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EXECUTIVE SUMMARY

The instrumental and satellite

record of climate variability is too

short and spatially incomplete to

reveal the full range of seasonal to

centennial-scale climate variability,

or to provide empirical examples of

how the climate system responds to

large changes in climate forcing.

This recent record is also a complex

reflection of both natural and

anthropogenic forcing (e.g., trace

gas and aerosol). The paleoclimatic

record from varied proxy sources,

on the other hand, provides the

much wider range of realizations

needed to describe and understand

the full range of natural climate

system behavior. The need for an

improved paleoclimate perspective

is highlighted in the recently

produced Science Plan of the World

Climate Research Programme

(WCRP) Climate Variability and

Predictability (CLIVAR)

Programme, as are the merits of

joining forces with the International

Geosphere-Biosphere Programme

(IGBP) Past Global Changes

(PAGES) Core Project to meet the

paleoclimatic needs of CLIVAR.

To determine the extent of intersec-

tion between CLIVAR and PAGES,

and to begin a productive interdisci-

plinary collaboration among

scientists belonging to these two

separate research communities, a

joint IGBP-WCRP workshop was

held. This workshop brought

together members of both the

CLIVAR and PAGES communities,

and defined specific foci where

paleoclimatic research would feed

directly into a better understanding

of climate variability and predict-

ability. These proposed foci cut

across the traditional seasonal-

interannual and decadal-centennial

time-scales of CLIVAR GOALS

(Global Ocean Atmosphere Land

System), CLIVAR DEC-CEN

(Decade- to Century-scale climate

variability) and CLIVAR-ACC

(Anthropogenic Climate Change),

and center on the (1) dynamics of

low-latitude climate change, (2)

global ocean thermohaline variabil-

ity, (3) regional- to global-scale

hydrologic variability, (4) dynamics

of abrupt climatic change,

(5) climate model evaluation and

improvement, and (6) climate

change detection. Specific research

activities were identified for each of

these foci and emphasize closer

interaction between CLIVAR and

PAGES scientists.

A new interdisciplinary PAGES-

CLIVAR Working Group is being

formed jointly by the IGBP and

WCRP to develop specific imple-

mentation plans building on the

recommendations in this report. The

net result will be a program that

taps the extensive research network

established by IGBP PAGES to

provide unprecedented international

cooperation in assembling and using

the paleoclimatic data needed to

improve our understanding of

climate variability and predictability.
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1: INTRODUCTION

1.1 History of PAGES
CLIVAR coordination
Understanding the behavior and

predictability of the Earth’s physical,

chemical, and biological systems is

the major focus of the International

Geosphere-Biosphere (IGBP) and

World Climate Research (WCRP)

Programmes. Within this frame-

work, the IGBP Past Global

Changes (PAGES) Core Project and

the WCRP Climate Variability and

Predictability (CLIVAR) Programme

share some primary objectives. In

particular, CLIVAR needs, and

PAGES aims at, a reconstruction of

global climate and environmental

change over the last centuries to

millennia. Both international

programs also aim to improve our

understanding of the natural

processes that drive seasonal- to

centennial-scale climate variability.

Empirical studies within CLIVAR

will rely first on instrumental data.

However, useful as instrumental

studies may be, they are limited by

the available data record, which

generally extends back less than 150

years. This duration is too short to

extract the full range of variability

likely to be present in the climate

system. Diagnostic studies of climate

variability will therefore rely in a

fundamental way upon paleoclimatic

proxy-data such as that derived from

the analysis of tree rings, corals,

sediments, ice cores, and other

sources. To achieve this goal,

CLIVAR needs to cooperate with

PAGES to assemble the detailed

paleoclimatic information needed to

study the variations of the Earth’s

climate over the last 100 to 1,000

years. In addition, paleoclimatolo-

gists have identified a variety of

striking climatological events on

decade to century timescales that are

unknown in the short period of

instrumental coverage. An under-

standing of these events requires

further interpretative studies based

on paleoclimatic evidence and

model simulations of past climatic

states.

To address common objectives, the

CLIVAR Scientific Steering Group

(SSG) and the PAGES Scientific

Steering Committee (SSC), together

with IGBP-Stockholm, sponsored a

joint CLIVAR/PAGES workshop

that brought together paleoclima-

tologists, oceanographers, and

atmospheric scientists involved in

the study of climate dynamics. The

aim of this workshop was to

(1) inform paleoclimatologists of the

data/analyses required to achieve

the objectives of CLIVAR; (2)

inform climate physicists of the

relevant paleo-data that may be

obtained by paleoclimatologists; (3)

establish a research programme that

would strengthen the interactions

between paleoclimatologists, climate

physicists, and modelers. This

workshop was held in Venice, Italy,

16–20 November 1994.

This document summarizes the

conclusions of the Venice meeting

and presents the first step of a joint

PAGES/CLIVAR effort to plan and

implement collaboration on a paleo

perspective for meeting CLIVAR

goals.

1.2 Overview of WCRP
CLIVAR
CLIVAR ‘A Study of Climate

Variability and Predictability’

focuses on the slowly varying

component of the climate system

and has as its objectives (CLIVAR

Science Plan, 1995):

■ To describe and understand the

physical processes responsible for

climate variability and predict-

ability on seasonal, interannual,

decadal, and centennial

timescales, through the collection

and analysis of observations, and

the development and application

of models of the coupled climate

system.

■ To extend the record of climate

variability over timescales of

interest through the assembly of

quality-controlled paleoclimatic

and instrumental data sets.

■ To extend the range and accuracy

of seasonal-to-interannual climate

prediction through the develop-

ment of global coupled predictive

models.
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■ To understand and predict the

response of the climate system to

increases of radiatively active

gases and aerosols, and to

compare these predictions to the

observed climate record in order

to detect the anthropogenic

modification of the natural

climate signal.

CLIVAR is organized into three

component programs:

■ CLIVAR-GOALS, which is built

on the results of the TOGA

programme, will examine the

variability of the Global Ocean

Atmosphere Land System on

seasonal-to-interannual

timescales.

■ CLIVAR-DecCen will examine

the mechanisms of variability and

predictability of climate fluctua-

tions on decadal-to-centennial

timescales. It is expected that

much of this variability arises

from the world oceans.

■ CLIVAR-ACC will examine the

nature of anthropogenic climate

change primarily in a modeling

context.

1.3 Overview of IGBP
PAGES
PAGES ‘Past Global Changes’ is

charged with providing a quantita-

tive reconstruction of the Earth’s

past environment by obtaining and

interpreting a variety of

paleoclimatic records. PAGES

focuses on specific sets of questions:

■ How has global climate changed

in the past? What factors are

responsible for these changes and

how does this knowledge enable

us to understand future climate

and environmental change?

■ What were the initial conditions

of the Earth system prior to

human intervention? To what

extent have the activities of man

modified climate and the global

environment?

■ What are the limits of natural

greenhouse gas variations, and

what are the natural feedbacks to

the global climate system? In

what sequence, in the course of

environmental variation, do

changes in greenhouse gases,

surface climate, and ecological

systems occur?

■ What are the important forcing

factors that produce climate

change on societal timescales?

What are the causes of abrupt

climatic changes and the rapid

transitions between quasi-stable

climatic states that occur on

decadal-to-centennial timescales?

The “Paleo” Perspective.

One contribution of PAGES is

that it has focused scientists

and funding around the world

on a common set of high-

priority paleoenvironmental

research objectives. Collabora-

tion with CLIVAR will combine

this “paleo” perspective with

one based on instrumental

observations to reconstruct and

understand the full range of

climate variability and predict-

ability.
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Answering these questions requires

the retrieval of high quality

paleorecords from a variety of

proxy-data sources in a global

network of field activities. PAGES is

structured into three research-

observational foci, a climate sensi-

tivity and modeling focus, and a

cross-project focus to address the

broad analytical, data, and commu-

nication needs (Table 1). Within the

observational foci, PAGES has

designed two temporal streams that

have as objectives:

Stream I:

to reconstruct the detailed

history of climatic and environ-

mental change for the entire

globe for the period since 2000

B.P., with temporal resolution

that is at least decadal, and

ideally annual or seasonal.

Stream II:

to reconstruct a history of

climatic and environmental

change through two full glacial

cycles, in order to improve our

understanding of the natural

processes that invoke global

climatic changes.

1.4 PAGES activities that
are relevant to CLIVAR
Because the Earth’s environmental

and ecological systems operate on a

wide range of temporal and spatial

scales, PAGES activities are global

and encompass timescales varying

from 1 to a few x105 years (Table 1).

Part of this temporal focus is too

long to be of use to CLIVAR. In

addition, many sediment records of

past environmental change are very

long, but offer a temporal resolution

that is too coarse to meet CLIVAR

objectives. However, even though

some aspects of PAGES are unlikely

to be of use to CLIVAR, many

PAGES activities are likely to yield

significant contributions to meeting

the objectives of all three CLIVAR

components.

Annually resolved tropical

paleoclimatic reconstructions of the

last two millennia are of direct

relevance to understanding the

longer period modulations of the

ENSO and monsoon phenomena. In

the tropical oceans, the develop-

ment of multicentury, subseasonally

resolved climate records from corals

is a central PAGES activity, and

should provide new information

about the functioning of the tropical

ocean-atmosphere system on the

Stream I timescale. In addition,

corals and sediments from the

western Atlantic and Caribbean

regions provide an opportunity to

obtain long records of variability in

the Gulf Stream/Sargasso Sea region

and its impact on the thermohaline

circulation during the last millen-

nium. Interhemispheric transfer of

energy is primarily ensured by the

oceanic thermohaline circulation

and by atmospheric monsoon

circulation. On the annual-to-

century timescales, climatic condi-

tions at the continental surface

depend strongly on those of the

ocean. In order to determine the

response of continental climate to

ocean changes, PAGES has estab-

lished three major interhemispheric

studies, the PEP (Pole-Equator-

Pole) transects, to unravel the

paleoclimatic evolution of both

hemispheres along three longitudi-

nal bands: one through the Ameri-

cas (PEP I), a second over Asia and

Australia (PEP 2), and the third

through Europe and Africa (PEP 3).

In addition, the PAGES ARTS,

HIPP, and Paleomonsoons (Table 1)

efforts will be directly relevant to

CLIVAR. Paleoclimatic data with

annual resolution should allow the

documentation of how systems such

as ENSO have influenced continen-

tal climate dynamics. PAGES will

facilitate the recovery of the needed

proxy records from the best sites,

and will promote the international

collaboration necessary to provide
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Table 1. PAGES Core Project Organization

FOCUS I: Global Paleoclimate and Environmental Variability
PANASH: Paleoclimates of the Northern and Southern Hemispheres

(including the Pole-Equator-Pole [PEP] transects)
Activity 1: PEP-1 The Americas Transect
Activity 2: PEP-2 Austral-Asian Transect

Task 1 - Lake Baikal
Task 2 - Himalayan Interdisciplinary Paleoclimate Project (HIPP)

Activity 3: PEP-3 Afro-European Transect
Task 1 - International Decade of East African Lakes (IDEAL)
Task 2 - Paleomonsoons (w/INQUA)

Activity 4: The Oceans
Task 1 - IMAGES (w/SCOR)

Activity 5: PAGES-CLIVAR Interactions
Task 1 - Annual Records of Tropical Systems (ARTS)

FOCUS II: Paleoclimate and Environmental Variability in Polar Regions
Activity 1: Arctic Programme

Task 1 - Circum-Arctic Paleo-Environments (CAPE)
Task 2 - Nansen Arctic Drilling Project (NAD)
Task 3 - Greenland Ice Core Drilling Projects (GISP2 & GRIP)

Activity 2: Antarctic Programme (w/SCAR)
Task 1 - Antarctic Ice Core Research
Task 2 - International Trans-Antarctic Scientific Expedition

FOCUS III: Human Interactions in Past Environmental Changes
Activity 1: Human Impacts on Fluvial Systems
Activity 2: Human Impacts on Terrestrial Ecosystems

FOCUS IV: Climate System Sensitivity and Modeling
Activity 1: Climate Forcing and Feedbacks

Task 1 - Volcanic Influences (w/INQUA)
Task 2 - Solar Influences
Task 3 - Greenhouse Gases and Aerosol Influences
Task 4 - Abrupt Climate Change

and Internal Climate System Dynamics
Activity 2: Climate Model-Data Intercomparisons

Task 1 - Paleoclimate Modelling Intercomparison Project (PMIP)
Task 2 - Paleo Multiproxy Analysis and Mapping Project (PMAP)

includes: Biome 6000 (with other IGBP Groups)

FOCUS V: Cross-Project Analytical and Interpretive Activities
Activity 1: Chronological Advances
Activity 2: Development of New Proxies

Task 1 - Isotope Calibration Study
Activity 3: International Paleo-Data System

(with the World Data Center-A for Paleoclimatology)
Activity 4: REDIE -Regional, Educational and

Infrastructure Efforts (with START/IAI)
Acronyms: HDP = Human Dimensions Programme; IAI = Inter-American Institute for Global Change Research;
ICSU = International Council of Scientific Unions; INQUA = International Quaternary Association; SCAR =
Scientific Committee on Antarctic Research (ICSU); SCOR = Scientific Committee on Ocean Research (ICSU);
START = System for Analysis, Research and Training (IGBP, HDP, WCRP)
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the required combination of

climatological insight, local exper-

tise, and logistical/analytical

capability.

The thermohaline circulation

variability is one major process that

can be linked to long-term climatic

changes (from decades to millennia).

Paleoclimate data were recently the

first to point to the ability of the

Earth’s climate system to switch

abruptly between significantly

different climatic modes. For

example, major deep water circula-

tion changes have been recon-

structed during the last glaciation.

Some of these changes develop on

decade-to-century timescales in

response to the injection of fresh-

water at the sea surface of the

northern North Atlantic Ocean.

Massive iceberg discharges from the

Laurentide or Eurasian ice sheets

are assumed to be responsible for

abrupt sea-surface salinity decreases.

However, during the present

Holocene interglacial, the

paleoceanographic record of the

North Atlantic Ocean reveals

phenomena that may be related to

changes in surface salinity much

larger than the Great Salinity

Anomaly in the 1970s. These

changes must be attributed to

variations of the hydrological cycle,

since the continental ice sheet had

already disappeared. We still do not

know whether these surface water

salinity and density changes were

responsible for significant changes

in the thermohaline circulation and

the heat budget of the Northern

Hemisphere. However, these

variations coincide with significant

changes of climate and lake levels in

various areas of the world. PAGES

goals include the elucidation of this

complex array of past climate

variability. In this respect, PAGES

polar efforts, IMAGES, and the

PEPs (Table 1) will be of particular

relevance to CLIVAR.

In addition to these observational

programs, PAGES promotes three

tasks devoted to the integration of

data and paleoclimate modeling:

1) PMIP (Paleoclimate Modelling

Intercomparison Project—also

endorsed separately by the

WCRP)—helps the evaluation of

climate models by comparing

simulations performed using

identical imposed paleoclimate

boundary conditions (insolation,

ice sheet distribution, sea-surface

temperatures, and CO2 concen-

tration) for two periods (6 kyr

and 21 kyr B.P.).

2) PMAP (Paleoenvironmental

Multiproxy Analysis and Map-

ping Project) aims at mapping

reconstructed paleoclimates for

well-defined time slices, includ-

ing those of interest to PMIP.

The maps that will be derived

from both Stream I and Stream II

activities should allow us to

document spatial and temporal

changes in terrestrial environ-

ments in the past and provide

terms of validation of model

simulations of past change.

3) The PAGES international data

system, part of the ICSU World

Data Center system, gathers

compiled sets of validated

paleodata stored digitally in

formats that are easily available to

meet the needs of the different

research activities.

PAGES was developed to provide

the paleoclimatic perspective for the

IGBP, but can also be of use to

other international programs in

need of a long temporal framework.

Just as CLIVAR must tap an

understanding of past climate

dynamics to meet many of its goals,

the PAGES research community

must be ready to provide CLIVAR

with much of this understanding.
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2: THE MAJOR PAGES/CLIVAR RESEARCH FOCI

The workshop was organized

around defining state-of-the-art

questions, and how to answer these

questions using an integrated

paleoclimate data and modeling

approach. A selected number of

plenary talks by CLIVAR and

PAGES scientists introduced issues

in each focus, and group discussions

then developed the scientific

questions and research needed to

answer them. The specifics of each

identified PAGES/CLIVAR focus

are presented in this section,

whereas general implementation

issues are presented in Section 3 of

this document. It is recognized that

the six PAGES/CLIVAR foci

described below are interrelated and

mutually supportive:

■ Dynamics of low-latitude climate

change

■ Global ocean thermohaline

variability

■ Regional-to-global scale hydro-

logic variability

■ Dynamics of abrupt climatic

change

■ Model evaluation and improve-

ment

■ Climate change detection

2.1 Dynamics of low-
latitude climate change
Tropical ocean-atmosphere systems

orchestrate climate variability

worldwide over interannual-decadal

timescales, and the tropical ocean is

the primary source of energy and

water vapor to the global atmo-

sphere. Intensive observational

programs, such as the family of

TOGA/GOALS-related programs,

have focused on improving our

empirical basis for understanding

and modeling the tropical ocean-

atmosphere. 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 at most.

Paleoclimatic records from corals,

tree rings, ice cores, sediments, and

other sources can be used to extend

the observational baseline of

tropical variability and document

the sensitivity of these systems to

past changes in forcings (Fig. 1).

Such reconstructions offer new

opportunities to gain insight into the

intrinsic variability of tropical

systems and to validate numerical

model simulations of regional and

global climate variability.

Ocean-atmosphere systems include

distinct climatic signatures within

and beyond the tropics that are

readily recorded in paleoclimatic

archives. In the shallow tropical

oceans, corals offer the potential for

multicentury, subseasonal recon-

structions of the surface ocean and

related atmospheric processes such

as rainfall (Fig. 2; Dunbar and Cole,

1993; Quinn et al., 1993; Gagan et

al., 1994; Tudhope et al, 1995, 1996;

Wellington et al., 1996). In the few

tropical areas with distinct seasonal-

ity (and throughout the mid- and

high-latitudes), tree-ring analysis can

provide annual records of seasonally

specific climate variables over the

past several centuries to millennium

(D’Arrigo and Jacoby, 1992). High-

altitude ice cores in Peru and Tibet

(and potentially Africa) preserve

chemical and physical records of

accumulation, temperature, and

atmospheric transport and chemis-

try over one to tens of millennia

(Thompson et al., 1992, 1995).

Historical climate records from

certain cultures can provide detailed

documentation of climate-related

variables over centuries to occasion-

ally millennia (e.g., Nicholson, 1989;

Quinn et al., 1987).
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Figure 1. Map of the global mid- to

low-latitude SST indicating sites

where centuries-long coral, ice-core,

tree-ring, and varied sediment sources

of past climate variability have been

or are being studied. Many additional

sites exist for future study. Large

numbers of additional records exist at

higher latitudes.

The PAGES/CLIVAR working

group on low-latitude dynamics

identified several research foci in

which a paleoclimatic perspective

would contribute significantly to the

goals of CLIVAR. These include:

■ Intrinsic variability of the spatial

and temporal signatures that

characterize modern tropical

climate variability

Modern tropical climate variability

is dominated by ocean-atmosphere

systems that have characteristic

signatures in time and space. The

primary examples of these are the El

Niño/Southern Oscillation (ENSO),

the Asian monsoon, and the African

monsoon (with related Atlantic

variability). The tropical conditions

that enable these modes of variabil-

ity and the extratropical patterns

associated with these modes can be

reconstructed readily from

paleoclimatic records with annual or

better resolution. An important

first-order question to be addressed

is whether these modes have

persisted through time with the

temporal and spatial signatures that

characterize their modern variability

(e.g., Cane et al., 1994).
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Intrinsic variability around these

well-known modes is a major

impediment to predictability. This

variability is well documented from

observations and supported by

models. Only paleoclimatic records,

however, offer the opportunity to

document the natural variability of

tropical systems on time scales

longer than the past few decades of

observational records. To evaluate

the utility of climate predictions, we

need to document whether this

natural (unforced) variability

exceeds the level of anomalies that

result from specific forcings.

■ Long-term variability in ENSO

and its teleconnections

A particular focus on ENSO allows

this effort to take advantage of

ongoing programs both in

paleoclimate record development

and numerical modeling. Coral-

based ENSO reconstructions enable

the extension of existing ENSO

indices, which can be used both to

compare with observed extratropi-

cal variability and to validate the

statistics of the multicentury

synthetic time series generated by

models (Cane et al., 1995).

Initial records from Pacific corals

spanning the past one to four

centuries have revealed synchronous

shifts in the frequency domain

among annual, interannual, and

multidecadal modes of Pacific

Figure 2. Annual δ18O values for a

western Indian Ocean (off Kenya)

coral compared to annual average

instrumental (COADS) SST values.

Coral records from around the globe

allow the extension of tropical

climate records back centuries, and

thus reveal more complete

realizations of the variability

associated with climate systems such

as ENSO and the African/Asian

monsoons (courtesy J. Cole and

R. Dunbar).
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Figure 3. Evolutionary variance spectra from (a) a 97-year coral-based precipitation record from the Tarawa Atoll (central

Pacific), and (b) a 375-year coral-based SST record from the Galapagos (eastern Pacific), illustrating how the variance of

tropical Pacific climate has changed over the past four centuries. Note how the variability mode of the last few decades is

unique with respect to the longer record (courtesy R. Dunbar and J. Cole).
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variability, implying coupling across

timescales (Fig. 3; Cole et al., 1993;

Dunbar et al., 1994). Testing

whether frequency-domain shifts in

parts of the Pacific reflect

multidecadal changes in ENSO will

require long records from other sites

in the core of the ENSO region. Key

extratropical records will also help

us to evaluate whether these shifts

affect the pattern and magnitude of

teleconnections.

■ Causes of interannual-decadal

monsoon variability

Interannual-decadal changes in the

African and Asian monsoons hold

severe human consequences for

hundreds of millions of people, yet

their causes remain obscure. By

providing a longer baseline of

observations for both monsoon-

related climate variables and certain

potential monsoon forcings,

paleoclimatic records can help to

distinguish between certain causes

of monsoon variability. One of the

hypothesized causes of monsoon

variability is Eurasian snow cover

(Dickson, 1984), which, if extensive

or deep, delays warming of the

Asian continent in springtime due to

the energy required for increased

evaporation and results in a weak-

ened monsoon (Barnett et al., 1988).

An alternative hypothesized forcing

for a weak monsoon is above-

average sea-surface temperature

(SST) in the equatorial Indian

Ocean, which results in the prefer-

ential convergence of moisture in

this region, leaving less to be

transported over the Asian conti-

nent.

Over longer timescales (e.g., the last

10,000-15,000 years), paleoclimatic

observations of hydrologic extremes

and abrupt hydrologic changes in

regions influenced by the modern

monsoon provide a challenge to our

understanding of how the monsoon

operates. Known forcings during

this period are gradual (e.g., changes

in the seasonal distribution of

insolation), yet observed changes in

monsoon strength are abrupt and

synchronous over large regions (Fig.

4; Street-Perrott and Roberts, 1983;

Street-Perrott and Perrott, 1990;

Gasse and Van Campo, 1994;

Overpeck et al., 1996). The implica-

tion is that the monsoon may be

highly sensitive to small “threshold”

changes, or that there are some as

yet unknown causes/mechanisms for

large abrupt changes in monsoon

strength.

■ Tropical system sensitivity

The response of mean background

conditions to large changes in

climate boundary conditions has

been extensively explored using

both data and numerical simula-

tions, but changes in variability

related to these background shifts

have received little attention.

Changes in ENSO, for example,

during the past 20,000 years would

have important implications for

climate variability worldwide. Yet

the resolution of existing data

permits only tentative evaluation of

whether ENSO operated at all

during the last glacial maximum

(Markgraf et al., 1992). Recovery of

fossil corals that date to the Holo-

cene or last Glacial should allow

evaluation of near-monthly variabil-

ity in the tropical surface ocean

during periods with much different

boundary conditions than today.

Such information offers valuable

insights into the sensitivity of

tropical systems to changes in

climate boundary conditions that

are relevant to the future as well as

the past.
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■ The role of tropical variability in

extratropical climate

The relative contribution of the

tropical Pacific to extratropical

climate variability on decadal

timescales has been debated in a

series of recent articles, some of

which emphasize a primary role of

the tropical Pacific in generating

extratropical anomalies (Kumar et

al., 1994; Graham et al., 1994; Lau

and Nath, 1994; Graham, 1995),

while others stress the importance of

mid- to high-latitude ocean-atmo-

sphere interactions (Jacobs et al.,

1994; Latif and Barnett, 1994, 1996;

White and Peterson, 1996).

Trenberth and Hurrell (1994) point

to mid-latitude mechanisms that

may amplify and impose a longer

timescale on an initial signal of

tropical origin. Better records from

the tropical Pacific, coupled with

the appropriate mid-latitude

reconstructions from tree rings and

other sources, will allow us to

address this issue over time periods

beyond the instrumental record.

Ocean Dynamics.

Paleoceanographic variability

can now be reconstructed

using a wide range of biologi-

cal, sedimentological, and

geochemical proxies. The result

has been an increasingly

detailed understanding of

ocean dynamics on time scales

spanning seasons to millennia.

2.2 Global ocean
thermohaline variability
The thermohaline circulation is that

part of the total ocean circulation

that is driven by fluxes of heat and

fresh water through the sea surface.

Paleoclimatic data have shown that

the strength and pattern of the

thermohaline circulation have

changed significantly not only

between glacial and interglacial

periods, but also within the last

glaciation and perhaps within

interglacials as well. The North

Atlantic Drift carries northward

warm water, which is cooled almost

to the freezing point before sinking

to the abyss. Under modern condi-

tions, the heat flux released to the

atmosphere by this process en-

hances by about 33% the heat

received from the sun by the

troposphere over the northern

Atlantic and contributes to the

maintenance of mild conditions over

western Europe (Broecker, 1987).

The heat transport was significantly

smaller during the last glacial

maximum (Fig. 5), and may have

varied significantly during the

Holocene as well (Fig. 4). The

variability of the thermohaline

circulation is therefore one major

process that can be linked to long-

term climatic changes (from decades

to millennia).
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Figure 4. (a, b) Hydrologic balance

reconstructed for two sites in tropical

Africa using late Quaternary

sediments (from Gasse and Van

Campo, 1994), and (c) North

Atlantic sea-surface density changes

reconstructed using marine faunal

and isotopic changes (from Duplessy

et al., 1992, unit for density defined

as sigma = [density -1] x 1,000). The

observed paleohydrological changes

suggest that dramatic abrupt shifts in

hydrologic balance can occur on a

spectrum of societal-relevant

timescales. Although the deglacial

(i.e., 13 to 7ka) shifts have been

linked with meltwater discharge

events into the North Atlantic, the

cause(s) of the Holocene aridity and

sea surface density events remain

poorly understood.
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Figure 5. Latitudinal distribution

of δ13C versus depth for the

modern (top) and glacial (bottom)

Atlantic Ocean. The modern

measurements were made on

water samples, whereas the

paleoceanographic reconstruction

is based on the isotopic

composition of benthic

foraminifera that lived at the

sediment-water interface deep in

the ocean. Rates of North Atlantic

Deep Water formation varied

dramatically during the last

glacial-interglacial cycle, and were

significantly reduced during much

of the last glacial period (after

Labeyrie et al., 1992).



21

One of the most fruitful interactions

between the modern climate

dynamics and the paleo-sciences

communities has been the study of

multiple states of the thermohaline

circulation under various forcing

factors (Fig. 6; Bryan, 1986; Manabe

and Stouffer, 1988, 1995; Maier-

Reimer and Mikolajewicz, 1989).

This characteristic feature of

coupled ocean-atmosphere models

would have been left aside without

the abundant evidence provided by

paleoceanographers and paleoclima-

tologists. Numerical climate models

(i.e., GCM’s) are now used to

quantify the rapidity of swings

between modes (Stocker et al., 1992;

Rahmstorf, 1994).

The paleoclimate community should

thus continue to have a central role

in documenting the variability of the

thermohaline circulation on

decadal-to-centennial timescales.

The construction of high-resolution

time series will undoubtedly lead to

progress in our understanding of the

Figure 6 (a) Time series

of the deviations (from a

control simulation) of

SST and sea surface

salinity (SSS; p.s.u.:

practical salinity units)

from their initial values

at a coupled ocean-

atmosphere model grid

point in the Denmark

Straight, showing the

simulated response to a

massive (1 Sv) surface

flux of freshwater into

the high-latitude North

Atlantic during the

first 10 years of the

simulation. (b) Temporal

variations of the rate of

thermohaline circulation

(THC) in the North

Atlantic obtained from

the control and fresh-

water (FW) perturbation

experiments. These

simulated model

responses mimic the type

of abrupt ocean change

observed in late-glacial

paleoenvironmental data

(figure after Manabe and

Stouffer, 1995).
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thermohaline circulation. The

understanding of the causes of rapid

change will of course prove to be

useful for forecasting the future

behavior of the thermohaline

circulation. In the context of

CLIVAR, it seems logical to concen-

trate efforts on the main thermoha-

line convection zones of the North

Atlantic and in particular the

Labrador Sea component that

appears to be crucial for under-

standing the recent convection

variability.

The PAGES/CLIVAR working

group on thermohaline variability

identified several research foci in

which a paleoclimatic perspective

would contribute significantly to the

goals of CLIVAR. These include:

■ Direct information on oceanic

parameters

From corals it is possible to obtain

seasonal reconstructions of SST,

salinity, ventilation, and nutrient

content from high-resolution

geochemical profiles of large coral

heads (δ18O, δ14C, trace-elements).

For example, in Florida, the

Bahamas, and Bermuda it is possible

to obtain long series in coral

enabling the study of the variability

in the Gulf Stream/Sargasso Sea

region during the last millennium

with a temporal resolution of a few

months. At high latitudes, it may be

possible to use molluscs and deep

sea corals that have been collected

and dredged at various depths and

latitudes in the North Atlantic.

From those corals and molluscs it

could be possible to obtain short

records of a few decades or centu-

ries for deep sea parameters such as

salinity, temperature, ventilation

time, and nutrient content.

The use of oceanic sediments is

important since it is a convenient

way to obtain very long records of

surface and deep sea parameters,

such as sea surface temperature, sea

surface salinity, deep water δ18O,

δ13C, Cd (a proxy for phosphate),

and benthic fauna. The temporal

resolution is a direct function of

sedimentation and bioturbation

rates. Consequently, in the context

of CLIVAR, it will be important to

concentrate our efforts on specific

areas characterized by extremely

high accumulation rates on the

order of several centimeters per

century. In such cases, it has been

shown that centennial and even

decadal events can be dated and

studied accurately using a variety of

methods (Boyle and Keigwin, 1987;

Duplessy et al., 1988, 1991, 1992,

Lehman et al., 1991; Hughen et al.,

1996).

■ Information on atmospheric

parameters influenced directly by

the North Atlantic variability

Greenland and Arctic Canada ice

cores make it possible to measure

geochemical tracers in order to

reconstruct long annual climate

records from numerous chemical

and physical measurements (Alley et

al., 1993; Dansgaard et al., 1993;

Grootes et al., 1993; Fisher and

Koerner, 1994; Mayewski et al.,

1994; O’Brien et al., 1995). These

records will enable the reconstruc-

tion of time series of atmospheric

and oceanic temperatures, atmo-

spheric water sources, and air mass

trajectories. Useful information can

also be gathered from trees by

studying ring width, densitometric

and isotopic data (Briffa et al.,

1992a; Jacoby and D’Arrigo, 1989).

These annual records can provide

constraints on atmospheric tempera-

ture and humidity, whereas annually

laminated sediment records can be

tapped for air temperature and wind

strength (Lamoureux and Bradley,

1996; Hughen et al., 1996).
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■ Causes of thermohaline circulation

variability

Paleoclimatic studies should

continue to investigate the impor-

tance of the high-latitude salinity

field in controlling the location of

deep water formation and in driving

interhemispheric circulation. Deep

water formation occurs in only a few

localized regions where events of

drastic heat loss can lead to destabi-

lization of the water column down

to a great depth. Under modern

conditions, deep winter convection

develops primarily in the high-

latitude North Atlantic and around

the Antarctic continent. By contrast,

the surface salinity is too low in the

North Pacific to allow deep convec-

tion with the more saline deep

waters, even if the sea surface is

cooled to the freezing point.

The reconstructed glacial-intergla-

cial changes of deep water circula-

tion have been related to changes in

North Atlantic surface salinity, due

to changes in the fresh water budget

(Broecker et al., 1990; Duplessy et

al., 1992). Several mechanisms have

been proposed to explain them:

1) Changes in the precipitation plus

runoff minus evaporation budget:

Anomalies of precipitation minus

evaporation of ±35 cm result in

salinity anomalies of ±0.25 psu in

a 50 m mixed layer. These values

are typical of year-to-year

variations in near-surface salinity.

2) Changes in the advection of low-

latitude saline water and mixing

with high-latitude water.

3) Changes in the flux of fresh

North Pacific water through the

Bering Strait into the northern

North Atlantic (Shaffer and

Bendtsen, 1994).

4) Massive iceberg discharge

released from large continental

ice sheets and melting into

subpolar waters (Bond and Lotti,

1995).

All of these mechanisms were

probably active at one time or

another to trigger the deep water

circulation changes of the last

150,000 years. Whereas the last

mechanism could act only during

glacial climates, when a significant

amount of excess ice developed over

Canada and northern Europe, the

first three mechanisms may also

have been active during interglacial

conditions, and may result in

determinant salinity fluctuations of

Abrupt Climate Change.

Analysis of polar ice and deep-

sea sediment cores has

revolutionized how we view

climate dynamics. Without this

“paleo” perspective, we would

have little inkling that the

Earth’s climate system can shift

from one mode of variability to

a dramatically different one in

the period of a decade or less.
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interannual-to-decadal and centen-

nial timescales (Duplessy et al.,

1992; Rind and Overpeck, 1993;

Rahmstorf, 1995; Stocker, 1995).

■ Sensitivity of thermohaline

circulation variability to altered

salinity forcing

Paleoclimatic data have documented

changes in the location of the sites

of deep water formation and the

depth of North Atlantic Deep

Water. The available sediment

records do not allow us to estimate

directly the rate of change of

meridional heat transport or mean

meridional flow in response to high-

latitude surface salinity variation.

The sensitivity of the Atlantic

thermohaline circulation to changes

in salinity in the North Atlantic

north of 40°N, or in the Southern

Ocean south of 45°S, has been

documented only through sensitivity

experiments performed with 2-D

general circulation models of the

ocean (Fichefet et al., 1994). In

these experiments, a glacial experi-

ment was first performed using

glacial boundary conditions (recon-

structed SST and sea-surface salinity

[SSS]) and a wind stress derived

from the Ice-Age response of an

atmospheric GCM. A series of

experiments were then carried out

with positive or negative anomalies

of salinity either north of 40°N or

south of 45°S. Results show that the

strength of the Atlantic overturning

is governed by the density contrast

between the regions where deep

convection takes place. Decreasing

the salinity by 0.4 psu in the north,

or increasing it by the same amount

in the south, leads to a significant

weakening of the thermohaline

overturning and to a more pro-

nounced intrusion of Antarctic

Bottom Water (AABW). Increasing

the salinity in the North by 0.4 psu,

or decreasing it by the same amount

in the South, results in an intensifi-

cation of the overturning. The

continued interplay of paleoclimate

data analysis and modeling is

needed to narrow uncertainties

regarding the sensitivity of the

thermohaline system to altered

salinity forcing (Manabe and

Stouffer, 1995).

2.3 Regional- to global-
scale hydrologic variability
An objective of CLIVAR-GOALS is

to document the range of climate

and hydrological variability over the

continents, and to exploit any

predictability associated with this

variability. As discussed in Section

2.1, the paleoclimate community is

already developing the long-term

perspective necessary to understand

tropical ocean (e.g., ENSO) and

monsoon variability in a manner

that is directly applicable to under-

standing the effect these systems

have on climate variability within

and outside the tropics. In parallel

to this work, others in the

paleoclimate community are also

focused on reconstructing and

understanding regional- to continen-

tal-scale climate and hydrologic

variability. Given the significant

dependence of societies around the

world on this latter variability, a

high priority has been placed on

using the paleoclimate perspective

to improve skill in predicting this

hydrologic variability, particularly in

the way it is influenced by the

oceans.

Regional- to subcontinental-scale,

seasonally-to-annually-resolved

reconstructions have already been

generated using data from trees and

historical documents. These include

250–300-year reconstructions of

spring/summer temperature for

western North America and western

Europe (Briffa et al., 1988, 1992a),

winter half-year precipitation and

annual temperature in western

North America (Fritts, 1991),

drought in the coterminous United

States (Fig. 7; Meko et al., 1993;

Cook et al., 1996), El Niño strength

in Peru (Quinn, 1992), and a wide

range of variables for Europe,

China, and Japan (Frenzel et al.,

1994; Zhang, 1988; Mikami, 1992).

A number of smaller regional or

local reconstructions exist for

similar or longer periods, for

example, in Morocco (Till and

Guiot, 1990; Chbouki, 1992), the

southeastern U.S. (Stahle and
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Figure 7. Gridded U.S. drought

reconstructions based on a new 388-

site network of tree-ring records from

across the coterminous U.S. Time

series showing the number of 155

2°x3° grid points characterized by

(a) exessive moisture (Palmer

Drought Severity Index <+1) or

(b) drought (PDSI >−1) for each of

the 278 years reconstructed.

(c) Mapped areas characterized by

drought for at least 80 years of the

total AD 1700 to 1978 record.

Together, these reconstructions

suggest that the most widespread

drought of the last three centuries

occurred during the “dust-bowl” years

of the 20th century, and that the

southwestern U.S. and High Plains

are most susceptible to drought.

Other data (see text) suggest that

droughts both more extreme and

persistent occurred earlier in the

Holocene (figure after Cook et al.,

in press).
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Cleaveland, 1992), high-latitude

North America (Jacoby and

D’Arrigo, 1989), California

(Graumlich, 1993; Hughes and

Brown, 1992), Scandinavia (Briffa et

al., 1992b), the Mediterranean

region (Serre-Bachet, 1994), Siberia

(Graybill and Shiyatov, 1992),

southern South America (Lara and

Villalba, 1993; Boninsegna, 1992;

Villalba, 1990), the Himalaya

(Hughes, 1992), China (Hughes et

al., 1994), Tasmania (Cook, 1992),

and New Zealand (Norton and

Palmer, 1992). Ice-core and lami-

nated sediment records have

provided key reconstructions as well

(Fig. 8; Dansgaard et al., 1993;

Mosley-Thompson et al., 1993;

Thompson et al., 1992; Baumgartner

et al., 1989; Lange and

Schimmelman, 1994; Fisher and

Koerner, 1994; Meese et al., 1994;

O’Brien et al., 1995; Thompson,

1996)

Although networks of annually

dated paleohydrologic records

spanning the last several centuries

will be critical to understanding

climate and hydrological variability

over the continents, it is also

recognized that an understanding of

the full range of hydrologic variabil-

ity requires an even-longer perspec-

tive. Holocene-length (10,000 years)

records indicate that major decade-

to century-scale shifts in moisture

balance, dwarfing those of the last

Figure 8. Net ice (precipitation)

accumulation for two ice cores located

20,000 km apart: Guliya, located on

the Tibetan Plateau, and Quelccaya,

located in the central Andes.

Numerous paleoclimatic proxies can

be used to extend the record of past

moisture balance back centuries and

millennia, thus revealing the full

range of climatic variability (figure

from Thompson, 1996).
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couple of centuries, can occur (Figs.

4 and 9; Street-Perrott and Perrott,

1990; Forman et al., 1992, 1995;

Knox, 1993; Ely et al., 1993; Gasse

and Van Campo, 1994; Hodell et al.,

1995; Muhs and Holliday, 1995;

Lamb et al., 1995; Laird et al., 1996;

Overpeck, 1996). PAGES/CLIVAR

needs to take the lead in mapping

out the time-space patterns of these

unprecedented changes, and in

understanding their causes.

The PAGES/CLIVAR working

group on hydrologic variability

identified several research foci in

which a paleoclimatic perspective

would contribute significantly to the

goals of CLIVAR. These include:

■ Time-space reconstructions of past

climate and hydrologic variability

The compilation and integration of

seasonally-to-annually resolved

paleoclimatic time series into broad-

scale networks suitable for synoptic

analysis has been identified as a

priority for PAGES, and would

provide the time series needed to

extend CLIVAR’s record back

beyond the limited period of

instrumental data coverage. A well-

organized, documented, easy-to-

access, public domain database

should include raw paleoclimatic

data, climatic reconstructions based

on these data, and time series of

hypothesized climatic forcing (e.g.,

trace-gas, solar, and volcanic). Both

time-series and spatial reconstruc-

tions should be made available for

joint investigations within the

PAGES/CLIVAR framework.

■ Investigating hypothesized climate

system interactions and forcing

Many of the available data discussed

above have already been used to

examine aspects of climate variabil-

ity of relevance to CLIVAR. For

example, spatial networks of tree-

ring chronologies have been used to

investigate the past interaction of

the tropical Pacific variability and

climate change in the Americas,

Africa, and China (Cleaveland et al.,

1992; Diaz and Pulwarty, 1994). The

urgency for investigating the

paleoclimatic record of climate and

hydrologic variability is highlighted

by the greater range of variability

observed in some paleoclimatic time

series than is observed in instrumen-

tal records. For example,

paleoclimatic reconstructions point

increasingly to the pre-instrumental

period occurrence of extreme

multidecadal drought in California

(Graumlich, 1993; Stine, 1994;

Hughes and Graumlich, 1995).

PAGES/CLIVAR collaboration

should focus on understanding the

full range of past climatic and

hydrologic variability, including any

possible linkages to oceanic, trace-

gas, solar, or volcanic forcing.

Hydrologic Variability.

Extensive networks of trees

and other proxy sources

provide the unique opportunity

for annually-dated spatial

reconstructions of past

hydrologic variability extending

back centuries. PAGES-CLIVAR

collaboration will tap this

opportunity to help determine

the extent to which the full

range of hydrologic variability

(e.g., droughts and floods) is

predictable.
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Figure 9. Enhanced Landsat

Thematic Mapper (TM) principal

components image developed by

georegistering and processing data

acquired on 12 August and 15

October 1985. Dark parabolic

landforms adjacent to the South

Platte River in northeastern Colorado

are currently stabilized dunes found

to have been mobile at least four

times during the Holocene. The

origin(s) of these unprecedented

drought events are poorly understood

(image from Overpeck, 1996, and

courtesy of R. Yuhas and A. Goetz,

Center for the Study of Earth from

Space, University of Colorado at

Boulder).
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• Evaluating predictive climate and

hydrologic models

The need for an expanded

paleoclimatic model evaluation

framework is highlighted in Section

2.5, but this need clearly extends to

understanding how well predictive

models can simulate the full range of

observed climatic and hydrologic

variability. Priority efforts should

include networks of well-dated time

series from periods characterized by

modes of variability unlike today’s.

These include periods within the

current Holocene interglacial, but

also during the last glacial maxi-

mum.

2.4 Dynamics of abrupt
climatic change
The paleoclimate record of past

environmental change clearly shows

that the instrumental record

contains only a subset of possible

climate system behavior. This is

highlighted, for example, by

paleoclimatic evidence that the

climate system repeatedly switched,

in a matter of years to decades,

between significantly different

climatic modes during the last

glacial period (Fig. 10; Oeschger et

al., 1985; Broecker and Denton,

1989; Bond et al., 1993; Dansgaard

et al., 1993). Many of these changes

were apparently episodic pulses of

century-millennial duration, but also

included abrupt (i.e., of annual- to

decadal-scale duration) step-

function changes in climate state

during the switch from cold/glacial

to warm/interglacial climate be-

tween 14,000 and 9,000 years ago

(Grootes et al., 1993; Alley et al.,

1993). More recently, there has been

the growing realization that abrupt

climatic events also characterized

the present Holocene interglacial,

particularly at low- to mid-latitudes

(Fig 4; Street-Perrott and Roberts,

1983; Street-Perrott and Perrot,

1990; Kadomura, 1992; Knox, 1993;

Ely et al., 1993; Gasse and Van

Campo, 1994; Hodell et al., 1995;

Lamb et al., 1995).

The significance of past abrupt

climatic changes is heightened by

the fact that they cannot be studied

using instrumental data, and

because their origins are poorly

understood. Careful work is needed

to map out the spatial-temporal

patterns of change associated with

past abrupt events, to determine

their causes, and to determine if

they are predictable. It is quite

plausible that abrupt changes of the

Holocene could be of the type that

might occur in the future. Equally

important is the manner in which

the climatic system responds to

abrupt change. It is possible that

trace-gas-induced warming could

manifest itself as a geologically

abrupt event, and studies of past

abrupt events are necessary for

developing and evaluating predic-

tive models that can simulate abrupt

change.

This section explicitly addresses the

kinds of large abrupt change that

are not observed in the instrumental

record of the past 100 years.

Important abrupt shifts in seasonal-

to-interannual variability of the

coupled ocean-atmosphere, such as

the Pacific shifts of the 1970s and

1990s (Trenberth, 1990; Trenberth

and Hoar, 1996), or similar events

observed in the coral record of

Pacific variability over the past 400

years (Cole et al., 1993; Dunbar et

al., 1994), are highlighted foci of

Section 2.1.

The PAGES/CLIVAR working

group on abrupt climatic change

identified several research foci in

which a paleoclimatic perspective

would contribute significantly to the

goals of CLIVAR. These include:
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Figure 10. Comparison of a

Greenland ice core oxygen isotope

record (GRIP) with the relative

abundance of a polar foraminifera

(N. pachyderma) in the North

Atlantic sediment core V23-81 for the

period 10 to 50 kyr B.P., illustrating

the close coupling of abrupt climatic

change in the glacial atmosphere and

ocean (YD: Younger Dryas; D:

Deglaciation; LGM: Last Glacial

Maximum; IT3: Interstadial 3; HL:

Heinrich Layer) (after Bond et al.,

1993).

■ Past abrupt climatic events with

hypothesized oceanic causes

Several past abrupt climatic events

have been linked to hypothesized

changes in ocean circulation.

Attention should not necessarily

exclude the exploration of any

paleoclimatic event that may

provide new insights into how the

climate system may behave, but

PAGES/CLIVAR needs to focus

attention first on events that are

relatively well studied. The termina-

tion of the Younger Dryas event in

the North Atlantic region (ca. 10 ka)

may have global implications, but it

has also been linked to changes in

the coupled ocean-cryosphere-

atmosphere system of the high

northern latitudes (Fig. 10). The

existing wealth of data in this high-

latitude region needs to be aug-

mented with a reliable, well-dated

global perspective, and then

integrated with coupled atmo-

sphere-ocean models to determine

the causes, processes, and predict-

ability of this type of major abrupt

climatic shift.
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Other events, such as one at ap-

proximately 8ka in the Northern

Hemisphere, and another at 2ka in

the Southern Hemisphere, are now

becoming more widely recognized,

and may also relate to fundamental

changes in ocean circulation.

Whereas these events do not appear

to be as large in magnitude as the

Younger Dryas event, they do point

to the existence of additional

climate system processes that may

give rise to abrupt climatic change

during warm/interglacial climates.

■ Past abrupt climatic events

without known forcing

Pre-20th century cold episodes, and

associated hydrologic and other

anomalies, are widely recognized

from seasonally-to-annually dated

corals, ice cores, tree rings, sedi-

ments, and historical documents

from around the globe (Bradley and

Jones, 1992; Jones et al., 1995).

High priority must be given to

developing proxy records of past

volcanic, solar, aerosol, and trace-

gas forcing, and then using these

records in a combined data-model

context to determine the extent to

which these hypothesized forcing

mechanisms can explain the climatic

events of the past 1,000 years (Rind

and Overpeck, 1993; Lean et al.,

1995; Crowley and Kim, 1996). At

the same time, PAGES/CLIVAR

efforts need to focus on how the

coupled climate system can give rise

to abrupt events in the absence of

abrupt external forcing (Table 2;

Stocker, 1995).

■ The possible abrupt events of the

last interglacial

The Greenland ice-core records

uncovered possible evidence for

abrupt cold episodes during the last

interglacial that, if correct, have

major implications for possible

climate change in the future

(Dansgaard et al., 1993; Taylor et al.,

1993; Grootes et al., 1993; Alley et

al., 1995). The possible existence of

these and other events in the past

emphasizes the obligation of the

PAGES community to keep the

CLIVAR community informed of

the full range of possible climate

system behavior. The occurrence of

rapid climatic changes over Europe

during the Eemian period is also

supported by pollen and rock

magnetism studies performed on

lake deposits in the French Massif

Central (Thouveny et al., 1994). A

major cooling preceding the conti-

nental ice-sheet growth phase and

appearing like a precursor of the

glaciation has been detected in the

Greenland-Norwegian Sea (Cortijo

et al., 1994). However, at lower

latitudes, the sea surface tempera-

ture and water chemistry records

covering the same time period from

the North Atlantic Ocean that have

so far been examined exhibit much

more muted changes and do not

correlate with the Greenland air

temperature record (Keigwin et al.,

1994; McManus et al., 1994; Cortijo

et al., 1994). These results suggest

the possibility that the Eemian

section of the GRIP ice record is

disturbed or, alternatively, that the

temperature variations are local to

Greenland and the Nordic Seas and

had no impact over the North

Atlantic area. In either case, it is

important to understand whether

interglacial periods are associated

with climatic stability or whether

our climate could return to a phase

of climatic instability either by

chance or through human influ-

ences. Networks of well-dated

paleoclimatic time series are needed

to distinguish true climatic events

from those that may be nonclimatic

artifacts of the proxy record.

2.5 Climate model
evaluation and improvement
A major intersection of PAGES and

CLIVAR objectives falls in the area

of climate modeling. Whereas

PAGES focuses heavily on the

development and use of

paleoenvironmental reconstructions,

and CLIVAR emphasizes the

development and implementation of

a hierarchy of climate models, both

programs share the ultimate goals of

climate dynamics: to arrive at a

theoretical synthesis of climate

change over all scales of variability,

and to use this theory to achieve
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Table 2. Internal Variability Found in Various Numerical Models (after Stocker, 1995).

PERIOD

MODEL (YEAR) MECHANISM AUTHOR

3d box OGCM 9 Advection of SSS anomaly, Weaver and Sarachik (1991)
interaction gyre-thermohaline

3d global A/OGCM 10-20 Advection of T anomalies in the Pacific Von Storch (1994)

3d global A/OGCM 15-20 Southern Ocean sea ice dynamics Manabe and Stouffer (1996)

3d N. Atlantic OGCM 20 Labrador Sea, zonal and Weaver et al. (1993)
meridional overturning

3d global AGCM 5-40 Chaotic nature, subtropical and James and James (1992)
mid-latitude atmospheric jets

3d global OGCM 10-40 Labrador Sea, stochastic integrator Weisse et al. (1994)

3d global A/OGCM 40-60 West Atlantic gyre anomaly Delworth et al. (1993); Manabe
and Stouffer (1996)

2d zonally-averaged OCM 200-300 Large-scale SSS advection Mysak et al. (1993)

3d global OGCM 320 Large-scale SSS advection in the Atlantic Mikolajewicz and Maier-
Reimer (1990)

3d box OGCM 400 Interaction between convection Winton (1993)
and diffusion

3d global A/OGCM 400 Southern Ocean sea ice dynamics Manabe and Stouffer (1996)
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maximum predictive skill. At

present, only parts of these ambi-

tious goals have been reached. On

the interannual timescale, a synthe-

sis between process models and

observations for ENSO has been

found, and a considerable skill of

prediction has been achieved (Cane

et al., 1986, 1994, 1995; Barnett et

al., 1993). However, serious gaps

exist: three-dimensional models are

not yet capable of simulating all of

the observed dynamics of ENSO. At

the other end of the timescale

spectrum, a theory of glacial cycles

has been formulated that success-

fully predicts the periodic compo-

nents observed in the paleoclimatic

record (Berger, 1992; Imbrie et al.,

1992, 1993). However, quantitative

modeling has not been satisfactory

in representing this glacial theory,

because uncertainties exist regard-

ing the sensitivity of the climate

system (e.g., 100 kyr cycle), and

high-resolution archives exhibit

much richer dynamics than pre-

dicted by the theory.

For the timescales that are of

interest to both PAGES and

CLIVAR, namely interannual to

centennial, an effort is needed to

first standardize the interface

between climate models and

paleoclimate data. Advanced

statistical methods in the spatial,

temporal, and frequency domains

must be employed to extract

patterns of change and variability

from the observed data. Likewise,

model data have to be analyzed

using the same tools. Second, even

more urgent is the establishment of

a comprehensive theory for

interannual-, decadal-, and century-

scale climate variability. This will

require a better understanding of

atmosphere-upper ocean interac-

tion, the role of sea ice, and the

dynamics of thermohaline circula-

tion.

The PAGES/CLIVAR working

group on model evaluation and

improvement expanded on model-

oriented foci of the other working

groups, and identified several

research foci in which a

paleoclimatic perspective would

contribute significantly to the goals

of CLIVAR. These include:

■ Simulation of “extreme” climate

conditions

Climate models that are developed

for use in CLIVAR should be able to

reproduce climatic conditions

significantly unlike those of the past

150 years, and in doing so delineate

the limits of the range of variability

present in the climate system. For

atmospheric general circulation

models (AGCMs), the international

Paleoclimate Modelling

Intercomparison Project (PMIP) is

already involving over 18 3-D

modeling groups in simulating the

quasi steady-state climate of two late

Quaternary periods (Table 3):

6 ka:

A period by which the Northern

Hemisphere ice sheets were gone,

but in which insolation was

different from today. This is a test

of the sensitivity of AGCMs to

orbital changes in radiation.

Reconstructions of temperature,

hydrology, vegetation, and other

parameters indicate that they

were significantly different from

today (Fig. 11).

21 ka:

(Last Glacial Maximum - LGM):

A period characterized by

radiation similar to today, but

with decreased atmospheric

trace-gas concentrations and a

large modification of the atmo-

spheric flow due to Northern

Hemisphere ice sheets. Simula-

tion of this period tests the

sensitivity of the dynamics of

these models. LGM conditions

around the globe were substan-

tially different from those of

today.
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Table 3. PMIP Modeling Groups and Investigators

GROUP/ INSTITUTION INVESTIGATORS

Bureau of Meteorology Research Centre B. McAvaney

Canadian Climate Center, GCM 6&7 N. McFarlane, D. Verseghy

CCSR/NIES (Japan) A. Abe-Ouchi

CSIRO Division of Atmospheric Research J. Syktus

GFDL Climate  Model A. Broccoli, S. Manabe

Laboratiore de Modelisation du Climate S. Joussaume, N. Ducoudre, G. Ramsteinet
de l’Environnement (SECHIBA)

LLN 2D M-F. Loutre

Max Plank Institute for Meteorology, ECHAM3/LSG/T42 K. Herterich, M. Lautenschlager, L. Bengtsson

Meteorological Research Institute, Tsukuba A. Kitoh

Moscow University A. Kislov

NASA/GISS Model 2' D. Rind, R. Webb, J. Overpeck

NCAR CCM 1&2 Model J. Kutzbach, R. Oglesby

NCAR GENESIS Model S. Thompson, D. Pollard; K. Taylor, L. Sloan

UGAMP Version 2 P. Valdes, N. Hall

UKMO Hadley Centre C. Hewitt , J. Mitchell

University of Illinois Model M. Schlesinger

University of Melbourne Climate Model B. Budd

Yonsei University (Korea) J. Oh
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Extension of the PMIP model

evaluation framework to ocean, and

coupled ocean-atmosphere models

will be central to the success of

CLIVAR. Unfortunately, our

understanding of paleocean dynam-

ics is lagging behind, because past

boundary conditions are much less

well defined than for the atmo-

sphere. In order to reconstruct

quasi-steady state oceanic conditions

at certain times in the past, the

surface buoyancy field has to be

known in a detailed way. Recent

modeling studies (two- and three-

dimensional) have shown that steady

states are very sensitive to the north-

south buoyancy contrast in the

world ocean (Stocker et al., 1992;

Fichefet et al., 1994; Manabe and

Stouffer, 1995). Additional con-

straints, such as tracer distributions

(14C and 13C), must be incorporated.

Within PAGES, those efforts that

aim at a reconstruction of past sea

surface conditions (e.g., maps of

SST, SSS) have to be enhanced,

while information from the ocean

interior, such as the mix of water

masses, is indispensable for check-

ing the steady states of various

ocean models.

■ Simulation of natural variability

As noted earlier, we currently lack

an established and accepted theory

of natural decade- to century-scale

climate variability. Models do not

replace theory—they are based on it.

From recent limited model results

(Table 2), we have learned that

several modes of natural variability

can be generated in a few geographi-

cal areas of the climate system, but

the processes involved are not well

understood. More clues are needed

from the paleoclimatic record, as

well as from efforts to simulate

aspects of observed past change.

Simplified models have to be

developed and employed where

individual processes can be ana-

lyzed. At the same time, efforts need

to be made to identify a few well-

defined patterns (spatial and

frequency domain) that all models

should strive to simulate. The

definition of such patterns can only

come from the analysis of

paleoclimatic data.

PAGES/CLIVAR interaction

centered on seasonal-to-interannual

ocean variability is limited some-

what to low latitudes where a good

collection of coral records is

becoming available. At higher

latitudes, annually dated

paleoceanographic data are more

limited, but extensive networks of

Reducing Uncertainty.

Numerical models are the

backbone of modern climate

prediction, yet results from the

large number of models now in

use suggest a wide range of

possible future climatic

changes. PAGES-CLIVAR

interaction will focus efforts to

use the extensive record of

past climatic changes to

evaluate and improve the

performance of predictive

models.
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time series are available for land

areas. Mid- to high-latitude

paleoceanographic prospects are

more encouraging for studies of

decade- to century-scale variability

given the increasing availability of

high accumulation-rate sediment

cores. Emphasis must be put on the

Labrador Sea, since recent observa-

tions showed a great variability in

the period 1970–1980, notably in

relation to the Great Salinity

Anomaly that propagated around

the margins of this sea (Lazier, 1980,

1988; Wallace and Lazier, 1988).

Best use can be made of a network

of high-resolution data with SST

and SSS as the target variables. On

the other hand, PAGES may suggest

additional areas where models

should exhibit defined patterns of

interannual- to century-scale

variability, and so serve as an

independent check for these models.

The problem of sparse data may also

be attacked by defining a series of

paleoclimate indices. This approach

has proven to be a fruitful and

efficient step in characterizing and

describing ENSO (Philander, 1990).

It should be employed also for

paleoclimatic studies as a useful

guide for more quantitative studies.

Such indices must be defined in a

way characteristic of decadal to

century variability (e.g., SST, SSS

differences across ocean basins,

phase-lagged SST, and SSS). PAGES

can provide the records and inter-

pretation from which these indices

could be constructed.

■ Simulation of abrupt change

Given the significance of abrupt

paleoclimatic events for understand-

ing the true range of climate vari-

ability and predictability, the

PAGES community must strive to

ensure that data describing past

abrupt events is reliable. Data are

essential to indicate whether an

abrupt change may have been

caused or triggered by a perturba-

tion of the climate system (e.g., the

collapse of an ice sheet), or whether

the abrupt event was the manifesta-

tion of natural but rapid changes.

High-resolution records should then

be used in combination to indicate

leads and lags of different climatic

variables. For a verification of

climate models, paleoclimatic data

analysis must not focus on a single

region, such as the North Atlantic,

but should document amplitudes,

timescales, and phase relations of

abrupt change on the entire globe.

From such an analysis, spatial

patterns can be extracted that will

be essential in assessing climate

model performance.

Figure 11. (opposite page)

Precipitation-minus-evaporation

anomalies for 6000 years B.P.

(compared to the present-day)

simulated by five atmospheric climate

models compared to a map of

observed 6ka lake status anomalies

reconstructed from paleoclimate data

(heavy blue pluses denote much

wetter than today, lighter blue pluses

wetter, heavy red minuses much drier,

light red minuses drier, black circles

no change from today). Paleoclimate

data such as these are being used to

evaluate the performance of climate

models in the Paleoclimate Modelling

Intercomparison Project (PMIP -

Table 3) (courtesy of PMIP and S.

Harrison).
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The sensitivity of climate models,

and hence the transient behavior to

perturbations, depends very

strongly on the initial state; thus

transient coupled atmosphere-ocean

general circulation model experi-

ments aimed at simulating the

Younger Dryas event will be

difficult. In contrast, efforts to

simulate the time-dependent

patterns of change associated with

abrupt events of the Holocene (see

Section 2.4) may be more likely to

succeed. Careful work will still be

needed to define initial model

states, as well as to define the exact

time-space nature of the abrupt

events. Here the information

collected for simulating past

extreme conditions (see PMIP

above) will prove useful. In particu-

lar, the hydrological cycle and its

large-scale changes should be better

known. Again, a hierarchy of

models should be employed to

study individual feedback mecha-

nisms and their importance in

determining sensitivity, variability,

and abrupt change in these models.

2.6 Climate Change
Detection
The PAGES/CLIVAR workshop did

not focus specifically on the climate-

detection objectives of CLIVAR-

ACC, but many of the PAGES/

CLIVAR activities described earlier

in this section will result in both the

long observational time series and

the validated models that are needed

to separate unambiguously natural

from anthropogenically induced

climatic change. Well-validated

models and statistical analyses will

be used to identify “fingerprints” of

anthropogenic climate change

(Madden and Ramanathan, 1980;

Wigley and Raper, 1990; Schneider,

1994; Taylor and Penner, 1994;

Santer et al., 1995b). Similarly,

centuries-long reconstructions of

hypothesized natural climate forcing

(e.g., solar, volcanic, trace-gas, and

ENSO) can be combined with the

same models to recognize the

climatic “fingerprints” of natural

climate variability (Santer et al.,

1995a). A global network of centu-

ries-long paleoclimatic time series

can then be integrated with available

instrumental data and appropriate

statistical methods to isolate the

roles of natural and anthropogenic

climate change.

Detecting Change.

A key issue in climate research

is the extent to which various

hypothesized natural and

anthropogenic forcing mecha-

nisms have affected the last

150 years of climate variability.

This question cannot be

answered definitively, however,

until the full range of natural

decade- to century-scale

variability is understood. This

goal will be a point of PAGES-

CLIVAR intersection.
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3: RECOMMENDATIONS FOR IMPLEMENTATION

3.1  The PAGES/CLIVAR
program and working group
Both PAGES and CLIVAR have

steering bodies as well as manage-

ment structures for each of their

various activities. Coordination

between the two programs should

be enhanced with a formal PAGES/

CLIVAR liaison, most likely a

PAGES/CLIVAR Working Group

(P/C WG) made up of PAGES and

CLIVAR representatives. This WG

would serve to inform the PAGES

SSC and CLIVAR SSG of joint

PAGES/CLIVAR activities and

interests. The P/C WG would make

sure that appropriate PAGES or

CLIVAR activities and workshops

had representatives from the other

community. Most important, the

P/C WG would have the responsi-

bility for encouraging the sharing of

ideas, data, and joint research. It is

envisioned that a formal PAGES/

CLIVAR program would last 10

years, in parallel with the lifespan of

CLIVAR, and that PAGES and

CLIVAR would have explicit

linkages to each other through this

formal PAGES/CLIVAR program.

3.2 Joint workshops, short-
courses, and research
Many participants of the Venice

workshop found the interdiscipli-

nary discussions educational and

stimulating. PAGES/CLIVAR

should move from a planning mode

into one where scientists from both

communities routinely interact to

carry out the research described in

this report. Many activities are

already underway that would both

help meet PAGES/CLIVAR goals

and benefit from greater PAGES/

CLIVAR interaction. Other joint

research programs need more active

encouragement.

In addition to fostering cross-

disciplinary joint research proposals,

the P/C WG should encourage

workshops, such as annual investiga-

tors meetings, that are specifically

focused on PAGES/CLIVAR goals.

In the early years of the PAGES/

CLIVAR program, the P/C WG

could also sponsor short courses

designed to familiarize the PAGES

and CLIVAR communities with the

methods, data, models, and strate-

gies used by the other community.

For example, there is an expressed

desire on the part of paleoclimate

scientists to become more familiar

with state-of-the-art ENSO model-

ing, whereas PAGES scientists could

provide their CLIVAR colleagues

with a better understanding of the

signal contained in proxy climate

records. Greater interdisciplinary

awareness will lead to better

collaboration.

Cross-disciplinary
Understanding

In addition to joint research,

PAGES/CLIVAR interaction will

also be focused on activities

that foster understanding

across disciplinary boundaries.

For example, the PAGES

community will work to make

sure that CLIVAR scientists

understand how paleo-

environmental proxy data are

developed and used, whereas

the CLIVAR scientists will

provide PAGES scientists with

a better understanding of

climate dynamics and state-of-

the-art models.
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closely with numerous regional,

national, and topical data manage-

ment efforts around the world to

ensure that all data are clearly

documented and readily available

to enhance research opportunities

and thus guarantee a PAGES data

legacy.

Non-paleoenvironmental data used

and generated by the CLIVAR

program will also all be safely

archived and shared via electronic

means in a distributed fashion. A

key to the success of joint PAGES/

CLIVAR interaction is the exist-

ence of well-tested data-sharing

mechanisms.

3.3 Data management
and access
Instrumental and paleoenvironmen-

tal observations are a foundation for

both the PAGES and the CLIVAR

programs. In most cases, formal data

management activities are already in

place, as are protocols for data

sharing (PAGES, 1995). PAGES has

built a strong international data

system through the establishment of

the World Data Center-A (WDC-A)

for Paleoclimatology in Boulder. All

data generated by or used in

PAGES activities will eventually be

shared freely via the WDC-A. These

include data used in or generated

from paleoclimate model simula-

tions. The WDC-A has established

Internet access to all data and works

Global Databases.

Another unique achievement of

PAGES has been the develop-

ment of a successful global

paleoenvironmental data

management system. The

coordination of scientific and

database efforts around the

world will continue to grow,

and will provide a key resource

for PAGES-CLIVAR interaction.



41

REFERENCES CITED

Alley, R.B., D.A. Meese, C.A.
Shuman, A.J. Gow, K.C. Taylor,
P.M. Grootes, J.W.C. White, M.
Ram, E.D. Waddington, P.A.
Mayewski, and G.A. Zielinski,
Abrupt increase in Greenland
snow accumulation at the end of
the Younger Dryas event, Nature
362, 527-529, 1993.

Alley, R.B., A.J. Gow, S. Johnsen, J.
Kipfstuhl, D.A. Mease, and Th.
Thorsteinsson, Comparison of
deep ice cores, Nature 373, 393-
394, 1995.

Barnett, T.P., L. Dümenil, U. Schlese,
and E. Roeckner, The effect of
Eurasian snow cover on global
climate, Science 239, 504-507,
1988.

Barnett, T.P., M. Latif, N. Graham, S.
Pazan, and W. White, ENSO and
ENSO-related predictability. Part
1. Prediction of equatorial Pacific
sea-surface temperatures with a
hybrid coupled ocean-atmosphere
model. Journal of Climate 6, 1545-
1566, 1993.

Baumgartner, T.R., J. Michaelsen,
L.G. Thompson, G.T. Shen, A.
Soutar, and R.E. Casey. The
recording of interannual climatic
change by high-resolution natural
systems: tree-rings, coral bands,
glacial ice layers, and marine
varves, in Aspects of climate
variability in the Pacific and the
Western Americas, edited by D.H.
Peterson, AGU Monograph 55, 1-
14, 1989.

Berger A., Astronomical theory of
paleoclimates and the last glacial-
interglacial cycle, Quaternary
Science Reviews 11, 571-581, 1992.

Bond G., W.S. Broecker, S. Johnsen, J.
Jouzel, L.D. Labeyrie, J. McManus,
and K. Taylor, Correlations
between climate records from
North Atlantic sediments and
Greenland ice, Nature 365, 143-
147, 1993.

Bond G. C., and R. Lotti, Iceberg
discharges into the North Atlantic
on millennial time scales during the
last Glaciation, Science 267, 1005-
1010, 1995.

Boninsegna, J.A., South American
dendroclimatological records, in
Climate since A.D. 1500, edited by
R.S. Bradley and P.D. Jones,
Routledge, London, 446-462, 1992.

Boyle, E.A., and L.D. Keigwin, North
Atlantic thermohaline circulation
during the last 20,000 years: Link
to high latitude surface
temperature, Nature 330, 35-40,
1987.

Bradley, R.S. and P.D. Jones, eds.,
Climate since A.D. 1500.
Routledge, London, 1992.

Briffa, K.R., P.D. Jones, and F.H.
Schweingruber, Summer
temperature patterns over Europe:
a reconstruction from 1750 A.D.
based on maximum latewood
density indices of conifers,
Quatarnary Research 30, 36-52,
1988.

Briffa, K.R., P.D. Jones, T.S.
Bartholin, D. Eckstein, F.H.
Schweingruber, W. Karlen, P.
Zetterberg, and M. Eronen,
Fennoscandian summers from
A.D. 500: temperature changes on
short and long time scales, Climate
Dynamics 7, 111-119, 1992a.

Briffa, K.R., P.D. Jones, and F.H.
Schweingruber, Tree-ring density
reconstruction of summer
temperature patterns across
western North America since 1600,
Journal of Climate 5, 735-754,
1992b.

Broecker, W.S., The biggest chill,
Natural History Magazine, 74-82,
Oct. 1987.

Broecker, W.S., and G.H. Denton,
The role of ocean-atmosphere
reorganization in glacial cycles,
Geochim. et Cosmochim. Acta 53,
2465–2501, 1989.

Broecker W.S., G. Bond, M. Klas, G.
Bonani, and W. Wölfli, A salt
oscillator in the Glacial Atlantic? 1.
The concept, Paleoceanography 5,
469-477, 1990.

Bryan F., High latitude salinity effects
and interhemispheric thermohaline
circulations, Nature 323, 301-304,
1986.

Cane, M.A., S.E. Zebiak, and S.C.
Dolan, Experimental forecast of El
Niño, Nature 321, 827-832, 1986.

Cane, M.A., G. Eshel, and R.W.
Buckland, Forecasting
Zimbabwean maize yield using
eastern equatorial Pacific sea
surface temperature, Nature 370,
204-205, 1994.

Cane, M.A., S.E. Zebiak, and Y. Xue,
Model studies of the long-term
behavior of ENSO, in Natural
Climate Variability on Decade-to-
Century Time Scales, edited by
D.G. Martinson, K. Bryan, M.
Ghil, M.M. Hall, T.M. Karl, E.S.
Sarachik, S. Sorooshian, and L.D.
Talley, National Research Council,
National Academy Press,
Washington, DC, 1995.

Chbouki, N., Spatio-temporal
characteristics of drought as
inferred from tree-ring data in
Morocco. (Ph.D. dissertation,
University of Arizona). 1992.

Cleaveland, M.K., E.R. Cook, and
D.W. Stahle, Secular variability of
the Southern Oscillation detected
in tree-ring data from Mexico and
the southern United States, in El
Niño: Historical and Paleoclimatic
Aspects of the Southern
Oscillation, edited by H.F. Diaz
and V. Markgraf, Cambridge
University Press, Cambridge. 271-
291, 1992.

Cole, J.E., R.G. Fairbanks, and G.T.
Shen, The spectrum of recent
variability in the Southern
Oscillation: results from a Tarawa
Atoll coral, Science 262, 1790-1793,
1993.



42

Cook, E.R., Using tree-rings to study
past El Niño/Southern Oscillation
influences on climate, in El Niño:
Historical and Paleoclimatic
Aspects of the Southern
Oscillation, edited by H.F. Diaz
and V. Markgraf, Cambridge
University Press, Cambridge, 203-
214, 1992.

Cook, E.R., D.M. Meko, D.W. Stahle,
and M.K. Cleaveland, Tree-ring
reconstructions of past drought
across the coterminous United
States: tests of a regression method
and calibration/verification results,
in Proceedings of the International
Conference on Tree Rings,
Environment and Humanity:
Relationships and Processes. (in
press).

Cortijo E., J.C. Duplessy, L. Labeyrie,
H. Leclaire, J. Duprat, and T.C.E.
van Weering, Cooling in the
Norwegian Sea and North Atlantic
before the continental ice sheet
growth during the Eemian
interglacial period, Nature 372,
446-449, 1994.

Crowley T.J., and K-Y. Kim,
Comparison of proxy records of
climate change and solar forcing,
Geophysical Research Letters 23,
359-362, 1996.

Dansgaard W. and 10 others,
Evidence for climatic instability of
past climate from a 250-kyr ice-
core record, Nature 364, 218-220,
1993.

D’Arrigo R.D., and G.C. Jacoby, A
tree-ring reconstruction of New
Mexico winter precipitation and its
relation to El Niño/Southern
Oscillation events, in El Niño:
Historical and Paleoclimatic
Aspects of the Southern
Oscillation, edited by H.F. Diaz
and V. Markgraf, Cambridge
University Press, Cambridge, 243-
257, 1992.

Delworth, T.S., S. Manabe and R.J.
Stouffer, Interdecadal variations of
the thermohaline circulation in a
coupled ocean-atmosphere model,
Journal of Climate 6, 1993-2011,
1993.

Diaz, H.F., and R.S. Pulwarty, An
analysis of the time scales of
variability in centuries-long ENSO-
sensitive records in the last 1000
years, Climatic Change 26, 317-342,
1994.

Dickson, R.R., Eurasian snow cover
versus Indian monsoon rainfall: an
extension of the Hahn-Shukla
results, Journal of Climate and
Applied Meteorology 23, 171-173,
1984.

Dunbar, R.B., and J. E. Cole, Coral
Records of Ocean-Atmosphere
Variability, NOAA Climate and
Global Change Program Special
Report Number 10, University
Corporation for Atmospheric
Research, Boulder, CO, 44pp.,
1993.

Dunbar R.B., G.M. Wellington, M.W.
Colgan, and P.W. Glynn, Eastern
Pacific sea surface temperature
since 1600 A.D.: The δ18O record
of climate variability in Galapagos
corals, Paleoceonography 9, 291-
316, 1994.

Duplessy, J.C., N.J. Shackleton, R.G.
Fairbanks, L. Labeyrie, D. Oppo,
and N. Kallel, Deepwater source
variations during the last climatic
cycle and their impact on the
global deepwater circulation,
Paleoceanography 3, 343-360, 1988.

Duplessy, J.C., E. Bard, M. Arnold,
N.J. Shackleton, J. Duprat, and
L.D. Labeyrie, How fast did the
ocean-atmosphere system run
during the last deglaciation?, Earth
and Planetetary Science Letters 103,
41-54, 1991.

Duplessy, J.C., L.D. Labeyrie, M.
Arnold, M. Paterne, J. Duprat, and
T.C.E. van Weering, Changes in
surface salinity of the North
Atlantic Ocean during the last
deglaciation, Nature 358, 485-488,
1992.

Ely, L.L., Y. Enzel, V.R. Baker, and
D.R. Cayan, A 5000-year record of
extreme floods and climate change
in the southwestern United States,
Science 262, 410-412, 1993.

Fichefet T., S. Hovine, and J.C.
Duplessy, A model study of the
Atlantic circulation during the last
glacial maximum, Nature, 372, 252-
255, 1994.

Fisher, D. A., and R. M. Koerner.
Signal and noise in four ice-core
records from the Agassiz Ice Cap,
Ellesmere Island, Canada: details
of the last millennium for stable
isotopes, melt and solid
conductivity, The Holocene 4, 113-
120, 1994.

Forman, S.L., A.F.H. Goetz, R.H.
Yuhas, Large-scale stabilized dunes
on the High Plains of Colorado:
understanding the landscape
response to Holocene climates with
the aid of images from space,
Geology 20, 145-148, 1992.

Forman, S.L., R. Oglesby, V.
Markgraf, and T. Stafford,
Paleoclimatic significance of Late
Quaternary eolian deposition on
the Piedmont and High Plains,
Central United States, Global and
Planetary Change 11, 35-55, 1995.

Frenzel, B., C. Pfister, and B. Gläser,
eds., Climate trends and anomalies
in Europe 1675-1715, G. Fischer
Verlag, Stuttgart, 1994.

Fritts, H.C., Reconstructing Large-
scale Climatic Patterns from Tree-
Ring Data, University of Arizona
Press, Tucson, 1991.

Gagan, M.K., A.R. Chivas, and P.J.
Isdale, High-resolution isotopic
records from corals using ocean
temperature and mass-spawning
chronometers, Earth and Planetary
Science Letters 121, 549-558, 1994.



43

Gasse, F., and E. Van Campo, Abrupt
post-glacial climate events in West
Asia and North Africa monsoon
domains, Earth and Planetetary
Science Letters 126, 435-456, 1994.

Graham, N.E., Simulation of recent
global temperature trends, Science
267, 686-671, 1995.

Graham, N.E., T.P. Barnett, R. Wilde,
M. Ponater, and S. Schubert, On
the roles of tropical and
midlatitude SSTs in forcing
interannual to interdecadal
variability in the winter Northern
Hemisphere circulation, Journal of
Climate 7, 1416-1441, 1994.

Graumlich, L.J., A 1000-year record
of temperature and precipitation in
the Sierra Nevada, Quaternary
Research 39, 249-255, 1993.

Graybill, D.A., and Shiyatov, S.G.,
Dendroclimatic evidence from the
northern Soviet Union, in Climate
since A.D. 1500, edited by R.S.
Bradley and P.D. Jones, Routledge,
London, 393-414, 1992.

Grootes P.M., M. Stuiver, J.M.C.
White, S. Johnsen, and J. Jouzel,
Comparison of oxygen isotope
records from the GISP 2 and
GRIP Greenland ice cores, Nature
366, 552-554, 1993.

Hodell, D.A., J.H. Curtis, and M.
Brenner, Possible role of climate in
the collapse of Classic Maya
civilization, Nature 375, 391-394,
1995.

Hughen, K.A., J.T. Overpeck, L.C.
Peterson, and S. Trumbore, Abrupt
deglacial climatic change in the
tropical Atlantic, Nature 380, 51-
54, 1996.

Hughes, M.K., Dendroclimatic
evidence from the western
Himalaya, in Climate since
A.D.1500, edited by R.S. Bradley
and P.D. Jones, Routledge,
London, 415-431, 1992.

Hughes, M.K., and P.M. Brown,
Drought frequency in central
California since 101 B.C. recorded
in giant sequoia tree rings, Climate
Dynamics 6, 161-167, 1992.

Hughes, M.K., X. Wu, X. Shao, and
G.M. Garfin, A preliminary
reconstruction of rainfall in North-
Central China since A.D. 1600
from tree-ring density and width,
Quaternary Research 41, 88-99,
1994.

Hughes, M.K., and L.J. Graumlich,
Multimillennial dendroclimatic
records from western North
America, in Climatic variations and
forcing mechanisms of the last
2000 years, edited by, R.S. Bradley,
P.D. Jones, and J. Jouzel, Springer-
Verlag, Berlin, 109-124, 1995.

Imbrie, J., E. Boyle, S. Clemens, A.
Duffy, W. Howard, G. Kukla, J.
Kutzbach, D. Martinson, A.
McIntyre, A. Mix, B. Molfino, J.
Morley, L. Peterson, N. Pisias, W.
Prell, M. Raymo, N. Shackleton,
and J. Toggweiler, On the structure
and origin of major glaciation
cycles, 1 linear responses to
Milankovitch forcing, Paleocean-
ography 7, 701-738, 1992.

Imbrie, J., A. Berger, E. Boyle, S.
Clemens, A. Duffy, W. Howard, G.
Kukla, J. Kutzbach, D. Martinson,
A. McIntyre, A. Mix, B. Molfino, J.
Morley, L. Peterson, N. Pisias, W.
Prell, M. Raymo, N. Shackleton,
and J. Toggweiler, On the structure
and origin of major glaciation
cycles, 2 The 100,000 years cycle,
Paleoceanography 8, 699-735, 1993.

Jacobs, G.A., H.E. Hurlburt, J.C.
Kindle, E.J. Metzger, J.L. Mitchell,
W.J. Teague, and A.J. Wallcraft,
Decade-scale trans-Pacific
propagation and warming effects of
an El Niño anomaly, Nature 370,
360-363, 1994.

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

James, I.N., and P.M. James, Spatial
structure of ultra-low frequency
variability of the flow in a simple
atmospheric circulation model,
Quarterly Journal of the Royal
Meteorlogical Society 118, 1211-
1233, 1992.

Jones, P.D., R.S. Bradley, and J.
Jouzel, eds., Climatic variations and
forcing mechanisms of the last 2,000
years, Springer-Verlag, Berlin,
1995.

Kadomura, H., Climatic change in the
west African Sahel-Sudan zone
since the Little Ice Age, in
Proceedings of the International
Symposium on the Little Ice Age,
edited by T. Mikami, Tokyo
Metropolitan University, Tokyo,
40-45, 1992.

Keigwin L.D., W.B. Curry, S.J.
Lehmann, and S. Johnsen, The role
of the deep ocean in North
Atlantic climate change between 70
and 130 kyr ago, Nature 371, 323-
326, 1994.

Knox, J.C., Large increases in flood
magnitude in response to modest
changes in climate, Nature 361,
430-432, 1993.

Kumar, A., A. Leetmaa, and M. Ji,
Simulations of atmospheric
variability induced by sea surface
temperatures and implications for
global warming, Science 266, 632-
634, 1994.

Labeyrie, L.D., J.C. Duplessy, J.
Duprat, A. Juillet-Leclerc, J.
Moyes, E. Michel, N. Kallel, and
N.J. Shackleton, Changes in the
vertical structure of the North
Atlantic Ocean between glacial and
modern times, Quaternary Science
Reviews 11, 401-413, 1992.

Laird, K.R., S.C. Fritz, E.C. Grimm,
and P.G. Mueller, Century-scale
paleoclimatic reconstruction from
Moon Lake, a closed-basin lake in
the northern Great Plains,
Limnology and Oceanography (in
press).



44

Lamb, H.F. and 7 others, Relation
between century-scale Holocene
arid intervals in tropical and
temperate zones, Nature 373, 134-
137, 1995.

Lamoureux, S.F., and R.S. Bradley, A
3300-year varved sediment record
of environmental change from
northern Ellesmere Island, Canada.
Journal of Paleolimnology (in
press).

Lange, C., and A.Schimmelmann,
Seasonal resolution of laminated
sediments in Santa Barbara Basin:
its significance in paleoclimatic
studies, in Proceedings of the tenth
annual Pacific Climate (PACLIM)
Workshop, edited by K.T.
Redmond and V.T. Tharp,
Technical Report 36 of the
Interagency Ecological Studies
Program for the Sacramento-San
Joaquin Estuary, pp. 83-92, 1994.

Lara, A., and R. Villalba, A 3620-year
temperature record from Fitzroya
cupressoides tree rings in southern
South America, Science 260, 1104-
1106, 1993.

Latif, M., and T.P. Barnett, Causes of
decadal climate variability over the
North Pacific and North America,
Science 266, 634-637, 1994.

Latif, M., and T.P. Barnett, Decadal
variability over the North Pacific
and North America: dynamics and
predictability, Journal of Climate
(in press).

Lau, N.C., and M J. Nath, A modeling
study of the relative roles of
tropical and extratropical SST
anomalies in the variability of the
global atmosphere-ocean system,
Journal of Climate 7, 1184-1207,
1994.

Lazier, J., Oceanic conditions at
Ocean Weather Ship BRAVO;
1964-1974, Atmosphere-Ocean, 18,
227-238, 1980.

Lazier, J., Temperature and salinity
changes in the Labrador Sea 1962-
1986, Deep Sea Research 35, 1247-
1253, 1988.

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

Lehman S.J., G.A. Jones, L.D.
Keigwin, E.S. Andersen, G.
Butenko, and S.R. Ostmo,
Initiation of Fennoscandian ice-
sheet retreat during the last
deglaciation, Nature 349, 513-516,
1991.

Madden, R.A., and V. Ramanathan,
Detecting climate change due to
increasing carbon dioxide, Science
209, 763-768, 1980.

Maier-Reimer E., and U.
Mikolajewicz, Experiments with an
OGCM on the cause of the
Younger Dryas, Max-Planck-
Institut für Meteorologie, Report
No. 39, 1989.

Manabe S. and R.J. Stouffer, Two
stable equilibria of a coupled
ocean-atmosphere model, Journal
of Climate 1, 841-866, 1988.

Manabe S., and R.J. Stouffer,
Simulation of abrupt climate
change induced by freshwater
input to the North Atlantic Ocean,
Nature 378, 165-167, 1995.

Manabe S., and R.J. Stouffer, Low-
frequency variability of surface air
temperature in a 1000-year
integration of a coupled
atmospheric-ocean-land surface
model, Journal of Climate 9, 376-
393, 1996.

Markgraf, V., J.R. Dodson, A.P.
Kershaw, M.S. McGlone, and N.
Nicholls, Evolution of late
Pleistocene and Holocene climates
in the circum-South Pacific land
areas, Climate Dynamics 6, 193-
211, 1992.

Mayewski, P.A. and 13 others,
Changes in atmospheric circulation
and ocean ice cover over the North
Atlantic during the last 41,000
years, Science, 263, 1747-1751,
1994.

McCulloch, M.T., M.K. Gagan, G.E.
Mortimer, A.R. Chivas, and P.J.
Isdale, A high-resolution Sr/Ca and
δ18O coral record from the Great
Barrier Reef, Australia, and the
1982-1983 El Niño, Geochimica et
Cosmochimica Acta 58, 2747-2754,
1994.

McManus J.F., G.C. Bond, W.S.
Broecker, S. Johnsen, L.D.
Labeyrie, and S. Higgins, High-
resolution climate records from the
North Atlantic during the last
interglacial, Nature 371, 326-329,
1994.

Meese, D.A., A.J. Gow, P. Grootes,
P.A. Mayewski, M. Ram, M.Stuiver,
K.C. Taylor, E.D. Waddington, and
G.A. Zielinski, The accumulation
record from the GISP2 Core as an
indicator of climate change
throughout the Holocene, Science
266, 1680-1682, 1994.

Meko, D.M., E.R. Cook, D.W. Stahle,
C.W. Stockton, and M.K. Hughes,
Spatial patterns of tree-growth
anomalies in the United States and
southeastern Canada, Journal of
Climate 6, 1773-1786, 1993.

Mikami, T. (ed.), Proceedings of the
International Symposium on the
Little Ice Age, Tokyo Metropolitan
University, Tokyo, 1992

Mikolajewicz, U., and E. Maier-
Reimer, Internal secular variability
in an ocean general circulation
model. Climate Dynamics 2, 63-90,
1990.

Mosley-Thompson, E., L.G.
Thompson, J. Dai, M. Davis, and
P.N. Lin, Climate of the last 500
years: high resolution ice core
records, Quaternary Science
Reviews 12, 419-430, 1993.

Muhs, D.R., and V.T. Holliday,
Evidence of active dune sand on
the Great Plains in the 19th
century from accounts of early
explorers, Quaternary Research 43,
198-208, 1995.



45

Mysak, L.A., T.F. Stocker, and F.
Huang, Century-scale variability in
a randomly forced, two-
dimensional thermohaline ocean
circulation model, Climate
Dynamics 8, 103-116, 1993.

Nicholson, S.E., African drought:
characteristics, causal theories, and
global teleconnections, in
Understanding Climate Change,
edited by A.L. Berger, R.E.
Dickinson, and J.W. Kidson,
Geophysical Monograph 52,
American Geophysical Union,
Washington DC, 1989.

Norton, D.A., and J.G. Palmer,
Dendroclimatic evidence from
Australasia, in Climate since
A.D.1500, edited by R. S. Bradley
and P. D. Jones, Routledge,
London, 463-482, 1992.

O’Brien, S.R., P.A. Mayewski, L.D.
Meeker, D.A. Meese, M.S.
Twickler, and S.I. Whitlow,
Complexity of Holocene climate as
reconstructed from a Greenland
ice core, Science 270, 1962-1964,
1995.

Oeschger, H., B. Stauffer, R. Finkel,
and C.C. Langway, Variations of
the CO2 concentration of occluded
air and of anions and dust in polar
ice cores, in The carbon cycle and
atmospheric CO2: Natural
variations Archean to present,
edited by E.T. Sundquist and W.S.
Broecker, Geophysical Monograph
32, American Geophysical Union,
Washington, DC, pp. 132-142,
1985.

Overpeck, J.T., Warm climate
surprises, Science 271, 1820-1821,
1996.

Overpeck, J., D. Anderson, S.
Trumbore, and W. Prell, The
southwest Indian Monsoon over
the last 18,000 years, Climate
Dynamics 12, 213-225, 1996.

PAGES, Global Paleoenvironmental
Data, IGBP PAGES Workshop
Report Series 95-2, Bern
Switzerland, 1995.

Philander, S.G.H., El Niño, La Niña,
and the Southern Oscillation,
Academic Press, San Diego, 1990.

Quinn, T.M., F. Taylor, and T.
Crowley, A 173-year stable isotope
record from a tropical South
Pacific coral, Quaternary Science
Reviews 12, 407-418, 1993.

Quinn, W.H., V.T. Neal, and S.E.
Antunez de Mayolo, El Niño
occurrences over the past four and
a half centuries, Journal of
Geophysical Research 92, 14,449-
14,461, 1987.

Quinn, W.H., A study of Southern
Oscillation-related climatic activity
for A.D. 622-1900 incorporating
Nile River flood data, in El Niño:
Historical and Paleoclimatic
Aspects of the Southern
Oscillation, edited by H.F. Diaz
and V. Markgraf,  Cambridge
University Press, Cambridge,
pp.119-149, 1992.

Rahmstorf, S., Rapid climate
transitions in a coupled ocean-
atmosphere model, Nature 372, 82-
85, 1994.

Rahmstorf, S., Bifurcations of the
Atlantic thermohaline circulation
in response to changes in the
hydrological cycle, Nature 378,
145-149, 1995.

Rind, D., and J. Overpeck,
Hypothesized causes of decade- to
century-scale climatic variability:
climate model results, Quaternary
Science Reviews 12, 357-374, 1993.

Santer, B.D., U. Mikolajewicz, W.
Brüggeman, U. Cubasch, K.
Hasselmann, H. Höck, E. Maier-
Reimer, and T.M.L. Wigley, Ocean
variability and its influence on the
detectability of greenhouse
warming signals, Journal of
Geophysical Research 100, 10693-
10725, 1995a.

Santer, B.D., K.E. Taylor, T.M.L.
Wigley, J.E. Penner, P.D. Jones,
and U. Cubasch, Towards the
detection and attribution of an
anthropogenic effect on climate,
Climate Dynamics 12, 77-100,
1995b.

Schneider, S.H., Detecting climatic
change signals: are there any
“fingerprints”?, Science 263, 341-
347, 1994.

Serre-Bachet, F., Middle Ages
temperature reconstructions in
Europe, a focus on Northeastern
Italy, Climatic Change 26, 213-224,
1994.

Shaffer G., and J. Bendtsen, Role of
the Bering Strait in controlling
North Atlantic ocean circulation
and climate, Nature 367, 354-357,
1994.

Stahle, D.W., and M.K. Cleaveland,
Reconstruction and analysis of
spring rainfall over the
southeastern U.S. for the past 1000
years, Bulletin of the American
Meteorological Society 73, 1947-
1961, 1992.

Stine, S., Extreme and persistent
drought in California and
Patagonia during medieval time,
Nature 369, 546-549, 1994.

Stocker, T.F., An overview of decadal
to century time-scale variability in
the climate system, in Proceedings
of the Eleventh Annual Pacific
Climate (PACLIM) Workshop,
April 19-22, 1994, edited by C.M.
Isaacs and V.L. Tharp, Interagency
Ecological Program, Technical
Report 40, California Department
of Water Resources, 1-12, 1995.

Stocker T.F., D.G. Wright, and L.A.
Mysak, A zonally averaged,
coupled ocean-atmosphere model
for paleoclimatic studies, Journal of
Climate 5, 773-797, 1992.

Street-Perrott, F.A., and R.A. Perrott,
Abrupt climate fluctuations in the
tropics: the influence of Atlantic
Ocean circulation, Nature 343,
607-612, 1990.



46

Street-Perrott, F.A., and N. Roberts,
Fluctuations in closed-basin lakes
as an indicator of past atmospheric
circulation patterns, in Variations
in the Global Water Budget, edited
by A. Street-Perrott, M. Beran, and
R. Ratcliffe, D. Reidel, Dordrecht,
pp. 331-345, 1983.

Taylor, K.C., C.U. Hammer, R.B.
Alley, H.B. Clausen, D. Dahl-
Jensen, A.J. Gow, N.S.
Gundestrup, J. Kipfstuhl, J.C.
Moore, and E.D. Waddington,
Electrical conductivity
measurements from the GISP2 and
GRIP Greenland ice cores, Nature
366, 549-552, 1993.

Taylor, K.E., and J.E. Penner,
Response of the climate system to
atmospheric aerosols and
greenhouse gases, Nature 369, 734-
737, 1994.

Thompson, L.G., Climatic changes for
the last 2000 years inferred from
ice-core evidence in tropical ice
cores, in Climatic Variations and
Forcing Mechanisms of the Last
2000 Years, edited by P.D. Jones,
R.S. Bradley, and J. Jouzel,
Springer-Verlag, Berlin, pp. 281-
295, 1996.

Thompson, L.G., E. Mosley-
Thompson, and P.A. Thompson,
Reconstructing the history of
interannual climate variability from
tropical and subtropical ice-core
records, in El Niño: Historical and
Paleoclimatic Aspects of the
Southern Oscillation, edited by
H.F. Diaz and V.Markgraf,
Cambridge University Press,
Cambridge, pp. 295-322, 1992.

Thompson, L.G., E. Mosley-
Thompson, M.E. Davis, P.-N. Lin,
K.A. Henderson, J. Cole-Dai, J.F.
Bolzan, and K.-b. Liu, Late Glacial
stage and Holocene tropical ice
core records from Huascarán,
Peru, Science 269, 46-50, 1995.

Thouveny and 10 others, Climate
variations in Europe over the past
140 kyr deduced from rock
magnetism, Nature 371, 503-506,
1994.

Till, C., and J. Guiot, Reconstruction
of precipitation in Morocco since
1100 A.D. based on Cedrus
atlantica tree-ring widths,
Quaternary Research 33, 337-351,
1990.

Trenberth, K.E., Recent observed
interdecadal climate change in the
Northern Hemisphere, Bulletin of
the American Meteorological Society
71, 988-993, 1990.

Trenberth, K.E., and T.J. Hoar, The
1990-1995 El Niño-Southern
Oscillation event: longest on
record, Geophysical Research
Letters 23, 57-60, 1996.

Trenberth, K.E., and J.W. Hurrell,
Decadal atmosphere-ocean
variations in the Pacific, Climate
Dynamics 9, 303-319, 1994.

Tudhope, A.W., G.B. Shimmield, C.P.
Chilcott, M. Jebb, A.E. Fallick, and
A.N. Dalgleish, Recent changes in
climate in the far western
equatorial Pacific and their
relationship to the Southern
Oscillation; oxygen isotope records
from massive corals, Papua New
Guinea, Earth and Planetary
Science Letters 1136, 575-590,
1995.

Tudhope, A.W., D.W. Lea, G.B.
Shimmield, C.P. Chilcott, and S.
Head, Monsoon climate and
Arabian Sea coastal upwelling
recorded in massive corals from
southern Oman, Palaios (in press).

Villalba, R., Climatic fluctuations in
northern Patagonia in the last 1000
years as inferred from tree-ring
records, Quaternary Research 34,
346-360, 1990.

Von Storch, J., Interdecadal variability
in a global coupled model, Tellus
46A, 419-432, 1994.

Wallace D.W.R and J.R.N. Lazier,
Anthropogenic chlorofluoro-
methanes in newly formed sea
water, Nature 323, 61-63, 1988.

Weaver, A.J., J. Marotzke, P.F.
Cummins, and E.S. Sarachik,
Stability and variability of the
thermohaline circulation, Journal of
Physical Oceanography 23, 39-60,
1993.

Weaver, A.J., and E.S. Sarachik,
Evidence for decadal variability in
an ocean general circulation model:
an advective mechanism,
Atmosphere-Ocean 29, 197-231,
1991.

Weisse, R., U. Mikolajewicz, and E.
Maier-Reimer, Decadal variability
of the North Atlantic in an ocean
general circulation model, Journal
of Geophysical Research 99, 12411-
12421, 1994.

Wellington, G.M., R.B. Dunbar, and
G. Merlin, Calibration of stable
oxygen isotope signatures in
Galapagos corals, Paleocean-
ography (in press).

White, W.B., and R.G. Peterson, An
Antarctic circumpolar wave in
surface pressure, wind,
temperature and sea-ice extent,
Nature 380, 699-702, 1996.

Wigley, T.M.L., and S.C.B. Raper,
Natural variability of the climate
system and detection of the
greenouse effect, Nature 344, 324-
327, 1990.

Winton, M., Deep decoupling
oscillation of the oceanic
thermohaline circulation, in Ice in
the Climate System, edited by W.R.
Peltier, Springer-Verlag, Berlin,
1993.

Zhang, D., The method for
reconstruction of the dryness/
wetness series in China for the last
500 years and its reliability, in The
Reconstruction of Climate in China
for Historical Times, edited by J.
Zhang, Science Press, Beijing,
China, pp. 18-31, 1988.



47

WORKSHOP PARTICIPANTS

PROF. EDOUARD BARD
Faculté des Sciences de Saint
Jérôme
Université d’Aix-Marseille III
Case 431
13397 Marseille cedex 20
France
tel : +33-9-128-80-37
fax : +33-91-98-92-60
email: ebard@cerege.fr

DR. L. BENGTSSON
Max Planck Institut für
Meteorologie
Bundestrasse 55
D-2000 Hamburg 13
Germany
tel: +49-40-411-73-349
fax: +49-40-411-73-366
email:
bengtsson@dkrz.d400.de

PROF. ANDRÉ BERGER
Institut d’Astronomie et de
Géophysique G. Lemaître
Chemin du Cyclotron 2
B-1348 Louvain-La-Neuve
Belgium
tel: +32-10-473-303
fax: +32-10-474-722
email: berger@astr.ucl.ac.be

DR. EDWARD BOYLE
Department of Earth and
Planetary Sciences
Massachusetts Institute of
Technology
MIT E34-258
Cambridge, MA 02139
USA
tel: +1-617-253-3388
fax: +1-617-253-8630
email: eaboyle@MIT.EDU

DR. RAYMOND BRADLEY
Department of Geology and
Geography
Morrill Science Center
University of Massachusetts
Amherst, MA 01003
USA
tel: +1-413-545-2794
fax:+1-413-545-1200
email: rbradley@climate1.geo.

umass.edu

DR. KEITH BRIFFA
School of Environmental
Sciences
University of East Anglia
Norwich NR4 7TJ
United Kingdom
tel: +44-603-56-161
fax: +44-603-507-784
email:
K.BRIFFA@UEA.AC.UK

DR. WALLACE BROECKER
Lamont-Doherty Earth
Observatory
Columbia University
Route 9W
Palisades, NY 10964
USA
tel: +1-914-365-8413
fax: +1-914-365-8115
email: broecker@lamont.idgo.

columbia.edu

DR. MARK CANE
Lamont-Doherty Earth
Observatory
Columbia University
Route 9W
Palisades, NY 10964
USA
tel: +1-914-365-8344
fax: +1-914-365-8736
email: mcane@lamont.idgo.

columbia.edu

DR. JULIA COLE
Institute of Arctic and Alpine
Research (INSTAAR)
University of Colorado
Campus Box 450
Boulder, CO 80309
USA
tel: +1-303-492-0595
fax: +1-303-492-6388
email:
coleje@spot.colorado.edu

DR. EDWARD COOK
Lamont-Doherty Earth
Observatory
Columbia University
Palisades, NY 10964
USA
tel: +1-914-365-8618
fax: +1-914-359-2931
email:
drdendro@lamont.idgo.

columbia.edu

DR. ELLEN DRUFFEL
Earth System Science
Physical Sciences Research
Facility
University of California
Irvine, CA 92717-3100
USA
tel: +1-714-824-2116
fax: +1-714-824-3256
email: edruffel@uci.edu

DR. ROBERT DUNBAR
Dept. of Geology and
Geophysics
Rice University MS - 126
6100 South Main Street
Houston, TX 77005-1892
USA
tel: +1-713-527-4883
fax: +1-713-285-5214
email: dunbar@rice.edu

DR. JEAN-CLAUDE DUPLESSY
Centre des Faibles
Radioactivités
Laboratoire mixte CNRS-
CEA
Parc du CNRS, Av de la
Terrasse
F-91198 Gif sur Yvette cedex
France
tel: +33-1-69-82-35-26
fax: +33-1 69 -82-35-68
e-mail:
Jean-Claude.Duplessy@cfr.

cnrs-gif.fr

PROF. ROBERTO FRASSETTO
Global Change Division
Instituto di Grandi Masse,
CNR
1364 San Polo
I-30125 Venezia
Italy
tel: +39-41-521-6828
fax: +39-41-260-2340 or +39-
521-4892
email:
frasse@ocean.isdgm.ve.cnr.it

DR. PIETER GROOTES
Leibniz Labor, c/o Institüt für
Kernphysik
Christian Albrechts University
Leibniz Str. 19
D-24118 Kiel
GERMANY
tel: +49-431-880-3894
fax: +49-431-880-3356
email: pke26@rz.uni-
kiel.d400.de

DR. MALCOLM HUGHES
Laboratory of Tree-Ring
Research
University of Arizona
105 W. Stadium, Building #58
Tucson, AZ 85721
USA
tel: +1-520-621-6470
fax: +1-520-621-8229
email: mhughes@kati.ltrr.

arizona.edu

PROF. EYSTEIN JANSEN
Department of Geology
University of Bergen
Allegaten 41
N-5007 Bergen
Norway
tel: +47-55-213-491
fax:+47-55-324-416
e-mail: jansen@geol.uib.no

DR. SIGFUS JOHNSEN
Science Institute
University of Iceland
107 Reykjavik
Iceland
tel: +354-1-694-790, 694-785
or 694-800
fax: +354-1-289-11
e-mail: sigfus@raunvis.hi.is

DR. SYLVIE JOUSSAUME
Laboratoire de Modélisation
du Climat et de
l’Environnement
CNRS/C.E. Saclay
Bat. 709, Orme des Merisiers
F-91191 Gif sur Yvette Cedex
France
tel: +331-69-08-56-74
fax: +331-69-08-77-16
email:
syljous@asterix.saclay.cea.fr



48

DR. JEAN JOUZEL
Laboratoire de Modélisation
du Climat et de
l’Environnement
CEA/CE-SACLAY
Bat. 709, Orme des Merisiers
91191 Gif sur Yvette Cedex
France
tel: +331-69-08-77-13
fax: +331-69-08-77-16
email:
jouzel@asterix.saclay.cea.fr

DR. STEFAN KRÖPELIN
INQUA-PAGES
Paleomonsoons Project
Frei University Berlin -
Geolab
Altensteinstrasse 19
D-14195 Berlin
Germany
tel: +49-30-838-4887
fax: +49-30-838-6263
email:
skroe@zedat.fu-berlin.de

PROF. LAURENT LABEYRIE
Centre des Faibles
Radioactivités
Laboratoire mixte CNRS-
CEA
Parc du CNRS
F-91198 Gif sur Yvette cedex
France
tel: +33-1-69-82-35-36
fax:+33-1-69 -82-35-68
e-mail:
labeyrie@eole.cfr.cnrs-gif.fr

DR. KENNETH MOONEY
NOAA Office of Global
Programs
1100 Wayne Ave, Ste. 1225
Silver Spring, MD 20910
USA
tel: +1-301-427-2089
fax: +1-301-427-2082

DR. ANTONIO NAVARRA
Instituto per le Metodologie
Geofisiche
IMGA-CNR
Via Emilia Est 770
I-41100 Modena
Italy
tel; +39-59-362-3888
fax: +39-59-374-506
email:
navarra@rigoletto.bo.cur.it

DR. AYAKO ABE-OUCHI
Center for Climate System
Research
University of Tokyo
4/6/1 Komaba, Meguro/Ku
Tokyo 153
JAPAN
tel: +81-3-5453-3972
fax: +81-3-54-53-39-64
email:
abeouchi@ccsr.u-tokyo.ac.jp

DR. JONATHAN OVERPECK
NOAA Paleoclimatology
Program
National Geophysical Data
Center
325 Broadway, E/GC
Boulder, CO 80303
USA
tel: +1-303-497-6172
fax:+1-303-497-6513
email:
jto@mail.ngdc.noaa.gov

DR. JUERGEN PAETZOLD
FB5 - Geowissenschaften
Universität Bremen
Postfach 330 440
28334 Bremen
GERMANY
tel : +49-421-218-31-35
fax: +49-421-218-31-16
email:
Juergen.Paetzold@zfn.

uni-bremen.de

DR. GEORGE PHILANDER
Atmosphere and Ocean
Science Program
Princeton University
Forrestal Campus, Sayre Hall
PO Box CN710
Princeton, NJ 08540
USA
tel: +1-609-258-5683
fax: +1-609-258-2850

PROF. EDWARD SARACHIK
Department of Atmospheric
Science
University of Washington
AK 40
Seattle, WA 98195
USA
tel: +1-206-543-6720
fax:+1-206-685-3397
email: sarachik@atmos.

washington.edu

DR. NICHOLAS SHACKLETON
Subdepartment of Quaternary
Research
Godwin Laboratory
Fee School Lane
Cambridge CB2 3RS
UNITED KINGDOM
tel: +44-223-334-876
fax: +44-223-334-871
email: njs@phx.cam.ac.uk

DR. JAGADISH SHUKLA
Institute of Global Environ-
ment and Society
4041 Powder Mill Road, Suite
302
Calverton, MD 20705-3106
USA
tel: +1-301-595-7000
fax: +1-301-595-9793
email: shukla@cola.iges.org

PROF. THOMAS STOCKER
Climate and Environmental
Physics
Physics Institute, University
Bern
Sidlerstr 5
Ch-3012 Bern
SWITZERLAND
tel: +41-31-631-44-62
fax: +41-31-631-44-05
email: stocker@phil.unibe.ch

DR. LONNIE THOMPSON
Byrd Polar Research Center
Ohio State University, 108
Scott Hall
1090 Carmack Road
Columbus, OH 43210
USA
tel: +1-614-292-6652
fax: +1-614-292-4697
email: lgthomps@magnus.acs.

ohio-state.edu

DR. ROBERT THUNELL
Department of Geology
University of South Carolina
Columbia, SC 29208
USA
tel: +1-803-777-7593
fax:+1-803-777-6610
email:
thunell@paleo.geol.

scarolina.edu

DR. IB TROEN
European Commision
DG 12
Rue de la Loi 200
B-1049 Bruxelles
BELGIUM
tel: +32-2-295-0465
fax: +32-2-296-3024
email: i.troen@mhsg.cec.rtt.be

DR. JAMES WHITE
Institute of Arctic and Alpine
Research
University of Colorado
Campus Box 450
Boulder, CO 80309
USA
tel: +1-303-492-5494
fax: +1-303-492-6388
email:
jwhite@spot.colorado.edu


