-
cludes parts of Zimbabwe,
Zambia, Botswana, and
South Africa. The precipi-
tation data extends from
1900-1990. The tree ring
chronology extends from
1874 to 1994. During the
common interval, the data
sets correlate at r = 0.55.
From Stahle et al. (1999).
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cumstances in Kenya. Other botanical families that include tropical species
suitable for dendroclimatology include Pinaceae (e.g., Pinus kesiya and P.
merkusii in Thailand; P. montezumae and Abies religiosa in Mexico),
Taxodiaceae (Taxodium mucronatum in Mexico), and Rubiaceae (C. burttii
in Zimbabwe).

Long, exactly dated tree-ring chronologies that are sensitive to climate
variability in the tropics will provide an essential historical perspective on
several important climatological questions, including the decadal variabil-
ity of ENSO and its suite of climate teleconnections. One obvious priority
for tropical tree-ring research will be to target chronology development
within the centers of action of the Southern Oscillation, and within the
tropical and extratropical regions where strong and consistent climate
teleconnections to ENSO have been demonstrated in analyses of modern
instrumental data. For example, a significant fraction of the interannual
climate variability in the Gulf of Mexico sector may be directly linked to the
zonal position of equatorial convection over the central and eastern Pacific
via an enhanced and displaced low-level subtropical jet stream (Mo and
Higgins 1998). Apart from the ENSO system, long tree-ring chronologies
should be developed in other areas where climate teleconnections be-
tween the tropics and extratropics have been demonstrated [e.g., the Asian
monsoon; and the summer precipitation teleconnection between northern
Mexico and the central USA Corn Belt (Douglas and Englehart 1996)]. Also,
tropical regions where climate prediction schemes have been most suc-
cessful (e.g. northeastern Brazil, southern Africa) should be networked
wherever possible with long tree-ring chronologies to extend the time span
of proxy climate data in these key areas of opportunity for socioeconomi-
cally useful climate applications.

To facilitate development of monsoon-sensitive tree-ring chronologies
from Asia, the Southeast Asian Dendrochronology meeting was convened
by R. D’Arrigo and B. Buckley in Chiang Mai, Thailand in February 1998,
sponsored by the U.S. National Science Foundation and PAGES. The meet-
ing promoted collaboration between western and Asian scientists inter-
ested in the dendrochronology of southeast Asia and vicinity (see PAGES
Newsletter 98–2).

2.3 Ice Cores

Ice cores typically provide annual resolution in their uppermost sections,
through layer counting based on regular annual cycles in specific physi-
cal or chemical properties of the accumulating snow and ice. Ice cores from
tropical and subtropical sites are especially useful for ARTS research as
they directly monitor a hydrologic response to climate change, and they
do so in a high elevation region of the atmosphere for which no long-term
instrumental data exist and where other paleoclimate archives are unavail-
able. The number of tropical and subtropical sites where useful ice cores
may be retrieved is limited, yet many of these sites are in regions with
moderate ENSO responses (Figure 17). ENSO signals are apparent in a
series of ice cores from the Peruvian and Bolivian Andes (Quelccaya, Huas-
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carán, Sajáma: Thompson et al. 1984, 1992, 1995, 1997, 1998, 1999). New
results from Huascarán reveal a strong concordance between monthly
zonal wind anomalies at the 500␣ mb level in the atmosphere over Brazil and
Peru (e.g. the approximate height of the Huascarán cores) and monthly
anomalies in δ18O of the ice (Thompson et al. 1999). The result is an ENSO
signal in the Huascarán ice cores that stems from changes in the near-
equatorial upper tropospheric zonal winds, linked to variability in the east-
to-west SST gradient across the equatorial Pacific. Similarly, drought in-
dicators, such as increased particulate concentration and enriched δ18O
values are apparent during ENSO events in an ice core from Dasuopu, a
Himalayan site that also records variability in the Indian Monsoon (Thomp-
son 1999).

At most ice core sites the late Holocene sections consist of snow and
firn that is relatively uncompressed by burial. The resulting annual layers
are relatively thick (10 to 50 cm or more) and easily resolved, satisfying an
ARTS requirement of annual chronologic precision. A particularly fruitful
region for new ARTS-related ice core recovery is the Cordilleran belt of
North, Central, and South America where a nearly continuous array of ice-
covered plateaus and summits is available. Ice cores recovered from this
transect will allow the examination of cross-equatorial symmetry in the
climate system and also provide information about latitudinal gradients in
greenhouse-forced warming at high altitude. The principal tracers of an-
nual climate variability preserved in ice cores include the snow accumu-
lation rate, δ18O and δD of the ice, and the concentrations of dust, water
soluble ions (H+, Ca++, SO4=, Cl–, NH4+) and trapped atmospheric gases (O2,
CO2, CH4). These indicators provide information about provenance of the

Figure 17
Location of high altitude
subtropical ice cores in
Asia and South America
relative to known ENSO
forcing (equatorial Pacific
SST’s) and terrestrial hy-
drologic responses (from
Thompson et al., 1999).
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water reaching the coring site, degree of atmospheric distillation, tempera-
ture at the precipitation site, and a time-integrated measure of atmospheric
composition near the time of bubble close-off within the firn layer.

Recent observations document the urgency of recovering ice cores
from high altitude sites in the tropics. Ice caps and glaciers in the region
are rapidly melting and retreating, at a rate that threatens to destroy unique
paleoenvironmental records (Hastenrath and Kruss 1992; Schubert 1992;
Thompson et al. 1993). Freezing-level heights have been rising in the lower
latitudes, apparently in response to decadal-scale changes in tropical sea-
surface temperatures (Diaz and Graham 1996). There is also the suggestion,
based on general circulation model experiments, that high elevations in
the tropics may be particularly vulnerable to greenhouse-gas induced
warming (Mitchell et al. 1990), providing additional pressure to develop a
coordinated, international high altitude ice core research program. At the
same time, models project that high latitudes will ultimately witness the
largest changes in temperature. A transect of ice cores from high south-
ern latitudes (Chile/Argentina) to high latitudes of the northern hemisphere
(Alaska/Yukon Territory) would provide a valuable perspective on the un-
derlying climate variability throughout the Americas, and on inter-hemi-
spheric linkages in the timing and mechanisms of climate change at a time
when greenhouse gases are rising exponentially.

2.4 Other Archives

2.4.1 Sclerosponges
Sclerosponges are slowly growing marine organisms that inhabit a wide
range of water depths in the tropical ocean (Figure 18; Goreau 1959; Dustan
et al. 1976). They secrete a dense calcareous skeleton that also contains sili-
ceous spicules. New stable isotopic studies as well as analysis of skeletal
color variation combined with radiometric dating shows signals that are
probably annual in nature (Swart et al. 1998). Although typical growth rates
of 0.2 to 0.4 mm/yr are low compared to reef-building corals, annual and
sub-annual sampling is possible in some samples using micro-drilling pro-
cedures. Sclerosponges appear to precipitate carbonate in isotopic equi-

Figure 18
Polished slab of a section
of a sclerosponge (Cerato-
porella nicholsoni)  from
Lee Stocking Island in the
Bahamas. The variation in
banding can be clearly
seen. The age of this
specimen is about 400
years based on prelimi-
nary U/Th dates. The
sample is 10 cm high (pho-
tograph by L. Grammer;
from Swart et al. 1999).
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librium with seawater (Druffel and Benavides 1986), an essential attribute
that enhances their utility for paleoclimate studies. Sclerosponges are rela-
tive newcomers to paleoclimatic applications, however, and will require
calibration and replication in a variety of environments.

Sclerosponge records 150 to 800 years long show long-term trends in
δ13C, interpreted as the impact of fossil fuel CO2 input to the atmosphere
on  the δ13C of seawater ΣCO2 over the past 150 years (Druffel and Bena-
vides 1986; Bohm et al. 1996). Although there have been no in situ calibra-
tion studies of sensitivity of sclerosponge δ18O to variability in water tem-
perature, several investigators have correlated bulk skeletal δ18O with mean
annual water temperatures over a 6°C range and found equilibrium behav-
ior (Swart et al. 1998). Long-term δ18O records also appear to correlate with
instrumental SST compilations and in one instance, a seasonal cycle in δ18O
was inferred using closely-spaced sampling (Swart et al. 1998). Sclero-
sponges will likely yield stable isotopic records similar in utility to those
from corals, with the following differences: 1) Sclerosponges can provide
environmental reconstructions from subsurface regions of the water col-
umn. 2) Lower growth rates will result in lower resolution records than for
corals. 3) The apparent absence of a metabolic offset from equilibrium
makes interpretation of sclerosponge δ18O relatively straightforward.

Sclerosponges also incorporate a variety of other elemental tracers into
their skeletons. Some of these, such as Sr, U, Ba, Mn, and Cd, may be useful
adjunct tracers of water temperature and circulation. Other trace compo-
nents such as U, Th, and 14C are useful for radiometric dating to establish
the overall age of a specimen and to verify whether visible band structures
are annual in nature. This new archive can be used to augment coral re-
cords of surface ocean variability as they exist in a wider latitudinal range,
and in some cases provide longer records.

2.4.2 Varved Sediments
Sediments are rich sources of paleoclimate data, and in fact remain an
important source of information about past environmental variability over
decadal to centennial scales. Annually resolved sediment layers (varves)
offer potential archives of information on past interannual climate variabil-
ity, but demonstrably annual layering in sediments is a rare and, in most
cases, discontinuous phenomenon. Laminated (layered) sediments are
common in marine sedimentary basins of the continental margin and in
some lacustrine systems. Distinct sediment layers form in response to
changes in the composition and flux of particles to the sediment-water
interface. They are preserved either due to very rapid accumulation rates
or because of the absence of post-depositional disturbance by physical or
biological mechanisms. But although layering (laminae) may be common,
the attribution of layer formation to discrete units of time is not. At most
locations, the annual cycles of climate and primary production are suffi-
cient to produce a resolvable annual signal, but water column and sedi-
mentary processes obscure the annual signature. When varves are present,
they are often discontinuous in time, so that although annual sedimentary
layers can be documented, continuous multi-century chronologies with
absolute dating are not available. Most varve records are in fact short, an-
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nually resolved chronologies that are floating with respect to absolute age
assignment, similar in some ways to short annually-banded coral sections
recovered from a long borehole (e.g. Hughen et al. 1996).

Sedimentary systems record climate events through changes in sedi-
ment accumulation rate and composition. Terrestrial sedimentary systems
are typically sensitive to changes in water balance and often act to integrate
precipitation minus evaporation over large areas. Both lacustrine and
marine sediments may contain microfossils or inorganic precipitates that
act as carriers for isotopic, chemical, and ecological information about the
environment. Sediments also collect pollen and other indicators of terres-
trial vegetation.

Varved sediment systems will likely play a small but important role in
acquiring annually resolved records of tropical climate variability. Even
without absolute time control, these systems often record links to distant
phenomena at interannual time scales. For example Rodbell et al. (1999)
use a radiocarbon-dated turbidite chronology from Lago Pallcacocha in
Ecuador to infer the onset of periodic strong ENSO warm-mode events at
about 5000 years BP, following a period with flood-event turbidite sedimen-
tation decidedly different from the modern system. This result is similar to
indications from molluscan assemblages in Peru and Ecuador that suggest
a fundamentally different ENSO state during the middle Holocene (Sand-
weiss et al. 1996). In a tropical marine example, Hughen et al. (1996) have
shown that variability in laminae thickness and color in anoxic sediments
of the Cariaco Basin of Venezuela is nearly identical to the pattern of δ18O
variability in the GRIP ice core in Greenland at the scale of a single decade.
This close correspondence indicates an essentially synchronous response
to climate forcing, one that would seem only possible via an atmospheric
mechanism, in this case, stronger trade winds during colder intervals in the
North Atlantic. Black et al. (1998) analyze the past several centuries of
varves in the Cariaco Basin and find strong correlation between regional
SST and sedimentary indicators that include foraminiferal abundances and
δ18O.

Additional promising targets for sediment records of annual variabil-
ity within the tropics and subtropics include crater lakes of Central America,
rift valley lakes of Africa, and shelf-slope deposits beneath the highly pro-
ductive upwelling systems of California, Peru, and SW Africa.

2.4.3 Historical Documents
Historical archives are a proven source of valuable information concern-
ing the long-period variation of ENSO. Bill Quinn’s lifelong work made out-
standing use of the Spanish colonial records from Ecuador and Peru (Quinn
et al. 1987; also see an extensive compilation by Ortlieb 1999), but many
additional archives in the western Pacific and other regions influenced by
ENSO should be analyzed for references to past climatic conditions. As
well, historical archives from Asia offer a potentially important source of
information on monsoon strength. Japanese and Chinese records have
been somewhat explored in this vein (e.g. Zhang and Crowley 1989). Ad-
ditional archives from southeast and southern Asia are also likely to con-
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tain information on climate that will benefit ARTS. Quantification of these
records is needed if they are to be integrated with other sources of infor-
mation in ARTS.

2.5 Numerical Methods

Among the most critical requirements for ARTS data is that they be devel-
oped as quantitative indicators of specific aspects of climate, suitable for
robust error analysis and quantitative comparison and integration with
other records and with model output. Techniques common in instrumen-
tal climate dynamics research, including various spectral analysis ap-
proaches, empirical orthogonal function analysis, singular value decom-
position, and others, are being increasingly applied to annual, quantitative
proxy data, with results that clearly extend the instrumental perspective
on recent climate variations (e.g. Mann et al. 1998). Workshop participants
discussed several numerical approaches, with a focus on two methods that
scale up single-site records to a broader context: 1) data assimilation and
integration into spatial fields, and 2) modeling and model/data compari-
sons. These have formed the basis for continuing discussions and presen-
tations at workshops following the Kauai meeting (e.g. the “Cross-Valida-
tion of Proxy Climate Data and the Instrumental Record” workshop in
Seattle, June 1997, and the “PEP I Synthesis” meeting in Merida, Venezu-
ela, March 1998).

Recent applications of optimal interpolation methods for the infilling
of sparse instrumental data sets (Kaplan et al. 1998a) provide useful road
maps for developing pre-instrumental fields of SST using only paleocli-
mate data (Evans et al. 1998b). These techniques are based on modern
relationships among SST anomalies worldwide and use increasingly
greater reliance on these relationships when in situ data become sparse.
The techniques work well as long as the spatial relationships remain con-
sistent. One technique for climate field reconstruction from a sparse ob-
servational network makes use of reduced-space objective analysis
(Kaplan et al. 1998a). The procedure produces theoretical errors for the
reconstructions and permits several verification procedures. As an ex-
ample, these authors use tree ring chronologies from the Pacific coast of
the Americas to reconstruct the SST anomaly field for the period AD 1–1990
(Kaplan et al. 1998b). Analysis of theoretical errors suggests that the NINO3
index estimated from this analysis may be useful for about the last three
centuries, although the authors note that further proxy development and
more robust error analysis are needed to constrain the reconstruction.
Correlation between the tree-ring-derived NINO3 and one based on sparse
historical observations (Kaplan et al. 1998a) reach about 0.4–0.5 in the
equatorial Pacific over the period 1856–1990. These kinds of approaches
provide a useful matrix into which new paleoclimate data sets can be
placed as they come on-line. New annual records from ENSO centers of
action, rather than teleconnected sites in the extratropics, will yield im-
proved reconstructions of ENSO.
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The second area of numerical analysis discussed at the ARTS workshop
is the application of GCMs to derive greater understanding of the relation-
ships among tropical variability, extratropical teleconnections, and global
climate forcings. One application that drew particular interest was the
development of a multicentury gridded SST dataset for use in driving tran-
sient simulations with atmospheric GCMs (see section 4 for more details).
A realistic representation of interannual variability in transient model ex-
periments requires that observed, rather than climatological, SSTs be used
to drive the simulation. Simulations spanning the past few decades driven
by observed SST fields demonstrate that atmospheric GCMs will respond
in a fairly consistent manner to imposed SST anomalies. In particular, the
source of this predictability appears to arise from fairly consistent re-
sponses to tropical Pacific variability. Many observed aspects of anoma-
lous tropical atmospheric circulation can be reproduced in models driven
by observed SST fields, as can certain mid-latitude anomalies. The latter
arises from ENSO teleconnection patterns that appear to be reasonably
consistent.

Of course, not all interannual variability, even in the tropics, can be
linked to SST changes in the tropical Pacific. The Asian monsoon provides
one example of a critically important tropical system with an intermittent
and variable connection to ENSO. However, reconstructing global fields of
SST over the past few centuries will allow for regional patterns related to
SST to emerge from the simulations. Long model experiments that incor-
porate additional known forcings (e.g. changing CO2 concentrations, so-
lar insolation, and tropospheric and stratospheric aerosol levels) will allow
us to evaluate the interactions among tropical variability and background
climate changes. We can also use long paleoclimatic records of atmo-
spheric phenomena as a testbed against which to compare GCM results.
A framework project that integrates these modeling elements with a fo-
cused data collection effort is described in section 4.
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Paleoclimatic records of high fidelity and with annual resolution can con-
tribute to resolving key uncertainties in our knowledge of tropical climate
dynamics and impacts on two main fronts. First, continuous, seasonal-
annual records over the past several centuries can tell us about the range
of natural variability of tropical systems and their extratropical impacts. By
understanding the natural behavior of these systems over the span of
several centuries, we can assess the sensitivity of these systems to vari-
ous forcings, including natural phenomena (e.g. solar and volcanic
changes) and anthropogenic inputs (e.g. increasing greenhouse gas con-
centrations and land-use changes). We can assess the degree to which the
tropics play a role generating or feeding back on observed changes (or
alternatively, whether they are relatively stable). Reconstructed fields for
past centuries can be compared with model output to assess model per-
formance. Thus in addition to expanding our observational baseline, an-
nual paleoclimate records can play important roles in climate change de-
tection and attribution, in model evaluation, and in impact assessment.

A second front on which ARTS science can contribute important climate
understanding is through the reconstruction of tropical variability during
times of altered background climates (e.g. the last ice age or the mid-Ho-
locene). These reconstructions will likely be shorter (a few decades) and not
form a global picture at any given interval, due to sample recovery con-
straints. Continuous coral cores from ancient periods when climate means
and forcings were different are not straightforward to find or sample. Of-
ten such samples are recovered fortuitously during drilling of reefs for
other purposes, or in outcrop at locations where tectonic uplift has brought
them above modern sea level. Nonetheless, these samples offer a unique
source of climate observations bearing on the relationship of tropical vari-
ability to climate mean state. Understanding this relationship offers obvi-
ous relevance to our attempts to predict future changes in variability that
may occur in a greenhouse-warmed world.

Along both of these fronts, continuous recent records and isolated
“windows” deeper in the past, ARTS science can contribute to improving
climate predictability. Climate prediction is accomplished through numeri-
cal modeling approaches of varying complexity. An important way for
ARTS to contribute to improved climate predictability will be to produce
data that is compatible with numerical models - either as interpolated fields
of SST that can be used to drive atmospheric GCMs or as fields or indices
of large-scale phenomena that can be compared with GCM output. ARTS
participants recognized this need and identified several science priorities

3. ARTS Science Priorities
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that will contribute to these efforts. A major outcome of the ARTS planning
meeting was the integration of individual efforts to varying degrees into
regional projects as outlined here; many of these projects are actively
being pursued by those at the meeting.

3.1 Multicentury Tropical SST Fields

Recent studies have established that the tropical atmosphere responds in
a fairly deterministic way to variability in tropical SST fields. Given ob-
served SST fields, therefore, many aspects of variability in the tropical at-
mospheric circulation can be reproduced in models. In many cases, aspects
of mid-latitude circulation can also be reproduced, as teleconnection pat-
terns associated with ENSO are invoked. Thus, reconstructing tropical SST
fields for the past few centuries will provide an important key to under-
standing both tropical and extratropical climate variability and may pro-
vide insight into the interaction among global natural forcings (volcanic
and solar variability, as well as the generally cooler temperatures of the
sixteenth–nineteenth centuries) and ENSO variability and teleconnections.

The primary source of tropical SST variability (and the main source of
the atmospheric response) lies in the tropical Pacific. Reconstructing low-
latitude Pacific SST’s is therefore a major priority for ARTS. Participants
outlined the current status of Pacific SST reconstruction efforts and defined
a sampling scheme to fill critical existing holes in data coverage. The main
approach for this project will be the recovery and multivariate geochemi-
cal analysis of multicentury coral cores from key Pacific sites. A major
byproduct of this effort will be (through the combined use of oxygen iso-
topes and trace elements) the concurrent mapping of rainfall anomalies
that signal atmospheric convection. Samples will also be available for
radiocarbon and other geochemical analyses. Data coverage and gaps
were also identified for the tropical Indian and Atlantic Oceans, which play
key roles in regional climate anomalies whose connection to ENSO may
be weak, variable, or nonexistent.

Top priority for new sampling is a transect of islands in the central
Pacific (Figure 19), with second priority given jointly to a similar transect
in the western Pacific warm pool and to filling in between meridional
transects of existing samples near the equator. A third priority is identified
in integrating and filling in gaps among eastern Pacific reconstructions and
in Indian and Atlantic domains.

Priority 1: Central Pacific Transect (170°E – 170°W, 20°N – 20°S)
The warmest open ocean temperatures on Earth occur in the far western
tropical Pacific. The extent of the warm pool, a major source of atmospheric
water vapor and latent heat, is defined by the east-west SST gradient near
the dateline. Interannual expansion and contraction of the warm pool are
related to ENSO, and long-term base state changes in warm pool size and
position would also have a profound worldwide impact. As this transect
bisects the surface Pacific warm pool and extends north and south into
cooler waters, the changes of the borders of the warm pool will be used
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to track the movement and the overall size of the warm pool as a function
of ENSO. The frequency of sampling proposed is a site every 3° of latitude,
or 14 sites for collection of coral cores. Several cores (5–10) will be taken
at each site to ensure that adequate material is on hand for future analy-
ses. A dedicated research vessel capable of supporting teams of divers,
drillers, and core processors, should be used in order to maximize effi-
ciency. Participants agreed that in this remote region of the world, with
minimal infrastructure locally available, the typical small-program ap-
proach to sample recovery, using local boats and single dive teams of 2–
3 people, would be at best inefficient and most likely impossible.

Priority 2a: Western Tropical Pacific (140°E – 170°E, 15°N – 20°S)
The Western Pacific Transect has been chosen to reflect changes of the
South Pacific Convergence Zone (SPCZ) and the hydrologic cycle in the
warm pool of the western tropical Pacific. Reconstructions from this region

Figure 19
Modern average annual
SST (upper) and precipita-
tion for the tropical and
subtropical Pacific basin.
Gray boxes show locations
of prioritized transects
discussed in this section.
Priority 1: Central Pacific
Transect (170°E – 170°W,
20°N – 20°S). Priority 2a:
Western Tropical Pacific
(135°E – 170°E, 15°N –
20°S). Priority 2b: Low-
latitude Zonal Transect
(155°W – 150°E, 10°N –
10°S). Priority 3a: Eastern
Tropical Pacific (110°W –
80°W, 15°N – 20°S).
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should bear on past water vapor fluxes as well as regional convective rain-
fall. The same frequency of sampling will be needed as for the Central
Pacific (every 3° of latitude). Ongoing field efforts have yielded coral col-
lections sufficient for this level of analysis, jointly among several investi-
gators.

Priority 2b: Low-Latitude Zonal Transect (155°W – 150°E, 10°N – 10°S)
Sites between the meridional transects close to the equator are needed to
track east-west movement of SST and rainfall gradients in the region be-
tween the warm pool and the eastern Pacific cold tongue, particularly
across the NINO3 region (spanning 5°N to 5°S and 90°W to 150°W). In this
remote region, with sites stretched across several thousand kilometers of
ocean, coral cores and water column samples for calibration purposes will
be collected using local facilities and a few short cruises on a dedicated
vessel.

Priority 3a: Eastern Tropical Pacific (110°W – 80°W, 15°N – 20°S)
In this region, ENSO-related SST anomalies reach their largest excursions
and existing coral collections are beginning to provide insight into variabil-
ity over the past few centuries. Ongoing efforts from Mexico to the Galá-
pagos are producing coral-based SST reconstructions, and additional
efforts are needed to integrate these records (held among several investi-
gators) into a regional picture. An integrated record of El Niño activity in
this transect should reveal the variability and mechanisms of teleconnec-
tions between Pacific climate and the Americas.

Priority 3b: Indian Ocean Records
In the tropical Indian Ocean, many investigators are independently pursu-
ing the development of long coral records from several sites. Networks of
records are underway along the African coast, in the offshore islands of the
western Indian Ocean, and along the western coast of Australia. As these
and other records become available, and as further analysis is performed
to assess the spatial scales of relevance of these records, we will be bet-
ter able to identify gaps that require filling. For example, short records from
islands in Indian waters show great promise for long reconstructions, al-
though long cores are not yet recovered (Chakraborty and Ramesh 1992
and pers. commun.).

Priority 3c: Atlantic Ocean/Caribbean Records
In the Atlantic and Caribbean, networks of records are also under devel-
opment, particularly around Florida and in the southeastern Caribbean.
Once these records are available, gaps for future sampling will be more
readily identified. Many of the continental coastlines in the Atlantic provide
unfavorable habitats for corals growth, due to the presence of large, sedi-
ment-laden rivers (e.g. the Amazon, Orinoco, Niger and Congo); there are
fewer offshore islands remote from river influence, than in the Pacific and
Indian Oceans. However, many Caribbean coastlines (continent and well
as island) support healthy reefs that have not been sampled. Islands off of
Africa, such as Sao Tome/Principe, also offer promise; their lack of infra-
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structure may require dedicated research vessel support as in the central
Pacific. Workshop participants also discussed a theme for coordinating
Caribbean research efforts around analysis of past patterns of water
throughflow from the equatorial Atlantic to the Gulf Stream (CASE – Car-
ibbean Salinity Experiment). The main focus of this effort is to determine
the extent to which variability in the influence of equatorial waters in the
Caribbean impacts the transport of heat and salt to the North Atlantic.

3.2 Reconstructing Ocean Circulation from 14C in
Corals␣ - Seasons to Centuries

The distribution of radiocarbon in the ocean is a powerful tracer of ocean
circulation. By measuring radiocarbon in corals and other carbonate organ-
isms that form skeletons with annual or sub-annual banding, time series
records allow for study of long-term variability in ocean circulation patterns
(e.g. Druffel 1987, 1989), complementing recent water-sampling efforts.
Through the collection of additional radiocarbon time series and the incor-
poration of these data into ocean circulation models, these techniques can
be used to study variability in ocean circulation over a range of time scales.

3.2.1 Pacific Radiocarbon Ocean Circulation Experiment (PROcCiE)
The focus of this specific initiative is on radiocarbon variability at seasonal
and interannual time scales over the last 40 years as a constraint on near-
surface ocean circulation in the tropical Pacific. Through the use of coral
skeletons as stationary monitors of surface radiocarbon content, this pro-
gram will document how bomb-produced radiocarbon has penetrated into
the surface ocean, and then has been redistributed by upwelling and the
movement of surface currents. This work will require multiple radiocarbon
(and stable carbon and oxygen isotope) records from corals growing
across the Pacific with radiocarbon measurements made at approximately
bimonthly resolution, as well as some measurements on sclerosponges
and deep sea corals growing within the thermocline.

Initial analytical efforts will focus on coral samples collected during past
paleoclimatic projects, with additional samples to be collected in coordi-
nation with other initiatives within ARTS. Parallel efforts will incorporate
radiocarbon as a tracer into ocean circulation models, with an emphasis
on sensitivity analysis and model development. The synthesis of model-
ing and analytical efforts will focus on the question of which circulation pat-
terns in the tropical Pacific are consistent with the radiocarbon distribution
as measured in corals, as well as all other available data from water-sam-
pling programs such as GEOSECS, WOCE and monitoring programs such
as TOGA. The results of this initiative will lead to greater understanding of
seasonal and interannual variability in circulation patterns in the tropical
Pacific and to improving the accuracy of ocean circulation models which
will benefit a range of other programs, including those concerned with the
ocean’s role in the global carbon cycle.



ANNUAL RECORDS OF TROPICAL SYSTEMS (ARTS)

50

3.2.2 Decadal Variability in Surface Currents through the 19th Century
Radiocarbon records from corals extending back several centuries can be
used to address key questions involving decadal to centennial variations
in ocean circulation. In the Pacific, such coral records can be used to de-
termine whether there are links between the intensity and location of major
ocean currents and past changes in the Southern Oscillation. Such records
from the Atlantic Ocean can address whether changes in the Atlantic dipole
are related to changes in water mass renewal (mode water or 18°C-water
formation) in the North Atlantic. Finally, records from the Indian Ocean can
resolve patterns of monsoon variation over decadal time scales. The main
data requirements for these studies are annual and seasonal records of
radiocarbon, δ18O, and δ13C from multicentury cores of recent coral skel-
etons. Some samples are available now (Indian Ocean Transect, 72°E –
50°E, 30°S – 20°N) and others will need to be collected (Central Pacific
Transect, 180°, 20°N – 20°S). Absolute time chronology (±0.5 yr) is needed
in some of the records, and larger bounds can be tolerated for others (±
several yr), depending on the time scale of interest.

3.2.3 Ancient Coral Records of Ocean Circulation
Radiocarbon measurements in corals from the Holocene and recent Pleis-
tocene will reveal past ocean dynamics at times when the climate system
may have been radically different from today. Although long coral records
are rare in the fossil record, Holocene and Pleistocene samples from up-
lifted reefs can provide constraints on large-scale shifts in ocean circula-
tion associated with larger climatic changes.

3.3 Other Records of Annual Climate Variability

3.3.1 Tree-Ring Data
Annually dated tree-ring chronologies that are sensitive to climate have
been developed for a few unique species in the tropics, including teak
(Tectona grandis) under the western center of action of the Southern Os-
cillation in Java. The opportunity exists to develop additional chronologies
in the tropics, and priority is placed on those areas in the tropics and
extratropics where tree-ring chronologies presently do not exist, and
where strong and consistent tropical teleconnections have been identified
in the instrumental meteorological record. In particular, this should include
additional collections from land areas in the western Pacific warm pool
(Maoke Mountain Range in New Guinea), the Nordeste of Brazil, Mexico,
eastern subtropical South America, India, and eastern and southern Africa.
Additional chronologies from Asia should help to identify monsoon vari-
ability and potentially variability in hypothesized monsoon forcings such
as snow cover.

3.3.2 Sclerosponges
Sclerosponges are a newly identified marine proxy indicator of climate
change, and additional proxy development work lies ahead. The most
important issue for rapid resolution is chronology. It is unlikely that all
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sclerosponges have the potential to yield annual resolution. How can an-
nual age assignments be verified? Is there potential for an absolute annual
chronology throughout a record? Although the stable isotopes of oxygen
and carbon are known to be useful in sclerosponges, few additional trac-
ers have been studied and none have been calibrated. Development work
on the sclerosponge archive is important as these organisms are long-
lived; because they are found over a range of water depths, they can pro-
vide information about variability within the thermocline or sub-ther-
mocline, possibly shedding light on proposed mechanisms of tropical
surface water variation (e.g. Gu and Philander 1996). The current status of
sclerosponges as paleoclimate indicators, and issues remaining in their
application, were the focus of a recent workshop (Workshop on the Use of
Sclerosponges as Proxy Climate Indicators) and are summarized by Swart
et al. (1998).

3.3.3 Ice Cores and Sediments
Ice cores and marine/terrestrial sediment sequences have long been key
archives of past climate variability. They will continue to provide insights
on annual to 100 kyr timescales and certain of these archives are of direct
interest to ARTS. Ice cores from regions that track moisture fluxes within
the tropics or from areas with strong teleconnected responses to large
tropical climate systems are of most obvious interest. Specific targets dis-
cussed at the ARTS workshop include extending a latitudinal transect along
the Andes Mountains where this orographic feature intersects moisture de-
rived in part from the convective centers of the western Pacific. We also
discussed collecting a series of ice cores from an altitude transect to de-
rive information about high frequency variability in lapse rate and hence
moisture content of the sub-tropical atmosphere. In addition, multiple
targets exist in Asia that can provide annually resolved information about
past variability in the monsoon.

Most sedimentary systems lack the annual resolution required for ARTS
research. However exceptions exist in some ocean margin regions and in
many lakes. Workshop participants recommended exploratory research in
closed-basin lake systems of the tropics, particularly in areas with large
seasonal variability in precipitation that might be expected to produce
annual signals in sediments. There appear to be few tropical marine sedi-
mentary archives with annual resolution, but the success of coring in drill-
ing in sites such as the Cariaco Basin argues for continuing the search for
new targets. In addition, it is desirable for the Ocean Drilling Program to
continue to devote resources to the recovery of multiple drill cores from
basins containing varved sediments, such as the Santa Barbara Basin,
Cariaco Basin, and the Palmer Deep.
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Many of the primary objectives of ARTS fall within a common time domain
of the past few centuries and involve common needs and approaches. As
well, important data are becoming available for the past few centuries from
individual and small-group efforts, and these records need to be integrated
into a broader context. ARTS participants proposed an overarching frame-
work program, tentatively titled Climate of the Nineteenth Century (CNC),
for coordinating research objectives that focus on the past two or more
centuries. This project aims to develop a better assessment and under-
standing of climate variability over annual-century time scales, using the
most recent centuries as a guide to climate patterns, processes, sensitiv-
ity and stability. In particular, the 19th century represents a period relatively
unaffected by anthropogenic climate forcings, and thus a reasonable
baseline for comparison both with ancient periods and with the late 20th

century “greenhouse” world. The 19th century is most accessible in terms
of data density and can provide a useful testbed for this approach, but a
longer time frame should be considered in this project wherever possible.

This program requires the parallel development of multicentury recon-
structions of tropical SST fields, atmospheric and hydrologic variables, and
histories of climate forcing factors. CNC will utilize indices, gridded fields,
and time series of these parameters to drive atmospheric GCMs and evalu-
ate their results in terms of model performance, climate sensitivity, and
pattern stability. The steps needed to implement CNC are detailed here;
many of these steps are underway in some form already, among individual
researchers and small groups. Existing data are too sparse to attempt CNC
model runs at this stage, but coordination of existing data with ongoing
field campaigns will, we expect, identify strategies for obtaining maximum
paleo-SST information most efficiently (e.g. Evans et al. 1998b). We sug-
gest that a follow-up workshop to the ARTS planning meeting be held in
the near future to design an implementation plan for CNC.

Here we outline the concept of CNC in the belief that it will encourage
the coordination of independent groups and the exchange of data and ap-
proaches needed to produce a global synthesis of recent climate variabil-
ity and its possible causes.

4. Initial Implementation:
Climate of the 19th Century
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4.1 Paleoclimatic Reconstruction:

• Use the annually resolved paleoclimatic record (including data from
corals, tree rings, ice cores, and other appropriate archives) to recon-
struct, with seasonal resolution, tropical SST’s.

• Use the annual paleoclimatic record to reconstruct additional atmo-
spheric, oceanic, and hydrologic aspects of climate, including precipi-
tation, SSS, and ocean currents.

• Conduct field sampling campaigns in undersampled regions known to
be important in terms of the spatial and temporal coherency of their
variance and the impact of that variance on global climate (e.g. the
central Pacific).

• Acquire or develop histories of climate forcing functions for the same
period, including insolation, volcanic dust, and greenhouse gases.

4.2 Data Processing and Numerical Analysis:

• Design an optimal network of sites for SST reconstruction, based on
spatial coherency of patterns in modern SST fields, including iterative
analysis of how to expand the existing network in a way that yields the
maximum amount of new information.

• Develop, from point reconstructions, interpolated climate fields with
explicit error estimates to enable paleoclimatic data to be used to drive
AGCM’s and to facilitate comparisons among model output and recon-
structed fields.

• Develop reconstructed indices of modern climate patterns (e.g. ENSO,
the Atlantic tropical dipole, the Asian monsoon) from point reconstruc-
tions, with explicit error estimates.

4.3 Numerical Modelling

• Force global AGCM’s with specified tropical SST’s to simulate the evo-
lution of climate since the nineteenth century, incorporating or testing
additional known forcings (e.g insolation, greenhouse gases, tropo-
spheric aerosols). Ensemble runs will determine which aspects of the
climate are reproducible.

• Apply an iterative strategy to the model-data comparison and to the
application of climate forcing functions, as new data become available,
to converge on a most-likely global picture of the evolution of climate
over the past centuries.
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4.4 Evaluation and Synthesis

• Compare model results with reconstructions of atmospheric and hydro-
logic variables to assess both model performance and the consistency
of the paleodata.

• Use model results to indicate where additional field sampling for pa-
leoclimate reconstruction would prove most valuable.

• Assess the patterns, processes, sensitivity and stability of climate with
respect to external forcings and internal variability over the past two
or more centuries.
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• The strength of ARTS research lies in the intersection among climate
scientists with numerical, instrumental, and paleoclimatic perspectives.
This meeting generated significant interaction and motivated several
subsequent workshops and group interactions, including at least one
multidisciplinary group proposal (for central Pacific coral sampling).
Such efforts work best when conceived and developed with full partici-
pation of scientists from different backgrounds throughout the process.
The interdisciplinary nature of such interactions is a strength that de-
serves encouragement through support for truly multidisciplinary pro-
grams and focused cross-disciplinary working group meetings to ad-
dress specific ARTS goals.

• The contribution of ARTS in the reconstruction of ocean variability will
lie in the development of multicentury, replicated, high-resolution
geochemical records. Production of these time series requires unprec-
edented analytical throughput. Expanded availability of instrumenta-
tion, and continued support for those facilities (including personnel),
is essential for ARTS coral investigators to contribute along the lines
described in this report.

• Although coral fieldwork has typically relied upon locally available lo-
gistical support (e.g. local fishing boats), we find such infrastructure
increasingly and even wholly inadequate in the remote regions where
certain climate signals are strongest (e.g. the central Pacific). Where
available, such crafts are often unsuitable for reasons that include
safety, efficiency, and basic capabilities; some target islands are unin-
habited and offer no local support of any kind. Yet support for a dedi-
cated research vessel for live-coral coring has been difficult to obtain,
as it falls outside the usual uses of, e.g., a UNOLS vessel. Coral drill-
ing field programs will be more successful if dedicated research ves-
sels are supported

• Support for new drilling technologies and platforms is needed to re-
cover long sections of “fossil” corals for the purpose of paleoclimate
variability reconstruction, particularly related to the Holocene initiation/
redevelopment of ENSO and tropical variability during periods of al-
tered boundary conditions. The need for such new drilling capabilities
has also been recognized by the Ocean Drilling Program and system de-

5. Future ARTS Research:
Needs and Recommendations
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velopment is in its early stages. We fully support the development and
testing of new drilling technologies required to recover fossil corals in
water depths beyond the range of conventional live coral drilling.

• ARTS priorities extend well beyond coral reconstructions of surface
ocean conditions; we require records from land and from the deeper
ocean (thermocline) to understand the mechanisms, the telecon-
nections, and the impacts of tropical variability. A strong focus needs
to be placed on developing new paleoclimatic archives from poorly
sampled systems, including tropical and subtropical tree-rings, ther-
mocline-dwelling sclerosponges and non-reef-building corals.

• ARTS research requires that individual records be made public in a
timely way, to promote the synthetic activities we have described. These
activities also require careful documentation of uncertainties and errors
associated with reconstructions and model simulations. We encourage
the submission of all paleoclimate datasets, derived indices, and model
output that are documented in the scientific literature, along with de-
tailed metadata, to the World Data Center-A for Paleoclimatology.
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