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Understanding sea level: 
Ways forward from the past

Vol 17  •  No 2  •  June  2009

Editors:
Mark Siddall, William G. Thompson,  
Claire Waelbroeck and Louise Newman

ne w s 

Are tropical corals the key to understanding past changes in polar ice volume? What role 
do they have to play in helping us better understand the future? This issue of PAGES news 
highlights current research that aims to address these and other questions on past changes 
in sea level, and the implications for predictions of future sea level rise.
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06 - 07 Jul 2009 - Corvallis, USA 
      PAGES 1st Young Scientists Meeting: 
Retrospective Views on Our Planet's Future 
www.pages-osm.org/ysm/

08 - 11 Jul 2009 - Corvallis, USA 
      PAGES 3rd Open Science Meeting: 
Retrospective Views on Our Planet's Future
www.pages-osm.org/osm/

24 - 27 Aug 2009 - Mytilene, Greece 
      2nd Past Interglacials (PIGS) Workshop
www.pages-igbp.org/calendar/

21 - 25 Sep 2009 - Woods Hole, USA 
      Understanding future sea level rise: 
The challenges of dating past interglacials
www.pages-igbp.org/calendar/

02 - 05 Nov 2009 - Hyères-les-Palmiers, France 
      1st ADOM workshop: High-mid latitude 
northern atmospheric circulation changes 
during the last climate cycle  
www.pages-igbp.org/science/adom/adom-north.html

PAGES Calendar 2009

Nominations for the PAGES SSC
At the end of 2009, Jérôme Chappellaz 
(France), Eystein Jansen (Norway), Peter 
Kershaw (Australia) and Ricardo Villalba 
(Argentina) will rotate off the PAGES Sci-
entific Steering Committee (SSC). PAGES 
welcomes nominations for new members 
and has extended the deadline to the 15 
June 2009. The SSC provides guidance 
for the PAGES project and oversees major 
scientific activities. Members are chosen 
based on scientific excellence and status in 
their communities, as well as to provide a 
balance of paleoscientific expertise and na-
tional representation, and for their poten-
tial to drive forward the Foci and Themes of 
the PAGES Science Plan. In this round, we 
are particularly interested in maintaining 
our coverage of the Southern Hemisphere, 
which will otherwise be depleted at the end 
of the year. A list of current members and 
nomination details can be found at www.
pages-igbp.org/people/sscmembers/
Other news in the PAGES SSC; Cathy Whit-
lock (USA) was recently voted on to PAGES 

Executive Committee (EXCOM), replacing 
Julie Brigham-Grette (USA), who rotated 
off at the end of 2008. 

News from other SSCs
The steering committee for the PAGES/
CLIVAR Intersection (www.clivar.org/ 
organization/pages/pages.php) recently 
voted in Valerie Masson-Delmotte to join 
Gavin Schmidt as Co-Chair. Valerie replaces 
Eystein Jansen, who had held this position 
since 2003. Additionally, there has been a 
change of leadership on the IMAGES (www.
images-pages.org/) Steering Committee, 
with Larry Peterson replacing Eelco Rohling 
as Chair. PAGES welcomes Valerie and Larry 
and looks forward to continuing collabora-
tions under their leadership.

EGU Medals
Congratulations to Thomas Stocker (former 
PAGES Swiss Director) and Eric Wolff (PAG-
ES SSC member) on their 2009 European 
Geosciences Union (EGU) medals. Thomas 
was awarded the Hans Oeschger Medal 

Inside PAGES
for his contributions to the understanding 
of the role of the oceans in past climate 
changes and for his involvement in ice core 
studies. Eric Wolff was awarded the Louis 
Agassiz Medal for his contributions to the 
study of the chemical composition of snow 
cover and ice cores and their use in the de-
termination of past climates, pollution and 
atmospheric chemistry. 

PAGES YSM & OSM update
PAGES is gearing up for the 1st Young Scien-
tists Meeting (6-7 July 2009) and 3rd Open 
Science Meeting (8-11 July 2009) in Corval-
lis, Oregon, USA. We are delighted with the 
high level of abstracts submitted, and by 
the overwhelming interest of young scien-
tists in these meetings. Program details are 
available online. Corvallis colleagues have 
put together a number of  post-OSM field-
trips that look like great fun. For informa-
tion on these and more go to www.pages-
osm.org/

“Polar Paleoscience” addendum
As an addendum to the Polar Paleoscience 
special section of the last PAGES news (Janu-
ary, 17(1)), two science highlights, Kuijpers 
et al., and Sangiorgi et al., have been in-
cluded in the open section of this newslet-
ter, pages 76 and 78, respectively.

Next issue of PAGES news
The third issue for 2009 will contain a 
special section on advances in paleolim-
nology, guest edited by Reinhard Pienitz 
(currently a Guest Scientist at the PAGES 
IPO) and André Lotter. While the deadline 
to contribute to this special section has 
passed, contributions to the open section 
of the newsletter, unrelated to the spe-
cial topic, are still welcome before 1 July 
2009. Guidelines can be found at www.
pages-igbp.org/products/newsletters/ 
instructions.html

Tales from the...field?

The "field" might be a little different now for these three scientists but PAGES news is 
still a must read! At the recent opening of the new PAGES and Oeschger Centre joint 
offices, Thomas Stocker (Co-Chair IPCC WG1), Peter Gehr (Uni. Bern) and Heinz Wan-
ner (PAGES Co-Chair) took time out to look over the most recent issue.
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sea level—placing the future in context
Mark Siddall1, William G. Thompson2 and Claire Waelbroeck3

1Department of Earth Sciences, University of Bristol, UK; mark.siddall@bristol.ac.uk
2Department of Geology and Geophyiscs, Woods Hole Oceanographic Institution, USA; 3Laboratory of Climate and Environmental Sciences, 
Pierre-Simon Laplace Institute, Atomic Energy Commissariat, National Centre of Scientific Research, Gif-sur-Yvette, France.

Paleo-evidence can contribute long-term 
perspective on future sea level/ice sheet 
change in both a quantitative sense and in 
the sense of understanding longer-term 
dynamics (see Abe-Ouchi et al., this issue). 
This special edition of PAGES news led by 
the PALSEA (PALeo SEA level) Working 
Group covers recent advances in the field 
of paleo sea level (see Dutton et al., Ander-
sen et al., and Stirling and Andersen, this 
issue) and ice sheet reconstruction (see 
Clark, this issue). The focus is on the appli-
cation of this data to a better understand-
ing of contemporary and future sea level 
and ice sheet change, as well as directions 
for future research.

New questions for paleodata are 
driven by the limitations of the 
‘modern-only’ approach

Continuing eustatic sea level rise includes 
contributions from thermal expansion, 
reductions in glaciers and ice caps, and 
reductions in polar ice sheets. Although 
there are important uncertainties in ob-
serving and predicting each of these 
components, the contribution from ther-
mal expansion over the last millennium 
is relatively well understood (Gregory et 
al., 2005). Furthermore, the contribution 
from glaciers and ice caps (and the related 
uncertainty) is set to decrease over the 
course of the coming century as these re-
serves of ice finally disappear. This leaves 
the ice sheet contribution and its related 
uncertainties.

Ice sheets are notoriously difficult to 
understand (Alley et al., 2005). Unlike the 
biosphere, atmosphere and ocean, ice 
sheets are solid and opaque and do not 
lend themselves to direct observation 
(Fig. 1). Modern observations of ice sheets 
consist of surface observations and lim-
ited observations of processes that occur 
at the bed, grounding line, and within the 
ice sheets.

Despite these difficulties, significant 
advances in observing modern ice sheets 
have been made over recent decades, in 
particular with the advent of satellite gravi-
metric techniques. Evidence from satellite 
imagery has also been key in document-
ing the rapid collapse of ice shelves and 
subsequent acceleration of ice streams in 

response. However, the short duration of 
direct observations of ice sheet change 
(several decades) from satellite observa-
tions (<20 years) limits these data to un-
derstanding sub-centennial processes (see 
Bamber, this issue). Key questions, such 
as the long-term effect of the collapse of 
fringing ice shelves deep into the ice sheet 
interior, remain unanswered. Similar limi-
tations apply to the tide-gauge sea level 
record, which is, at most, several centuries 
long (Church and White, 2006; Jevrejeva et 
al., 2008). 

Lessons for the future from paleo-
archives
In the broadest sense, paleodata informs 
us that there have not always been sig-
nificant ice sheets on Earth. Periods with-
out ice sheets had corresponding high 
temperatures and atmospheric CO2 con-
centrations. We know that during the 
mid-Pliocene warm period sea level was 
5 to 40 m higher than today and global 
temperature was some several degrees 
warmer (see Raymo et al., this issue). In-
deed, during the last interglacial period, 
global temperature was milder than today 

and sea level was some 3 to 6 m higher. It 
is noteworthy that for similar (if not identi-
cal) climate conditions to those predicted 
for the coming centuries, the ice sheets of 
the past were significantly smaller than to-
day. Colder conditions are linked to larger 
ice sheets. According to the Paleoclimate 
Model Intercomparison Project, the Last 
Glacial Maximum was 3 to 5°C colder than 
today (IPCC, 2007) and sea level was 120 
to 140 m below modern (Fairbanks, 1989; 
Yokoyama et al., 2000).

As well as providing context for the 
broad relationship between global sea 
level and temperature, paleodata gives 
us perspective on rates of contemporary 
sea level rise. For example, Flemming et al. 
(1998) found that sea level rose at an aver-
age rate of 0.04 to 0.07 m per century over 
the last 7 ka. Furthermore, they found a re-
duced rate of sea level rise over the last 2 
ka compared to the period between 7 and 
2 ka. This compares with the IPCC estimate 
over the 20th century based on tide-gauge 
data of 0.12 to 0.22 m rise, giving a clear 
indication that contemporary sea level rise 
is anomalous in the context of late Holo-
cene sea level change. Further, important 

Figure 1: Changes in elevation over the Greenland Ice Sheet between 2003 and 2006 from the ICESat elevation 
satellite. Thickening is shown in white and thinning is shown in blue, while gray indicates no change. Care must 
be taken in considering the implications of this image—changes in height do not necessarily translate to changes 
in mass because ice can melt, lose trapped air and refreeze in a denser configuration. The observation of a large, 
opaque object is inevitably difficult and indirect. Furthermore, the short duration of such observations places limits 
on the weight one can place on these observations. Paleo sea level and ice sheet reconstructions can help plug 
some of these gaps. Credit: NASA/Goddard Space Flight Center Scientific Visualization Studio. The Next Generation 
Blue Marble data is courtesy of Reto Stockli (NASA/GSFC).
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Recent Antarctic and Greenland ice-mass fluxes from  
satellite observations and their significance
Jonathan Bamber

Bristol Glaciology Centre, School of Geographical Sciences, University of Bristol, UK; j.bamber@bristol.ac.uk

Understanding contemporary ice sheet behavior is crucial for estimating future trends but the useful satellite 
observation period of ~20 years is too short. Paleodata, especially from the Holocene, have the potential to 
help us interpret the contemporary observations.

Figure 1: Estimates of the mass balance of the West (WA) and East (EA) Antarctic ice sheets (gigatonnes per year, 
Gt/a) from a variety of observations and authors. The width of the bars indicates the time period for the estimate 
and the thickness represents the uncertainty. Zwally et al., (2005) is estimated from satellite radar altimetry. Helsen 
et al., (2008) is a reassessment of radar altimetry data using a firn compaction model driven by climate model 
data. (Rignot et al.,, 2008) is from mass budget estimates combining velocity and thickness data with modeled 
snowfall. Chen et al., 2006, Ramillien et al., 2006, Velicogna and Wahr, 2006 are from gravity measurements from 
GRACE (Gravity Recovery and Climate Experiment).

Reliable, large-scale observations of the 
mass trends of the ice sheets do not ex-
tend very far back in time. The earliest data 
set covering the whole of Greenland and 
80% of Antarctica began with the launch 
of ERS-1 in 1991. Since then, other satel-
lites and sensors have provided unique in-
sights into the time-evolving behavior of 
the ice sheets. Two pressing issues emerge 
from these observations. The first is the 
lack of consistency between estimates of 
the mass balance (Fig. 1), and the second 
is whether the large and rapid fluctuations 
in ice dynamics observed are a secular re-
sponse (i.e., a one-way trend) to external 
forcing or just part of the “normal” variabil-
ity in flow that is constantly taking place. 
Considerable weight and importance has 
been placed on the apparent increasing 
mass loss from both Greenland and West 
Antarctica over the last decade (e.g., Fig. 1). 
The implication is that this trend is a secu-
lar response to external forcing (Hansen, 
2007) but the record is too short to con-
firm this with any certainty. Resolving this 
issue is crucial, and this is where the paleo 
record of ice sheet variability, particularly 
during the Holocene, could, and perhaps 
must, provide some of the answers.

Since the mid 1990s, our view of ice 
sheet dynamics has undergone a pro-
found paradigm shift (Bamber et al., 
2007). The conventional wisdom was that 

the response time of ice sheet dynam-
ics was on the order of 103-104 years. The 
numerical ice sheet models developed 
during the 1980s supported this “wisdom” 
(Huybrechts and de Wolde, 1999). These 
models operated at relatively course 
resolution, typically 40 km, with certain 
simplifications to the physics employed 
that were considered reasonable at the 

continental scale. As a consequence, the 
models were not able to resolve individual 
ice streams (Fig. 2). During the last decade, 
with the advent of satellite-based repeat 
pass synthetic aperture radar interferom-
etry (InSAR), a radically different view has 
emerged. For example, between 1997 and 
2000, the largest  outlet glacier (by dis-
charge volume) in Greenland, Jakobshavn 

lessons can be learnt by studying evi-
dence for Holocene sea level and ice sheet 
change in the context of regional climate 
change, such as the Medieval Warm Period 
and the Little Ice Age (see Kelly and Long, 
and Yu et al., this issue). In turn, Holocene 
changes must be considered in the light 
of the large changes in ice volume and 
sea level during the termination of the last 
glacial period (T1). During T1, the interac-
tion between ice sheets, ocean circulation 
and global warming greatly perturbed the 
ice sheets and can be regarded as a case 
study for large changes in global climate 
on decadal to centennial timescales (see 
PALSEA, 2009). In particular, relative sea 
level variations during this period may 
help reveal which ice sheets collapsed 

in response to climate change during T1 
(see Milne, this issue). Other periods in the 
past also have lessons for millennial-scale 
climate variability (see Gonzalez and Du-
pont, this issue).

Paleodata can help constrain the sen-
sitivity of ice volume and sea level change 
to broader climate change. It can help 
place limits on future rates of change and 
it can give a multi-decadal and multi-cen-
tennial context to sea level and ice sheet 
change. The contributions in this edition 
of PAGES news will give recent examples of 
this work.

Note
For more information on the PALSEA Work-
ing Group please visit www.climate.unibe.
ch/~siddall/working_group.html
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Isbrae, doubled in velocity from around 6 
km/a to 12 km/a (Joughin et al., 2004) (Fig. 
3). Interestingly, similar observations, for a 
slightly different time period, showed the 
same rapid, simultaneous speed-up of two 
glaciers on the southeast coast of Green-
land (Luckman et al., 2006). Smaller, but 
still substantial, speed-ups have also been 
observed for ice streams draining the West 
Antarctic Ice Sheet (WAIS) (Fig. 2). Some of 
these, in particular Pine Island Glacier (Fig. 
1), have continued their acceleration, re-
sulting in an increasingly negative mass 
balance since 1996 (Rignot et al., 2008). 

Figure 2: Surface topography (gray) and surface-ice velocities (m/a) (colored) for the West (WAIS) and East (EAIS) 
Antarctic Ice Sheet, indicating the locations of the ice streams and outlet glaciers along the margins of the ice 
sheet. Pine Island Glacier (PIG) and Thwaites Glacier (TWG) are responsible for the majority of the mass loss in the 
Amundsen Sea Sector (ASS) of West Antarctica (Rignot and others, 2008). Also shown are the Ross and Filchner 
Ronne Ice Shelves (FRIS).

Thus, although there is a lack of consensus 
about the absolute value for the mass bal-
ance of the ice sheets, there is agreement 
that the trend has become increasingly 
negative for both Greenland and the WAIS 
(Shepherd and Wingham, 2007).

It has become clear over the last de-
cade that parts of the ice sheets can re-
spond rapidly to external forcing and that 
there is variability in flow over a range 
of timescales from minutes to millennia 
(Bindschadler, 2006). What is not known, 
however, is whether the recent observa-
tions of rapid and large changes in motion 

are in any way unusual. Do they represent 
a secular trend in response to atmospheric 
and/or oceanic warming, as some have 
implied (Hansen, 2007), or is this simply 
normal ice sheet variability on a decadal 
timescale? The answer to this question is 
fundamental to i) our understanding of 
ice sheet behavior, ii) interpretation of the 
short, satellite-derived mass trends, and 
iii) predicting future ice sheet behavior. It 
would be fortuitous that we started our 
measurements at just the right time to 
observe the start of a secular, monotonic 
trend. On the other hand, it is notewor-
thy that similar trends are seen for both 
Greenland and the WAIS, and that they are 
not restricted to single drainage basins 
but appear to have a common forcing. It 
is important to note, however, that the ice 
sheets are also still likely to be respond-
ing to changes in forcing at the end of 
the last glacial around 12 ka BP. As a con-
sequence, they will be out of equilibrium 
with respect to the modern-day climate, 
and their reaction to external forcing is an 
integrated response to changes over mul-
tiple millennia.

A reasonable contention would be 
that the resolution of this question is well 
suited to a numerical modeling experi-
ment. The models are, however, currently 
playing “catch up” with the observations. 
Considerable effort is being invested in 
the development of higher-order models 
that contain a more detailed representa-
tion of the physical processes that are now 
believed to be important for reproduc-
ing the observed behavior (Pattyn, 2003). 
There are, however, other issues that may 
render this problem difficult for numerical 
models to address in the medium term. In 
particular, the basal boundary conditions 
are an important constraint for the models 
but are poorly known. Geothermal heat 
flux, for example, may vary by a factor of 
twenty across Greenland and Antarctica 
(Fahnestock et al., 2001), yet the models 
generally assume a global mean value. Ice 
has an anisotropic rheology  (i.e., its flow 
properties vary with direction) and can be 
a factor of ten weaker in one plane as op-
posed to another but, again, the models 
currently cannot deal with this. Further, for 
large swathes of East Antarctica there are 
no direct observations of ice thickness; a 
critical boundary condition for numerical 
modeling, as ice velocity is proportional to 
the fourth power of thickness.

The question then is can paleodata 
capture past variability in dynamics and 
ice sheet extent with sufficient fidelity to 
be able to address the pressing and im-
portant questions that have emerged 
from the contemporary record? Pilot stud-

Figure 3: Landsat TM image of Jakabshavn Isbrae from 1996 showing the floating tongue and calving positions 
and velocities at various dates during the period of speed-up of the glacier, which is the largest (by discharge 
volume) in Greenland (Joughin et al., 2004). Figure courtesy K. Steffen.
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 ies are beginning to address aspects of 
this. For example, there is intriguing evi-
dence based on historical aerial photog-
raphy from the 20th century, in addition to 
dating of lateral moraines and trimlines, 
that the Jakobshavn Isbrae catchment 
(Fig. 3) has fluctuated in volume several 
times since the Little Ice Age (Csatho et 
al., 2008). Yet we do not know whether, or 
what, contemporaneous external forcing 
was responsible for these changes. None-
theless, this study does suggest that the 
contemporary observations, for this ba-
sin at least, are not atypical. The work has 
also shown that it is possible to produce 

U-series dating of fossil coral reefs: Consensus and 
controversy
Morten B. Andersen1, C.D. Gallup2, D. Scholz3, C.H. Stirling4 and W.G. Thompson5

1Department of Earth Sciences, University of Bristol, UK; 2Department of Geological Sciences, University of Minnesota Duluth, USA; 3School of 
Geographical Sciences, University of Bristol, UK; 4Department of Chemistry, University of Otago, New Zealand; 5Department of Geology and 
Geophysics, Woods Hole Oceanographic Institution, USA; wthompson@whoi.edu

New developments in U-series coral dating are sparking a healthy debate over how best to interpret coral ages 
from older fossil coral reefs, reinvigorating research in sea level changes during previous interglacial periods, 
and fostering a new appreciation of the challenges ahead.

Understanding potential magnitudes and 
rates of future sea level change is an ur-
gent societal and scientific problem. The 
history of sea level change provides cru-
cial information about the links between 
climate forcing, response, and sea level 
change; as well as critical constraints on 
future sea level rise. The most direct meth-
od for reconstructing sea level history is 
uranium/thorium (U/Th) dating of fossil 
corals that once grew near the sea surface. 
This method has the potential to provide 
a detailed and well-dated record of sea 
level change for the last 700 ka. Given 
the relatively continuous growth of coral 
reefs in tropical seas and the precision of 
U-Th dating, the construction of a detailed 
and accurate sea level history should be 
a straightforward task. Despite decades 
of effort, this crucial goal remains elusive 
because many U/Th ages are unreliable 
due to mobility of the relevant isotopes, 
a problem that worsens with increasing 
coral age. Recently, sea level research has 
been reinvigorated by new insight into the 
mechanisms of U-series isotope mobility 
in fossil corals and by significant improve-
ments in analytical techniques. 

Identifying reliable coral ages
Recent advances in analytical techniques 
have improved the precision of U/Th dat-
ing, extending the dating range to at least 
700 ka (see Stirling and Andersen, this is-
sue). Unfortunately, analytical challenges 

are not the only hurdle to be overcome 
in the pursuit of accurate U/Th coral ages. 
Isotope mobility often invalidates the 
"closed-system" assumption that is funda-
mental to radiometric dating techniques. 
Corals can either gain or lose uranium and 
thorium, changing the apparent age. Fur-
thermore, many corals seem to be subject 
to a coupled loss or gain of 234U and 230Th 
isotopes (Fig. 1). The best explanation for 
this systematic addition appears to be the 
coupled addition of 234Th (which rapidly 
decays to 234U) and 230Th that is produced 
by the decay of 238U and 234U in the sur-
rounding carbonate matrix. This effect 
results in a bias toward erroneously older 
apparent ages. These "open-system" arti-
facts represent a key challenge in translat-
ing U/Th isotope ratio measurements into 
reliable coral ages. Two general strategies 
are employed to reduce the impact of 
these artifacts. The "screening" approach 
focuses on identifying closed-system cor-
als using criteria such as initial 234U/238U 
and the 231Pa/235U chronometer (e.g., Gal-
lup et al., 1994), while the "correction" ap-
proach attempts to correct ages for open-
system effects (e.g., Thompson et al., 2003; 
Villemant and Feuillet, 2003; Potter et al., 
2004; Scholz et al., 2004).

Seawater 234U/238U
Both screening and correction approaches 
in U-series coral dating make an assump-
tion about the initial 234U/238U of the coral, 

which is most often assumed to be similar 
to that of modern seawater. The validity of 
this assumption has some support from 
modeling of ocean 234U residence times 
(Richter and Turekian, 1993), and data 
from aragonitic sediments suggest little 
evidence of a large long-term change over 
the last 800 ka (Henderson, 2002). In con-
trast, there is convincing evidence from 
initial 234U/238U in corals that ocean 234U/238U 
was as much as 7‰ lower during the last 
glacial period (e.g., Hughen et al., 2004). 
Although corals are not ideal archives of 
ocean 234U/238U because of open-system 
effects, information about past seawater 
234U/238U may be gleaned from an isotope 
ratio diagram. The dominant trend, lying 
for the most part above the closed-system 
curve (Fig. 1), suggests that most corals 
appear to have gained both 234U and 230Th, 
although the possibility of 234U and 230Th 
loss cannot be rigorously ruled out. Thus, 
the lower bounds of the data array may 
indicate the unaltered compositions de-
fining seawater 234U/238U for a specific time 
period (e.g., Andersen et al., 2008), regard-
less of the specific alteration mechanism. 
For coral dating, any difference between 
the assumed and actual initial 234U/238U 
will produce a systematic offset from the 
true age for corals selected as "reliable" us-
ing screening criteria, and a similar offset 
for ages calculated using a correction ap-
proach. The sensitivity of ages to assump-
tions about initial 234U/238U can be directly 

(some of ) the data we need to help place 
the modern observations in a longer-term 
context. There are currently no equivalent 
studies for WAIS catchments or on a larger 
scale in Greenland. In fact, even the gross 
deglacial evolution of the WAIS is poorly 
known (Ackert et al., 2007). Let’s hope this 
changes soon! 
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ka the sensitivity is about 400 years/‰ so 
that a difference of 5‰ between assumed 
and initial 234U/238U would produce an off-
set of approx. 2 ka (e.g., Thompson et al., 
2003). 

Error estimation and model-
dependent sensitivities
Best practices for propagating measure-
ment uncertainty are fairly well estab-
lished, so that this source of age error is 
generally well quantified. However, all ap-
proaches to coral dating have inherent as-
sumptions that, if violated, result in an er-
roneous age. Screened ages are only valid 
if the system has indeed remained closed. 
Corrected ages are accurate if, and only if, 
the processes producing the anomalies 
are those assumed by the applied model. 
If these sources of uncertainty are not ad-
dressed, errors will be generally under-
estimated. For example, the screening 
approach has traditionally used a range 
of initial 234U/238U around the modern sea-
water value to define "acceptable" ages. 
The range of acceptable values chosen 
is a source of error for the selected ages 
(Gallup et al., 1994). This uncertainty has 
an identical scaling to that introduced by 

the uncertainty in initial seawater 234U/238U 
(e.g., approx. 0.4 ka/‰ at 125 ka) but is an 
additional and independent source of er-
ror, even if the initial seawater value were 
perfectly known. This source of error is 
never included in formal error estimates 
and sometimes not mentioned at all in 
the reporting of screened ages. Another 
source of potential error for both screened 
and corrected ages is U or Th gain or loss. 
For example, an approx. 4% loss of urani-
um from a 125-ka-old coral may produce 
an age that is 9.5 ka too old, with an ac-
ceptable initial 234U/238U of 151‰. Such an 
extreme example would be readily detect-
ed by sample replication and stratigraphic 
constraints. For screened ages, the poten-
tial error is limited by the range of accept-
able initial 234U/238U values. The potential 
error for corrected ages in this scenario is 
essentially limitless. The impact of open-
system effects can be assessed from the 
age reproducibility of discrete pieces from 
the same coral, which all must be the same 
true age (Scholz and Mangini, 2007). While 
replicate measurements cannot directly 
address age accuracy, they at least provide 
a statistical assessment of the best-case 
uncertainties that are attainable. 

Figure 1: U/Th activity ratio diagram illustrating the major processes affecting U-series dating of older corals. The 
blue arc represents the range of closed-system isotopic compositions expected for corals that are approx. 65 to 
165 ka and have evolved from a modern seawater uranium isotope composition. Each point along this arc cor-
responds to a unique U/Th age. The large black circle is the expected isotopic composition of a coral that is 105 ka 
old. The adsorption/loss of decay-produced 234Th and 230Th from/to the surrounding carbonate matrix will produce 
a range of compositions in the direction of the red arrows. U or Th gain or loss will produce a range of compositions 
in the direction of the black arrows. The open blue circles are isotopic compositions of a suite of corals collected 
from the MIS 5c terrace on Barbados, West Indies, which should all be near 105 ka in age. The changes in isotopic 
composition due to these processes are a significant source of age error. 

Stratigraphic context
Given the high potential for age artifacts 
imposed by open-system effects, any in-
dependent constraints on true age are 
very helpful. Fundamental stratigraphic 
constraints are currently underutilized in 
coral dating. Although coral reefs are not 
simple layer-cake constructs, and models 
of reef development can be quite com-
plex, the fundamental laws of stratigraphy 
are not suspended. Any given coral can-
not be older than the substrate on which 
it grows. Detailed transects of vertical sec-
tions with large numbers of dated corals 
afford the opportunity to test the ages 
obtained against stratigraphic context. 
Age population statistics of corals that are 
closely associated within a discrete and 
well-defined stratigraphic unit provide 
useful information. The scatter in such 
ages is the sum of differences in true age, 
the scatter due to open-system effects, 
and measurement uncertainty. Analytical 
uncertainties are known, and scatter due 
to open-system effects can be estimated 
with replicate measurements of individual 
corals, yielding a first-order estimate of 
differences in true age.

Standardizing age and error 
conventions
Although screening criteria and correction 
approaches improve age accuracy, neither 
provides a guarantee of accuracy. The 
potential for significant artifacts in older 
coral ages due to the failure of underlying 
assumptions remains a major area of con-
troversy in the U-series dating community. 
The challenge going forward is to estab-
lish uniform practices for the reporting 
of coral age results, so that reported ages 
and uncertainties are directly compara-
ble. It would be very helpful to establish 
agreed upon values for initial 234U/238U and 
estimates of the associated uncertainty, 
taking into account evidence for changes 
through time. The uncertainty in initial 
234U/238U could be formally included in the 
age error, making the reported ages and 
their errors more readily comparable. In 
addition, all reporting of U/Th coral ages 
should include a statement about the 
sensitivity of the ages to open-system 
behavior, indicating worst-case scenarios 
calculated for the specific set of screening 
criteria and age model assumptions used. 
Replicate ages from discrete pieces of indi-
vidual corals and stratigraphic constraints 
are very useful for objective assessment 
of the maximum obtainable age accuracy. 
Although dating older corals remains a 
significant challenge, improved analyti-
cal precision and better understanding 
of open-system effects promise renewed 
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 progress in our effort to document sea 
level changes during earlier glacial cycles.
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Using models to inform the field community: Far-field sea 
level data applications
Glenn A. Milne

Department of Earth Sciences, University of Ottawa, Canada; gamilne@uottawa.ca

Far-field sea level data contain information on past global ice volume and the source distribution of meltwater 
pulses. To extract this information in an accurate and effective manner requires site selection that is informed 
by model output. 

When ice sheets and glaciers exchange 
mass with the oceans, the resulting sea 
level response is spatially variable due to 
the influence of the mass redistribution on 
the solid Earth and the gravity field (Farrell 
and Clark, 1976). The spatial and temporal 
variability in the sea level response reflect 
the evolution of grounded ice, as well as 
the physical structure and properties of 
the Earth’s interior. Observations of this 
response can therefore be inverted to infer 
information on past ice sheet evolution and 
solid Earth structure. This inversion proce-
dure generally requires the use of a model 
that relates the relevant model parameters 
(ice evolution and solid Earth properties) to 
the observable quantity (sea level). In this 
short paper, the process of using far-field 
sea level observations (i.e., those distant 
from major glaciation centers) to constrain 
the past evolution of ice sheets is reviewed. 
Emphasis is placed on two recent papers 
that use model predictions to determine 
optimal locations to solve a particular prob-
lem (Clark et al., 2002; Milne and Mitrovica, 
2008). In doing so, these studies promote a 
two-way dialog between the observational 
and modeling communities that is neces-
sary for efficient progress in solving out-
standing problems. 

Inferring past global ice volume
A classic application of far-field sea level 
data is the inference of past global ice 
volume through estimates of eustatic sea 
level (e.g., Fleming et al., 1998). This is the 
component of sea level change associated 
with a raising or lowering of ocean surface 
height through mass exchange with the 
cryosphere, and is calculated by simply 
dividing the volume of grounded ice gain/
loss by the area of the ocean (and multiply-
ing by the density ratio of ice to water to ac-
count for the volume change in the phase 
transition). This procedure has been ap-

plied to infer past global ice volume at dif-
ferent times. For example, measurements 
of the sea level lowstand during the Last 
Glacial Maximum (LGM) have been used 
to infer the magnitude of grounded ice 
volume at that time (e.g., Yokoyama et al., 
2000). Another important application is the 
use of sea level observations in the mid- to 
late-Holocene to infer ice volume changes 
prior to the industrial era (e.g., Nakada and 
Lambeck, 1989), as a reference of natural 
variability in the system. 

Accurate application of this procedure 
is complicated by the fact that, even in far-
field locations, the actual (observable) sea 
level change deviates significantly from the 
eustatic component of the change due to 

isostatic and tectonic processes (e.g., Clark 
et al., 1978). For this reason, even observa-
tions from tectonically stable areas must 
be corrected for isostatic effects before be-
ing used to infer a paleo ice volume (e.g., 
Milne et al., 2002). This correction proce-
dure is based on a model and so is subject 
to some degree of error that depends on 
the accuracy of the model prediction at a 
given locality. The error can be minimized 
by choosing locations where: (1) sea level is 
close to the eustatic value, so as to limit the 
magnitude of the correction, and/or (2) the 
correction to be applied is relatively insen-
sitive to uncertainties in ice/Earth model 
parameters. Milne and Mitrovica (2008) car-
ried out a model sensitivity study to map 

Figure 1: Output for a large suite of model runs based on a single ice model and 162 Earth viscosity models. Results 
are shown for the Last Glacial Maximum (LGM; 21 cal ka BP). White contours indicate where the (mean) predicted 
sea level is equal to (mean) eustatic sea level. Black contours indicate where these values deviate by ±3 m (deviations 
> 3 m are masked by the light-gray shading). Colored contours show standard deviation of the predictions due to 
changes in Earth viscosity structure. Values of low standard deviation (blue colors) indicate where model predic-
tions are insensitive to variations in Earth viscosity structure. Optimal localities for measuring sea level to estimate 
past ice volume are where the predicted sea level is close to the eustatic value (i.e., near the white contour) and the 
standard deviation is low (i.e., blue colors). Three locations where LGM sea levels have been measured are shown: 
Barbados (Ba), Bonaparte Gulf (Bo) and Sunda Shelf (Su). See Milne and Mitrovica (2008) for more details. 
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Figure 1 shows these results for the LGM. 
Similar maps were developed for a number 
of times from the LGM to the late Holocene. 
In principle, maps like that shown in Figure 
1 can be generated for older times (e.g., last 
interglacial). However, the relatively poor 
constraints on global ice-evolution prior 
to the LGM will likely be a limiting factor in 
generating accurate maps for this earlier 
period. 

Inferring distribution of rapid ice 
mass loss during meltwater pulses
Departures from eustasy complicate the 
extraction of an ice-volume signal from 
far-field sea level data. On the other hand, 
these departures contain the information 
required to infer the geometry of melt 
sources during periods of rapid sea level 
rise. This method, known as "sea level fin-
gerprinting", is particularly powerful in far-
field areas, as the spatial variability is domi-
nated by gravitational changes that can be 
computed with a high degree of accuracy. 

Successful application of the finger-
printing technique depends on the preci-
sion and distribution of data that capture a 
given melt event. Clark et al. (2002) applied 
the fingerprinting technique using data at 
Barbados (Fairbanks, 1989; Bard et al., 1990) 
and Sunda Shelf (Southeast Asia; Hanebuth 
et al., 2000) to consider which ice sheets 
were responsible for the ~20 m rise in sea 
level between 14.5 and 14 cal ka BP (known 
as meltwater pulse IA - mwp-IA). Because 
of the limited number of data sets at their 
disposal, a unique solution was not found. 
However, the authors were able to rule out 
a southern Laurentide source since the 
predicted rise at Sunda is ~40% larger com-
pared to Barbados and the observed rise is 
of similar magnitude at each location. They 
went on to demonstrate that these two 
data sites are compatible with a number 
of source distribution scenarios and pre-
sented a figure (reproduced here as Fig. 2) 
to illustrate which melt scenarios are com-
patible with the available data constraints 
(from Barbados and Sunda). This figure also 
shows how data from other locations could 
add information to help solve the problem. 
For example, data from the Argentine shelf 
would prove highly effective in testing a 
scenario that included a dominant Antarc-
tic source because the predicted rise at this 
site is significantly lower compared to the 
other sites considered for each of the three 
Antarctic source scenarios.

Determining the ice sheet(s) respon-
sible for mwp-IA remains an outstanding 
problem that will require improved data 
control in both far- and near-field locations 
before a robust solution can be found.

Meltwater pulses demonstrate that ice 
sheets can lose a large amount of mass 
over only a few centuries (rates of change 
on the order of meters per century). What 
is the possibility of such events occurring 
in the future? An event like mwp-IA, with 
magnitude ~20 m, can be ruled out given 
that this event occurred during a time of 
near peak glaciation when a large volume 
of ice was grounded on shallow continen-
tal shelf (and therefore highly sensitive to 
climate change). However, it is less clear if 
rates of change similar to those produced 
during these extreme past events can be 
reproduced in the future given the current 
configuration of ice sheets. One way to ad-
dress this question is to first better under-
stand the forcing and responses that pro-
duced meltwater pulses. Once the source 
distribution is constrained, appropriate 
regional data and models can be applied 
to consider the most likely forcing and re-
sponse mechanisms. Reproducing events 
like mwp-IA will certainly be a challenge 
for the current generation of glaciological 
models particularly if it was sourced pri-
marily, from a single ice sheet. 

Summary
Proxy sea level observations contain impor-
tant information on how the cryosphere 
has responded to past climate change. In-

terpretation of the paleo sea level record 
for this purpose is non-trivial due to the 
spatial complexity in the sea level response 
to land ice change. As a consequence, the 
use of a sea level model is required to ob-
tain a robust inversion of sea level data, 
even at locations distant from the major 
glaciation centers. As illustrated above, the 
locations of data sites are crucial to arrive at 
well-constrained solutions to a given prob-
lem. The use of sea level models to identify 
optimal sites is a powerful way to focus fu-
ture field initiatives so that robust solutions 
can be found in an efficient manner. 
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Figure 2: Sea level predicted at 6 sites (color-coded) for 7 distinct melt source scenarios (x-axis). Each line shows 
the sea level rise predicted at a given location for the 7 source scenarios considered. This information can be used 
to choose sites that would be effective in better constraining the melt-source distribution of meltwater pulse IA. 
Good sites for discriminating between different scenarios are those that exhibit a large difference in predicted rise 
compared to other sites. For example, precise data from the Argentine Shelf would provide a powerful test of an 
Antarctic source scenario. Note, the predicted rise has been divided by the model eustatic value so that the results 
can be applied to fingerprint any rapid melt event regardless of magnitude. For example, an event of ice volume 
loss equivalent to 10 m eustatic rise would result in a sea level rise of ~8 m (i.e., ~80% of the eustatic value) at the 
Argentine Shelf for an Antarctic source. See Clark et al. (2002) for more details.
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PLIOMAX: Pliocene maximum sea level project 
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Accurate estimates of mid-Pliocene sea levels are necessary if we are to better constrain Greenland and Antarctic 
ice sheet stability in a warmer world.

The mid-Pliocene climate optimum (3.3-
2.9 Ma) provides both a natural analog 
and a testing ground for General Circula-
tion Models (GCMs) used for prediction 
of global warming. However, the value of 
such model experiments is governed by 
the quality of available paleoclimate data, 
and no more important metric of global 
climate exists than polar ice volume. Es-
timates of mid-Pliocene sea level range 
from +5m to >+40m (“+” represents the 
elevation of sea level relative to present) 
reflecting a huge range of uncertainty in 
the sensitivity of polar ice sheets, includ-
ing the East Antarctic Ice Sheet (EAIS), to 
a modest global warming. It is the aim of 
the PLIOMAX project to reduce the level 
of uncertainty in Pliocene ice-volume es-
timates by undertaking a field geology 
program in Australia and engaging, in part 
through a web-based collaborative, a larg-
er community of geoscientists in surveys 
of similar high-stand deposits around the 
world. Determination of the maximum 
mid-Pliocene sea level rise will allow cli-
mate modelers to better assess the level 
at which atmospheric CO2 concentrations 
might lead to significant melting of the 
Greenland Ice Sheet, West Antarctic Ice 
Sheet (WAIS), and EAIS.

The mid-Pliocene warm period
The scientific community relies heavily on 
the predictive capabilities of GCMs (IPCC, 
2007) to assess likely future warming 
scenarios, however, the results of these 

models can vary greatly between groups, 
especially in their ability to model differ-
ent components of the climate system. To 
address this problem of knowing which 
models are best, the modeling community 
puts significant effort into calibrating mod-
els against known past climate changes. In 
particular, many GCM experiments, includ-
ing the UKMO-GCM (Haywood and Valdes, 
2004), the GISS-GCM (Chandler et al., 
1994), and the NCAR-Genesis GCM (Sloan 
et al., 1996) among others, have focused 
on the mid-Pliocene “climate optimum”. 
This period was the most recent time that 
Earth’s climate was consistently, and for 
an extended period of time, warmer than 
the Holocene; with global temperatures 
elevated by as much as 3°C with respect 
to modern values (Fig. 1; Ravello et al., 
2004; Dowsett, 2007). Proxy pCO2 studies, 
based on techniques that still excite de-
bate, estimate that atmospheric CO2 levels 
at this time ranged between 350 and 400 
ppm, a maximum value that will soon be 
exceeded. However, the geoscience com-
munity has yet to provide an accurate 
estimate of one critical climate boundary 
condition and diagnostic of climate sensi-
tivity, namely, the maximum sea level rise, 
or global ice volume, at this time. Without 
a firm knowledge of this important pa-
rameter, model validation efforts will be 
doomed to uncertainty. 

Why is so little known of the mid-
Pliocene sea level, a metric that speaks 
directly to the stability of the Greenland 

and Antarctic Ice Sheets (East and West) in 
the face of a modest warming, and prob-
able CO2 increase, relative to the preindus-
trial Holocene? Paleoceanographers face 
difficulties in accurately constraining ice 
volumes using the deep-sea geochemical 
records, due to the confounding effects of 
salinity, temperature, vital effects (i.e., spe-
cies specific characteristics that can influ-
ence isotopic fractionation in foraminiferal 
shells) and carbonate diagenesis on very 
small isotopic and trace element signals. 
More direct field-based estimates of paleo 
sea level utilize fundamental principles of 
geomorphology, superposition, and mor-
phostratigraphic succession, combined 
with absolute geochronological dating of 
the deposits. The most classic of such stud-
ies comes from a raised coastal terrace, the 
Orangeburg Scarp, located on the coastal 
margin of southeast USA. After correcting 
for post-depositional uplift, Dowsett and 
Cronin (1990) estimate a mid-Pliocene 
sea level rise of +35 ± 18 m. Similar stud-
ies of the north and western margin of 
Alaska resulted in an estimate of +40 m 
(Brigham-Grette and Carter, 1992; Kauf-
man and Brigham-Grette, 1993). A third 
classic study of Pliocene sea level, based 
on coring of a subsiding Pacific atoll, esti-
mated +25 m (Wardlaw and Quinn, 1991). 
Finally, a few studies of Pliocene sea level 
have been made based on submarine and 
subaerially exposed shallow marine de-
posits. Miller et al. (2005) get a much lower 
estimate of Pliocene sea level, +5 m, while 

Figure 1: Ice-volume record for the Plio-Pleistocene using the LR04 benthic δ18O stack and timescale (Lisiecki and Raymo, 2005). Geomagnetic reversal stratigraphy is shown 
above the x-axis. PLIOMAX will target three super-interglacial events, G17, K1 and KM3 (orange bars) that are well constrained by magneto- and biostratigraphy. Oxygen 
isotope inferred sea level changes, assuming no temperature, salinity, diagenetic, or vital effect overprints are shown on the scale on the right. 
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level oscillations between +10 and +30 m 
during the mid-Pliocene. Although these 
sea level estimates are highly variable with 
large uncertainties, most imply partial or 
complete deglaciation of Greenland and 
the WAIS and significant drawdown of the 
EAIS.

Modeling Pliocene ice sheets
Geologic estimates of maximum Pliocene 
sea level thus range from +5 to +40 m rela-
tive to present, with +25 m typically used 
by the modeling community. In a recent 
simulation of Antarctic ice spanning the 
last 5 Ma and using a new ice sheet model 
with realistic ice shelves and migrating 
grounding lines (Pollard and DeConto, 
2009), the WAIS exhibited highly dynamic 
behavior, with dramatic retreats during a 
number of late Pliocene and Pleistocene 
Antarctic “super-interglacials”. The present 
ice configuration (Fig. 2a) was compared 
with the smallest Antarctic ice volume 
obtained in the 5 Ma simulation (Fig. 2b), 
which is equivalent to ~7 m of sea level 
that, if coeval with full Greenland deglaci-
ation, would give a maximum sea level rise 
of ~14 m. In these simulations, most of the 
ice loss in Antarctica was from the marine-
based WAIS and was mainly caused by 
increased sub-ice ocean melt rather than 
sea level rise or surface melt. Additional 
ice loss from Antarctica would require 
significant surface melt over the flanks 
of the terrestrial ice sheet, which may be 
underestimated in the simple parameter-
ized climate used to drive the ice model, 
especially during the overall warmth of 
the Pliocene. 

GCM and higher resolution regional 
climate model simulations over the Ant-
arctic region at increasing levels of atmo-
spheric CO2 (400 ppmv) and with warm 
austral summer orbits, so far fail to pro-
duce surface air temperatures capable of 

producing significant surface melt (R. De-
Conto, unpublished work in progress). Tak-
en together with the results shown in Fig-
ure 2b, one may conclude that: a) Pliocene 
CO2 or levels of other greenhouse gases 
may be underestimated; b) the sensitivity 
of the GCM to CO2 is far too low (especially 
over the poles); c) the ice sheet model does 
not adequately represent some of the im-
portant underlying physics (e.g., sub-gla-
cial hydrology); d) most sea level estimates 
for this time period, including the +25 m 
average cited by many investigators, are 
too high, or e) some combination of the 
above. Note that an added complexity 
in paleo sea level reconstructions results 
from the tectonic displacement of or ice-
loading deflections of the original shore-
line position, which can cause significant 
departures of observed sea level change 
from the eustatic (global changes in sea 
level due to water mass added or removed 
from the oceans) rise or fall due solely to 
the ice volume change (e.g., Moucha et al., 
2008; Milne and Mitrovica, 2008). 

Summary
A coordinated multidisciplinary approach 
to the problem of Pliocene sea level is 
needed; one that combines additional 
field studies with climate modeling and 
geophysical modeling of the mantle and 
crustal response to ice sheet loading. We 
hope the knowledge gained during our 
upcoming field expedition to Australia will 
contribute to narrowing the range of mid-
Pliocene sea level estimates and that paral-
lel modeling efforts will guide and inform 
not only our investigations but also those 
in other regions of the world. Warming of 
the current climate system is unequivocal. 
The most conservative estimates suggest 
a further 1-2°C of global temperature rise 
can be expected, even if massive reduc-
tions in greenhouse gas emissions were to 
occur. It is because climate is locked into 

Figure 2: Ice elevations (grounded) and ice thickness (floating) in meters, for present day (A) and during a Pliocene 
interglacial (B) as simulated by an ice sheet-shelf model (Pollard and DeConto, 2009). The model is driven by a 
parameterized climatology and oceanic sub-ice melt rates derived from deep-sea core isotope records (Lisiecki 
and Raymo, 2005) and local insolation. The loss of ice in B is equivalent to ~7 m of sea level rise, far less than that 
required to account for some Pliocene sea level estimates.

this temperature trajectory, at least in the 
near-term, that understanding climate 
and ice sheet dynamics under warmer 
conditions takes on added urgency. A ro-
bust estimate of eustatic sea level change 
during the mid-Pliocene warm period will 
provide an important target for the GCM 
climate modeling community actively en-
gaged in experiments on this time period.
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The dimensions of the Greenland Ice Sheet since the Last 
Glacial Maximum
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The Greenland Ice Sheet survived the warming of the last deglaciation but nonetheless has experienced 
significant changes in size since the Last Glacial Maximum, thus contributing to global sea level change. 

The Greenland Ice Sheet (Fig. 1) is the only 
remaining Northern Hemisphere ice sheet 
that survived the climate warming fol-
lowing the Last Glacial Maximum (LGM; 
~22-19 ka). Nonetheless, it suffered sig-
nificant changes in size during and since 
the last deglaciation and has thus made 
important contributions to global sea 
level change. A chronology of post-LGM 
ice sheet extent is important to our un-
derstanding of Greenland’s contribution 
to global sea level changes and provides a 
target against which ice sheet models can 
be tested (e.g., Tarasov and Peltier, 2002; 
Fleming and Lambeck, 2004). A long-term 

record of Greenland Ice Sheet extent also 
establishes a baseline for comparison with 
modern changes, thus yielding insights 
into the response of the ice sheet over var-
ious timescales. Here, we present a brief 
summary of Greenland Ice Sheet extent 
during the LGM, deglaciation and the Ho-
locene, highlighting recent research and 
indicating where data are lacking.

The Greenland Ice Sheet during 
the LGM and last deglaciation
During the LGM, in most locations the 
Greenland Ice Sheet extended offshore, 
at least onto the continental shelf (Funder, 

1989; Bennike and Björck, 2002). Some 
debate as to the LGM ice extent exists in 
locations such as South, Central East and 
North-East Greenland (e.g., Funder and 
Hansen, 1996; Bennike and Björck, 2002). 
However, recent research applying AMS 
radiocarbon and surface-exposure (10Be 
and 26Al) dating, as well as ice sheet model-
ing in South, South-East, Central East and 
North-East Greenland, indicates that the 
LGM ice sheet was thick and extended well 
offshore (Bennike et al., 2002; O’Cofaigh et 
al., 2004; Roberts et al., 2008; Long et al., 
2008; Håkansson et al., 2007a; 2007b). 

A few studies register the onset of de-
glaciation from the LGM extent in offshore 
areas. For example, radiocarbon ages on 
foraminifera extracted from sea bed cores 
from the continental margin off Kanger-
lussuaq Fjord (South-East Greenland; 
Fig. 1) show that the ice margin here had 
begun retreat by ~15 ka (Meinert et al., 
1992). Further data of this type are needed 
to improve our understanding of the on-
set of ice margin retreat in other areas, as 
are surface-exposure ages of ice recession 
from upper LGM elevations in terrestrial 
settings (e.g., Rinterknecht et al., 2008). 
Such data would significantly improve our 
understanding of the climatic and glacio-
logical conditions that influenced initial 
deglaciation. 

Bennike and Björck (2002) provide a 
compilation of radiocarbon ages that con-
strain the timing of ice sheet recession to 
the present coastline subsequent to the 
LGM. Most of these radiocarbon ages are 
on shells from within raised marine de-
posits and thus afford minimum-limiting 
ages of local ice margin retreat. Bennike 
and Björck (2002) suggested that, in all lo-
cations except for in South Greenland, ice 
sheet retreat across the present coastline 
did not occur until the early Holocene. 

Recent terrestrial research in South, 
South-East and Central East Greenland 
provides further constraints on the tim-
ing of deglaciation to the present coast-
line. Radiocarbon ages of relative sea level 
change in the Qaqortoq and Nanortalik ar-
eas of South Greenland indicate ice sheet 
recession by ~11.0 ka and 13.8 ka, respec-
tively (Bennike et al., 2002; Sparrenbom 
et al., 2006a; 2006b). Two recent studies 

Figure 1: Map of Greenland showing the modern ice sheet extent and locations discussed in the text. Geographical 
divisions are generally following the Geological Survey of Denmark and Greenland (Dawes and Glendal, 2007). 
Also shown is Kjoveland, the location of the photo in Figure 2.
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of deglaciation in South-East Greenland. 
Roberts et al. (2008) and Long et al. (2008) 
report 10Be, 26Al and radiocarbon ages 
from near Ammassalik that date the time 
of deglaciation in fjords at ~9.9-9.7 ka, 
both at sea level and at higher elevations. 
Based on the similarity of ages at low and 
high elevations, the authors suggest that 
surface ablation controlled rapid degla-
ciation and ice margin recession. In the 
Scoresby Sund region (Central East Green-
land), radiocarbon and 10Be ages indicate 
that readvances of Greenland Ice Sheet 
outlets and mountain glaciers, known as 
the Milne Land Stages (Funder, 1978), be-
gan during late glacial time (~15-11.5 ka) 
(Hall et al., 2008a; Kelly et al., 2008). These 
results imply that at least the outer fjord 
area of Scoresby Sund was ice free prior to 
late glacial time.

Late glacial & early Holocene ice 
sheet readvances and stand-stills
There is direct chronologic evidence for 
late glacial readvances of the Greenland 
Ice Sheet in only one location; central 
East Greenland. As mentioned above, ice 
sheet outlets and mountain glaciers in the 
Scoresby Sund region readvanced dur-
ing the Milne Land Stages (Funder, 1978). 
Although some studies suggest that the 
Milne Land Stages occurred during Pre-
boreal time (~11.5-10.2 ka) (e.g., Funder 
and Hansen, 1996), new AMS radiocarbon 
and 10Be ages suggest that the outer Milne 
Land Stage moraines were deposited prior 
to or during the Younger Dryas (~12.8 – 
11.5 ka), with the inner Milne Land Stage 
moraines formed during the Preboreal 
(Hall et al., 2008a; Kelly et al., 2008). Thus, 
these moraines constrain the ice sheet 
extent during the Younger Dryas, likely re-
flecting a response of the ice sheet margin 
to the late glacial climatic reversal. Other 
moraines marking ice sheet readvances 
have been correlated with the Milne Land 

Stage moraines (e.g., in North-East Green-
land; Hjort and Björck, 1984), however, no 
direct ages of these moraines are avail-
able. In two other locations, ice margin 
positions are also suggested to be late 
glacial in age. A significant moraine on the 
south coast of Disko Island marks the ice 
sheet margin during the Godhavn Stade. 
One radiocarbon age (10.5 ka) of an in 
situ mollusk shell proximal to the moraine 
provides a minimum limiting-age for de-
glaciation from this moraine (Ingólfsson 
et al., 1990). A readvance of the Qassimiut 
lobe in South Greenland, termed the Neria 
Stade, is suggested to have occurred dur-
ing the Younger Dryas, however no direct 
ages are available (Weidick et al., 2004).

Early Holocene moraines exist in 
many locations in West, Central East and 
North-East Greenland. In most cases, these 
moraines are thought to mark ice sheet 
readvances or stand-stills due to local 
topographic influences. Recent work ap-
plying AMS dating of the prominent Fjord 
Stade moraines (Fig. 2) in the Disko Bugt 
area of Central West Greenland suggests 
that these moraines are diachronous (i.e., 
variable in age) and do not record a single 
ice-margin response to climate change. 
Using the age of marine limit as an esti-
mate of the timing of local deglaciation 
and hence moraine age, Long et al. (2006) 
demonstrate that the Fjord Stade mo-
raines formed between ~10-8 ka (see also 
Weidick and Bennike, 2007). Funder (1978) 
mapped ice sheet outlet stand-stills in the 
inner fjord areas of Scoresby Sund, known 
as the Rødefjord Stages, and suggested 
that these occurred prior to ~7.6 ka. In the 
Søndre Strømfjord region of South-West 
Greenland, Ten Brink (1975) identified up 
to seven moraine systems between the 
outer coast and the present ice sheet mar-
gin, most of which are of Holocene age 
(see also Van Tatenhove et al., 1996; For-
man et al., 2008). Thus, in most regions, 
the Greenland Ice Sheet receded during 

the early Holocene, with only minor read-
vances and stand-stills likely attributed 
to local topographic influences. There is 
no direct chronologic evidence for an ice 
sheet margin response to early Holocene 
cold events registered by Greenland ice 
cores, such as the one at ~8.2 ka.

The Greenland Ice Sheet during 
the Holocene
Based on radiocarbon ages of marine 
shells and reworked terrestrial organic 
material incorporated into historical 
moraines, environmental conditions 
registered in lacustrine sediments, and 
submerged coastal features, it has been 
suggested that the Greenland Ice Sheet 
receded tens of kilometers within its pres-
ent day margins during the early and mid 
Holocene (e.g., Kelly, 1980 and references 
therein). This ice sheet recession was likely 
a response to the warmer temperatures of 
the Holocene Thermal Maximum (9-5 ka) 
(e.g., Kaufman et al., 2004), which is reg-
istered by Greenland ice cores as ~2.5°C 
warmer than at present (Dahl-Jensen et al., 
1998). More data are needed to constrain 
ice sheet dimensions during this interval 
to cast new light on the stability of the 
ice sheet in warmer-than-present climatic 
conditions. A critical question is to deter-
mine the dimensions of the ice sheet at 
the end of this warm interval, prior to the 
Neoglacial (~4 ka-present) readvances. In 
many locations the ice sheet and moun-
tain glaciers reached their maximum ex-
tents since the early Holocene during the 
Little Ice Age (ca. A.D. 1290-1850) (e.g., 
Kelly, 1980; Hall et al., 2008b; Kelly et al., 
2008). Ice-margin fluctuations measured 
in tens of kilometers characterize the late 
Holocene dynamics of the Greenland Ice 
Sheet, and these provide an important 
baseline against which modern ice sheet 
fluctuations may be compared.
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Figure 2: Milne Land stage (left lateral) moraines deposited by a Greenland Ice Sheet outlet glacier prior to or during 
the Younger Dryas in the Scoresby Sund region of Central East Greenland. View to the east over Kjoveland.
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Extending the uranium-series dating of fossil coral reefs 
back to marine isotope stage 15
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Recent advances in U-series isotopic analysis allow absolutely dated records of past sea level change to be 
extended back through the last 600 ka, and offer decadal- to millennial-scale resolution for the last 400 ka.

The U-series dating of fossil coral reefs has 
been widely used to provide absolutely 
dated records of past sea level change and 
numerous observations now exist for the 
past 130 ka spanning the last glacial cycle 
(Edwards et al., 2003). To gain a more com-
plete record of Earth’s natural sea level 
cycles and a clearer understanding of the 
mechanisms driving climate change, it is 
important to study additional glacial-in-
terglacial transitions further back in time. 
Extended, dateable records of past sea 
level change are also required to identify 
a suitable analog of the present climate 
system, in order to project future climate 
trends. 

In general, the details of the sea level 
curve for the interval prior to 130 ka re-
main elusive, primarily due to a progres-
sive loss in the resolution of the U-series 
chronometer as one goes further back in 
time, coupled to a lack of well-preserved, 
dateable coral in older fossil reefs. The 
former issue is discussed in detail below. 
The latter is a major issue for corals of vir-
tually all ages, due to post-depositional 
open-system disturbance of the U-series 
isotopic system leading to inaccurate ages 
(see Andersen et al., this issue). Efforts to 
ensure reliable ages involve strict isotopic 
screening criteria, often leading to the re-
jection of the majority of dated samples 
(Gallup et al., 1994) or the application of 
an open-system U-series model to correct 
for the altered component (Thompson et 
al., 2003; Thompson and Goldstein, 2005; 
Villemant and Feuillet, 2003; Scholz et al., 
2004).

Gearing up towards a high-
precision chronometer
The U-series chronometer uses the natu-
ral radioactive decay of 238U to its longest-
lived intermediate daughters, 234U and 
230Th. In general terms, the U-series age of a 
sample can be determined from measure-
ments of its 234U/238U and 230Th/238U com-
positions (Fig. 1A). The advent of multiple-
collector thermal ionization (MC-TIMS), 
and more recently, inductively coupled 
plasma mass spectrometry (MC-ICPMS) 
to U-series dating in the 1980s and 1990s 
dramatically improved measurement pre-
cision compared with earlier techniques. 

Figure 1: A) Typical representation of U-series observations for fossil coral reefs, whereby 234U/238U is plotted against 
230Th/238U and contoured in units of U-series age (near vertical lines). 234U/238U is reformulated into δ234U-notation 
as the permil deviation away from radioactive equilibrium, and 230Th/238U is reformulated into the activity ratio 
[230Th/238U]

act
 (e.g., Edwards et al., 2003). For fossil corals, the U-series chronometer is based on the radioactive decay 

of 234U (half-life = 245 ka) and radioactive in-growth of 230Th (half-life = 76 ka) toward radioactive equilibrium with 
238U. The initial δ234U = 147‰ contour (red line) gives the closed-system evolution path for a coral, assuming a δ234U 
composition of 147‰ (identical to present-day seawater) and no 230Th at the time the coral formed, and no post-
depositional loss/gain of 238U, 234U and 230Th other than by radioactive decay. A living coral would plot at position (a), 
whereas older 125 ka and 225 ka fossil corals would plot at positions (b) and (c) respectively, as shown by the three 
data points (green squares). The three data points (measured with identical levels of precision) also demonstrate 
that the resolution of the U-series chronometer decreases with increasing sample age as the separation between 
isochrons (orange lines) decreases. If the U-series system becomes open at any time, the isotopic composition of 
the coral will move away from the closed-system curve and will follow a new decay path, assuming the system 
remains closed afterward. B) Compilation of published U-series observations pre-dating the last glacial cycle from 
reef complexes in Barbados (circles) and Henderson Island (squares) displayed as δ234U versus [230Th/238U]

act
. The 

initial δ234U = 147‰ contour denoting the closed-system evolution path for a coral is shown for reference (red line). 
The majority of data plot above this curve due to open-system exchange of the U-series isotopes during diagenetic 
alteration and therefore yield “unreliable” U-series ages. The error bars are 2σ.
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Using mass spectrometric techniques, 
ions generated in the thermal or plasma 
ionization source are passed through a 
magnetic field and spatially separated on 
the basis of their mass-to-charge ratio, 
then detected simultaneously on an array 
of Faraday detectors, devices that allow 
the precise measurement of ion currents. 
Isotope ratios are then determined on the 
basis of the ratio of the ion currents. Usual-
ly, Faraday detectors, although very stable, 

have background noise limitations and 
can accommodate only relatively large 
ion currents. Given the large differences in 
the natural isotopic abundance between 
238U, 234U and 230Th, whereby 238U/234U ~ 104 
and 238U/230Th ~ 105, it is therefore usual to 
measure the minor 234U and 230Th isotopes 
on a low-background ion counting detec-
tor system, a device for accommodating 
low-level ion currents. However, despite 
ongoing design improvements in instru-

mentation over the last decade, conven-
tional U-series measurement precision 
remains limited to the one-permil level 
because ion-counting detector systems 
are inherently unstable and must be fre-
quently cross-calibrated (Goldstein and 
Stirling, 2003). When propagated through 
the U-series decay equations, one-permil 
uncertainties translate to sizeable U-series 
age errors in older samples of up to ±5 ka 
in 300 ka samples and ±90 ka in 600 ka 
samples (Fig. 1). Clearly, age uncertainties 
of this magnitude are not conducive to sea 
level reconstruction at the millennial scale, 
nor do they allow the timing of an inter-
glacial maximum to be resolved from the 
preceding glacial minimum for the inter-
val prior to MIS 9 (~350 ka). 

New analytical protocols are required 
to improve the resolution of the U-series 
chronometer. To address this issue, some 
recent MC-ICPMS studies have focused 
on improving measurement precision by 
a further factor of five to the 0.2‰ level 
by adopting more concentrated solutions 
and increasing the minor 234U and 230Th ion 
beam signals to intensities that are suffi-
ciently large for measurement on stable 
Faraday collectors (Andersen et al., 2004; 
2007; 2008; Potter et al., 2005; Stirling et 
al., 2007; Cheng et al., 2008). Multiple-
Faraday protocols have also been applied 
to low-concentration thorium samples by 
overcoming the Faraday detector noise 
limitations (Esat, 1995; Stirling et al., 2001). 
There are several technical challenges that 
must be overcome to perform U-series iso-
topic measurements entirely using Fara-
day collectors. However, these challenges 
are offset by the fact that 0.2‰ levels of 
precision allow 300 and 600 ka samples 
to be measured with 2σ age uncertain-
ties of ±0.8 and ±14 ka, respectively. This 
represents a four-fold or better improve-
ment in precision compared with previous 
techniques, and at the same time, extends 
the upper limit of the U-series chronom-
eter further back in time to ~800 ka. Thus, 
multiple-Faraday techniques offer the 
potential to resolve the finer details of 
sea level and climate change during and 
beyond the last four glacial-interglacial 
cycles, especially when sample size is not 
restricted. 

This enhanced analytical precision 
must be coupled with accuracy through 
continued refinement of the U-series 
half-life determinations to further reduce 
their contribution to the U-series age error 
(Cheng et al., 2008). There is also a press-
ing need for all U-series laboratories to 
participate in a rigorous inter-laboratory 
comparison exercise, particularly given 

Figure 2: A compilation of sea level and climate records for MIS 9: Summer solar insolation predictions for latitude 
65 °N (red line), which according to the Milankovitch theory of climate change (Milankovitch, 1941), drive Qua-
ternary glacial-interglacial climate variability; LR04 deep-sea sediment δ18O record (blue line; Lisiecki and Raymo, 
2005), which comprises a stack of 57 globally distributed deep-sea δ18O records, and provides a combined signal of 
deep-ocean temperature and global sea level for the past 5.3 Ma. The Pliocene-Pleistocene section of the record has 
been assigned a chronology based on orbital tuning to Milankovitch insolation predictions; δD for the EPICA deep 
ice core from Dome C, Antarctica (black line; EPICA, 2004), which provides a proxy record of local air temperature 
for the past 740 ka. The chronology for the EPICA record has been derived using ice flow modeling, constrained by 
radiometric control points based upon Milankovitch orbital forcing theory; high-resolution global sea level recon-
structions derived from the δ18O signatures of two independent Red Sea sediment cores (dark and light green lines; 
Siddall et al., 2003). The δ18O records were translated into global sea level using a complex hydraulic model for the 
exchange of water between the Red Sea and the open ocean. A chronology was assigned to the Red Sea records 
based on a combination of radiometric control points and synchronization with orbitally-tuned Antarctic ice core 
records; relative sea level observations based on the height-U-series age relationships of fossil corals sampled from 
Henderson Island’s MIS 9 reef complexes but uncorrected for lithospheric flexural uplift and glacio-hydro-isostasy, 
are shown by the horizontal bars. Conventional U-series ages assessed as “reliable” on the basis of macroscopic 
and isotopic screening criteria are denoted by the black bars (Stirling et al., 2001); open-system U-series ages for 
other reef complexes that have been corrected for U-series isotopic shifts caused by diagenetic alteration using 
the open-system U-series model of Thompson et al. (2003) are represented by the gray bars; U-series observations 
for speleothems from the Bahamas (purple) constrain the timing of the MIS 8/9 glacial-interglacial transition 
(Hoffmann et al., 2007); Bahamian aragonitic slope sediments (orange) suggest an early onset for the initiation 
of MIS 9 (Henderson et al., 2006), which is contrary to the coral reef observations. 
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Ice sheet retreat and sea level rise during the last  
deglaciation
Peter U. Clark
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The terrestrial record of deglaciation provides important constraints on the relative contribution of individual ice 
sheets to global sea level rise, thus improving our ability to estimate sea level sensitivity to climate change.

The Last Glacial Maximum (LGM) is con-
ventionally defined as the most recent 
interval in Earth's history when global 
ice sheets reached their maximum inte-
grated volume. Documenting the rate of 
retreat of the global ice sheets following 
the LGM provides important insights to-
wards understanding the sensitivity of ice 
sheet retreat and associated sea level rise 
to climate forcing. Additionally, a number 
of feedbacks associated with ice sheet re-
treat, including changes in albedo, orogra-
phy, and freshwater fluxes to sites of deep-
water formation, significantly influenced 
the trajectory and rate of deglaciation at 
regional to global scales. 

The record of global sea level rise during 
the last deglaciation is best constrained 
from geomorphic and biological indica-
tors of sea level at sites far from glaciated 
areas (far-field sites). Because sea level is 
an integrated signal, however, it does not 
distinguish between the relative contribu-
tions of individual ice sheets to the global 
signal, including growth of an ice sheet 
during the global deglaciation. Moreover, 
although the rate of sea level rise reveals 
changes in the total freshwater flux to the 
ocean associated with melting, it does 
not indicate how changes in the distribu-
tion of that flux to different regions of the 
ocean may have occurred solely from the 

rerouting of runoff, which may be just as 
important in influencing density-driven 
changes in ocean circulation as changes in 
the total flux. 

Combining the terrestrial record of ice 
sheet retreat with the sea level record dur-
ing the last deglaciation provides a com-
plimentary strategy to address important 
aspects of ice sheet-climate interactions. 
Radiocarbon and cosmogenic surface 
exposure ages allow the position of re-
treating ice sheet margins to be mapped 
through the deglaciation, thus constrain-
ing rates of retreat (or readvance) for in-
dividual ice sheets as well as the opening 
(or closing) of outlets that route subcon-

the rapid evolution of the U-series field 
over the last decade.

Sea level records pre-dating the 
last glacial cycle
Prior to the last glacial cycle, the most 
extensive compilation of U-series obser-
vations for fossil coral reefs exists for MIS 
7 (Gallup et al., 1994; 2002; Scholz et al., 
2006; Thompson and Goldstein, 2005; 
Dutton et al., this issue), extending from 
245-193 ka. Sea level records for MIS 7 are 
discussed in detail by Dutton et al. (this 
issue). Furthermore there are a few iso-
lated data points for MIS 6-5 (e.g., Esat et 
al., 1999; Thomas et al., 2008). Pre-dating 
MIS 7, the most extensive suite of coral 
reef U-series observations have been ac-
quired for unusually well-preserved reef 
complexes formed during MIS 9 (339-303 
ka) and MIS 15 (620-570 ka) on Henderson 
Island, South Pacific Ocean (Stirling et al., 
2001; Andersen et al., 2008). Conventional 
U-series dating of Henderson Island’s MIS 
9 fossil corals (Fig. 2) indicate that sea lev-
els during MIS 9.3 approached peak inter-
glacial values near 324 ± 3 ka (Stirling et 
al., 2001). High sea levels appear to have 
persisted for a further 8 ka, before falling 
towards glacial values near 318 ± 3 ka 
(Stirling et al., 2001). Conventional U-series 
ages for a single coral tentatively indicate 
subsequent MIS 9.1 reef growth at 307 ± 
4 ka (Stirling et al., 2001). There are also 

a growing number of high-precision U-
series observations for Henderson Island’s 
MIS 15 fossil corals and the results to date 
indicate peak interglacial sea levels at 600 
± 15 ka (Andersen et al., 2008). Additional 
efforts are underway to continue to refine 
these MIS 9 and 15 sea level chronologies 
for Henderson Island (e.g., Stirling and 
Andersen, 2008). Furthermore, Hender-
son Island is believed to have undergone 
systematic but non-linear uplift (~30 m) 
caused by lithospheric flexure arising 
from the volcanic emplacement of nearby 
Pitcairn Island. A combination of flexural 
uplift and glacio-hydro-isostatic rebound 
modeling is required to convert the rela-
tive sea level observations for Henderson 
Island into global constraints of eustatic 
sea level. To date, there is a complete ab-
sence of reliable U-series observations for 
other glacial-interglacial periods. In partic-
ular, effort should be expended to identify 
MIS 11 in the fossil coral record. MIS 11 has 
been identified as an exceptionally warm 
and long interglacial in the climate record, 
characterized by orbital parameters that 
are similar to those of the today and of 
the next few millennia (EPICA, 2004), and 
could represent the most appropriate ana-
log of the present climate system. 

Efforts to pursue robust sea level re-
cords from fossil corals further back in time 
should focus on enhancing the precision 
and accuracy of the U-series chronometer. 

Furthermore, an improved understanding 
of the mechanisms involved in the open-
system loss/gain of the U-series isotopes 
during the post-depositional diagenetic 
alteration of fossil reef systems (see An-
dersen et al., this issue) is critical to ensure 
the reliability of U-series ages dated both 
conventionally and via the implementa-
tion of open-system methods. Moreover, 
it is important to augment the fossil coral 
records with U-series observations for 
complementary archives of past sea level 
change, particularly submerged spele-
othems (Bard et al., 2002; Dutton et al., 
this issue) and aragonitic slope sediments 
(Henderson et al., 2006).
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Figure 1: A) The last deglaciation relative sea level record (RSL) reconstructed from geomorphic and biological 
indicators at sites far from the former large ice sheets and compared to the retreat of the Laurentide Ice Sheet (LIS; 
black line) (Dyke, 2004). Symbols are coded to individual sites as follows: Green lines are Bonaparte Gulf calibrated 
14C ages (Yokoyama et al., 2000) showing age and depth uncertainty, Gray diamonds are U/Th ages on Barbados 
corals from core RGF-9 (Bard et al., 1993; Peltier and Fairbanks, 2006). Sunda Shelf calibrated 14C ages are shown as 
pink lines (non-mangrove organics), light blue lines (mangrove remains, not in situ), and dark blue lines (mangrove 
remains in situ) (Hanebuth et al., 2000), Orange triangles are U/Th ages on corals from New Guinea (Edwards et 
al., 1993; Cutler et al., 2003), Light green triangles are U/Th ages on corals from Tahiti (Bard et al., 1996). B) Detail 
of sea level history and LIS deglaciation between 21.5 ka and 16.8 ka, using same symbols as in A). Also shown are 
Barbados corals from core RGF-15 (red squares), including the species Montastrea annularis (Peltier and Fairbanks, 
2006). C) Detail of sea level history and LIS deglaciation between 19 ka and 14.5 ka using same symbols as in A). 
Also shown is the CaCO

3
 component of ice-rafted debris, showing a peak at the time of Heinrich event 1 (H1; Bond 

et al., 1999). D) Detail of sea level history and LIS deglaciation between 15 ka and 13 ka using same symbols as in 
A). The Barbados coral samples from cores RGF-9 and RGF-12 are identified.

tinental drainage basins from one river 
to another. Although the detailed retreat 
history of some ice sheets remains poorly 
known, there is sufficient information to 
identify the first-order aspects of their re-
treat that are important to the sea level 
record, such as their contributions to the 
termination of the LGM lowstand or sub-
sequent episodes of rapid sea level rise 
(Clark et al., submitted). An important ca-
veat in using the land record to constrain 
sea level is that it only represents area, 
not volume, but to first-order, modern re-
lationships suggest that ice sheet extent 
scales with volume (Paterson, 1994). 

Here, I use this complementary strate-
gy to infer the primary ice sheet contribu-
tions to the first-order structure of global 
sea level rise during the last deglaciation. 
In particular, I focus on the interval be-
tween 21 and 13 ka, during which time 
a large fraction of sea level rise occurred 
in two relatively brief steps (Fig. 1a). The 
first step is identified from data from 
Bonaparte Gulf (Yokoyama et al., 2000) 
and the Irish Sea basin (Clark et al., 2004), 
which suggest that the LGM lowstand 

ended with a rapid rise of ~10-15 m at ~19 
ka (Fig. 1b). Two cores from Barbados cor-
als cover this interval but while the U/Th 
ages on core RGF-9 agree with the timing 
suggested from Bonaparte Gulf and the 
Irish Sea basin, dates from core RGF-15 
suggest it occurred at least 1 ka earlier, 
although the large depth uncertainties in 
the dated coral species Montastrea annu-
laris (>20 m) preclude any constraints on 
rates of early rise (Fig. 1b). The reason for 
this discrepancy is unclear but additional 
insight is provided by the retreat history 
of the Laurentide Ice Sheet (LIS) (Dyke, 
2004). The timing of its initial retreat from 
its LGM position (Fig. 1b) suggests that the 
younger age for the initial sea level rise 
(~19 ka) is the correct one. Moreover, most 
other Northern Hemisphere ice sheets also 
started to retreat between 19-20 ka (Clark 
et al., submitted), further supporting the 
younger age for this event, and identifying 
the Northern Hemisphere ice sheets as its 
primary source.

Between 19 and ~14.5 ka, rates of sea 
level rise decreased substantially (<3.5 mm 
a-1) (Fig. 1c). The LIS and the Scandinavian 

Ice Sheet, however, continued to retreat 
throughout this interval (Rinterknecht et 
al., 2006; Clark et al., submitted), and Hei-
nrich event 1 (H1) also occurred at ~17 
ka (Fig. 1c), all suggesting some sea level 
rise. The fact that existing data indicate 
little sea level rise thus suggests that one 
or more other ice sheets must have grown 
at a rate that nearly balanced the mass 
loss from these two ice sheets. The south-
ern margin of the Cordilleran Ice Sheet (N 
America) advanced to its maximum extent 
between 19 ka and 17.5 ka (Porter and 
Swanson, 1998) but its growth likely rep-
resented a small contribution to sea level. 
The Barents-Kara Ice Sheet had largely 
collapsed by 19 ka (Svendsen et al., 2004). 
Accordingly, the only remaining large ice 
sheets that could offset the sea level rise 
associated with retreat of the two largest 
Northern Hemisphere ice sheets were the 
Antarctic Ice Sheets but there are currently 
insufficient geochronologic constraints to 
test this hypothesis.

Sea level subsequently rose rapidly 
again during meltwater pulse 1A (mwp-
1A), when as much as 20 m of rise occurred 
in less than 500 years (Fig. 1d). Two aspects 
of this event have been widely discussed: 
its age, and thus relation to climate change, 
and its source. With respect to the former, 
Stanford et al. (2006) argued that it oc-
curred between the youngest dated coral 
in Barbados core RGF-9 (14.1 ka) and the 
oldest coral in core RGF-12 (13.6 ka), and 
dismissed the Sunda Shelf 14C ages that 
suggest an older age for mwp-1A (Fig. 1d) 
because of uncertainties in correcting for 
variable 14C reservoir ages. The key Sunda 
Shelf 14C ages that constrain the timing of 
mwp-1A, however, are on fragments of 
mangrove trees, which are not subject to 
reservoir age corrections. Moreover, the 
older age for mwp-1A is supported by a U/
Th age on a coral from New Guinea (Fig. 
1d) (Cutler et al., 2003). One explanation 
for this discrepancy in timing is that the 
shallow-water corals sampled in core RGF-
9 were unable to “keep up” with the rapid 
sea level rise of mwp-1A, and eventually 
“gave up” (Neumann and Mcintyre, 1985), 
with the establishment of a new shallow-
water coral reef, sampled by core RGF-12, 
only after sea level rise had sufficiently 
slowed. 

Possible sources of mwp-1A have 
been widely discussed (e.g., Bassett et al., 
2005; Clark et al., 1996; 2002; Peltier, 2005). 
There are several key reasons why a sig-
nificant contribution from the Northern 
Hemisphere is unlikely: (1) Peltier (1994; 
2005) argued for a significant contribution 
from the LIS but there is no acceleration in 
its rate of retreat during mwp-1A relative 
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A new chronology of sea level highstands for the  
penultimate interglacial 
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A suite of submerged Italian speleothems constrain the timing of sea level highstands across the entirety of 
marine isotope stage 7 (~190-245 ka) indicating that sea level highstands were broadly in phase with insolation 
forcing.

Understanding the precise phase relation-
ships of changes in sea level, temperature, 
and greenhouse gas concentrations dur-
ing previous interglacials provides us with 
critical knowledge to evaluate the future 
response of the climate system to anthro-
pogenic forcing. Absolutely dated sea lev-
el archives that document the response of 
ice sheets to changes in temperature and 
atmospheric CO2 become increasingly 
rare as we look beyond the last interglacial 
(ca. 130 ka) due to the combined effects 
of alteration of suitable archives, physical 
superposition of multiple sea level oscilla-
tions, and challenges related to temporal 
limitations of geochronometers. This leads 
us to rely upon sea level reconstructions 
that are derived from deep-sea cores and 
models, which both lack direct age control. 
Because we seek to understand the phas-
ing of orbital forcing and climate records 
relative to more continuous records of sea 
level change that are available from these 
models and deep-sea cores, we must first 
calibrate these against absolutely dated 
records of sea level response.

We have studied a suite of submerged 
stalagmites from Argentarola Cave (cen-
tral west coast of Italy) collected across a 
depth range of -18 to -21 m, with the aim 

Figure 1: Sea level curves shown for MIS 7, derived using three different methods: (a) model (Bintanja et al., 2008) 
driven by benthic oxygen isotope (δ18O) stack, (b) reconstruction of Red Sea seawater δ18O (Siddall et al., 2003), 
(c) open system U-Th ages of corals (Thompson and Goldstein, 2005). Shading indicates periods of time that sea 
level rose above -20 m (dashed lines), the approx. depth of Argentarola Cave stalagmites. Note differences in the 
number of highstands predicted to exceed -20 m and the difference in elevation predicted for MIS 7.3 in particular. 
Figure modified from Dutton et al., 2009. 

to before and after (Fig. 1a, 1d). (2) Peltier 
(2005) argued that the Barents-Kara Ice 
Sheet also contributed to the event but 
this ice sheet had largely deglaciated by 
19 ka (Svendsen et al., 2004). (3) Ocean 
models consistently demonstrate that the 
freshwater flux to the North Atlantic from 
a Northern Hemisphere source would 
have shut down the Atlantic meridional 
overturning circulation (AMOC), which did 
not occur (McManus et al., 2004). Aharon 
(2006) argued that benthic δ18O records 
from the Gulf of Mexico support a sub-
stantial contribution from the LIS with 
minimal effect on the AMOC but Carlson 
(2009) showed that aspects of the model 
used by Aharon (2006) were incorrect. 

In contrast, a substantial contribution 
from Antarctica explains why there is no 

significant reduction in the AMOC, and in-
stead may explain why the AMOC abruptly 
resumed at this time (Weaver et al., 2003; 
Pahnke et al., 2008). In addition, an Antarc-
tic source explains the geographic varia-
tion in far-field sea level records associ-
ated with the processes of glacial isostatic 
adjustment (Clark et al., 2002; Bassett et 
al., 2005).

In summary, the terrestrial record of 
past changes in global ice sheets places 
important constraints in identifying their 
contributions to the sea level rise of the 
last deglaciation. In particular, multiple 
ice sheets represent multiple reservoirs, 
each potentially behaving independently 
of each other in response to regional or 
hemispheric climate change. As is the case 
for modern ice sheets and future sea level 

change, disentangling these contributions 
is critical to fully decipher the sensitivity of 
sea level to climate change.
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several sea level highstands during MIS 7 
(190 to 245 ka), also referred to as the pen-
ultimate interglacial (Dutton et al., 2009). 
Our investigation provides benchmarks of 
the precise timing of sea level highstands 
during the penultimate interglacial that 
help to reconcile existing reconstruc-
tions of sea level across this time interval 
(Fig. 1). As previously reported, the spec-
tacular feature of speleothems recovered 
from Argentarola Cave is the occurrence 
of alternating layers of biogenic calcite 
and inorganically precipitated spelean 
calcite that result from multiple sea level 
oscillations in the past (Bard et al., 2002; 
Antonioli et al., 2004). The biogenic layers 
are composed of serpulid worm calcite 
secretions that encase the speleothems 
during seawater submergence, while the 
spelean calcite growth only occurs when 
the cave is emergent, or above sea level. 
We have used U-series dating techniques 
to determine the precise timing of spele-
othem growth that brackets each serpulid 
calcite layer to ascribe a chronology to the 
sea level highstands. The combined record 
from three stalagmites, including one pre-
viously studied by Bard et al. (2002), cap-
tures the timing of sea level rise and fall 
past the cave during three successive 
peaks in sea level during MIS 7 (Fig. 2).

The timing of sea level highstands at 
Argentarola Cave accurately represents 
the timing of eustatic sea level oscillations 
because the time difference between lo-
cal sea level reaching -18 m at Argentarola 
and the calculated timing of -18 m eus-
tatic sea level (ice-equivalent volume) is 
very small (estimated at <0.1 ka) relative 

to the precision of the U-Th ages (1.5 to 3.0 
ka) (Dutton et al., 2009). It is also impor-
tant to recognize that these data provide 
maximum estimates for the duration of 
the highstand above the elevation of the 
cave because the U-Th ages are measured 
on samples of spelean calcite that grew 
before and after the sea level highstand. 

In a broad sense, the overall timing 
of these highstands encompasses, and 
in some cases is almost centered on, the 
timing of maximum Northern Hemisphere 
insolation (Fig. 3). We note that the abso-
lute chronology of the Argentarola record 
is also in good agreement with other ab-
solutely dated archives of sea level and 
interglacial conditions during MIS 7. How-
ever, a closer look at some of the more 
subtle differences in timing may reveal 
critical insight to the timing and nature of 
ice sheet response to insolation forcing. 
For instance, if we compare the timing of 
sea level rise past -18 m at Argentarola to 
the timing of maxima in Northern Hemi-
sphere insolation, we see that during MIS 
7.5 and 7.1, speleothem growth at -18 to 
-18.5 m terminates a few thousand years 
before insolation maxima are reached. In 
contrast, during the onset of the MIS 7.3 
highstand there is no difference, within 
our analytical error, between the timing of 
sea level rise past -21 m and the insolation 
maximum. So this intervening highstand, 
MIS 7.3, is delayed in a relative sense when 
compared to the timing observed for the 
other two highstands. 

Before exploring the reason for the 
different behavior of the MIS 7.3 high-
stand, we first turn to an unexpected find-
ing made during this study regarding the 

Figure 2: Comparison of Argentarola submerged stalagmite data (Agentarola stalagmite N, E, and I: ASN, ASE, ASI) 
with other relative sea level records across MIS 7. Speleothem U-Th data represent growth periods and should be 
above the sea level curve, whereas coral data should be just below the curve; Solid lines connecting these U-Th 
ages represent periods of uninterrupted growth. Error bars for samples next to hiatuses are shown as dashed lines. 
Peak MIS 7.5 coral data were assumed to sit at modern sea level (Thompson and Goldstein, 2005). The remainder of 
the Barbados coral elevations are calculated assuming constant uplift rates, which introduces some error into the 
elevation estimates. Gray data points are heavily altered corals (δ234U

initial
 > 330‰); blue data points in circle are 

beach cobbles.  Closed-system ages are shown for corals with δ234U
inital

 within 2‰ of seawater. TIII = Termination 
III. Figure modified from Dutton et al., 2009.

relative elevation of these highstands. 
Due to differences in the number of serpu-
lid calcite layers preserved in stalagmites 
from different depths and evidence of 
dissolution that occurred in the halocline, 
we were able to determine that the eleva-
tion of sea level peaked at approx. -18 m 
during the MIS 7.3 highstand and was be-
tween -18.5 and -21.0 m during the MIS 7.2 
lowstand. In contrast, peak sea level dur-
ing MIS 7.5 and 7.1 was somewhere above 
our highest reference point in the cave 
(-18 m). Our observation of lower peak sea 
level during MIS 7.3 relative to MIS 7.5 and 
7.1 is in agreement with sea level recon-
structions of Lea et al. (2002) and Siddall 
et al. (2003) that are based on seawater 
δ18O determinations but are not in keep-
ing with reconstructions that are based in 
whole or in part on benthic δ18O records 
(e.g., Waelbroeck et al., 2002; Bintanja et 
al., 2005) that imply similar peak eleva-
tions for all three highstands. This finding 
suggests that the benthic δ18O record may 
be biased by temperature influence dur-
ing the MIS 7.3 highstand, possibly as a 
consequence of strong peaks in insolation 
in both the Northern and Southern Hemi-
spheres during this time interval (Fig. 3).

Having noted the unusual nature of 
the MIS 7.3 highstand with respect to both 
timing and elevation, we now return to 
the issue of understanding the delayed 
timing of sea level rise past Argentarola 
cave relative to the two other highstands. 
The preceding sea level lowstand, MIS 7.4, 
has been associated with cold tempera-
tures and ice volumes that approach the 
full glacial conditions of MIS 8 (e.g., Rou-
coux et al., 2006; Jouzel et al., 2007; Mar-
trat et al., 2007). The transition from MIS 
7.4 to MIS 7.3 has even been likened to a 
full glacial termination (Huybers and Wun-
sch, 2005). Both the delayed timing and 
dampened amplitude of MIS 7.3 may be 
a consequence of MIS 7.4 glaciation that 
was extensive but according to Bintanja 
et al. (2008) was not enough to cause co-
alescence of the two Cordilleran and Lau-
rentide Ice Sheets in North America. The 
merging of these two ice sheets has been 
postulated as a key factor in initiating rap-
id retreat of the ice sheets during termina-
tion events (e.g., Bintanja et al., 2008).

Our chronology of sea level high-
stands during the penultimate interglacial 
from Argentarola Cave provides precise 
and accurate ages that are critical bench-
marks in determining the phasing of inso-
lation forcing and climate relative to sea 
level response. The findings summarized 
here and more fully developed in Dutton 
et al. (2009) also underpin the importance 
of cryosphere state as a critical factor de-
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termining the sensitivity of sea level re-
sponse to insolation forcing. While records 
from submerged speleothems such as 

Figure 3: Sea level and climate reconstructions during MIS 7. Sea level highstands at Argentarola denoted by 
vertical gray bars. (a) Obliquity, and (b) summer insolation curves at 65°N (JJA) (maxima shown by dotted lines 
in MIS 7) and 70°S (DJF) (Laskar, 1990), (c) Iberian Margin benthic carbon isotope (δ13C) data (Martrat et al., 2007) 
highlights the unusual nature of MIS 7.3, (d) benthic δ18O stack (Lisiecki and Raymo, 2005: black) and benthic δ18O 
from the Iberian Margin (Martrat et al., 2007: blue), (e) sea level reconstructions (Siddall et al., 2003; Bintanja et al., 
2008: dashed and solid orange lines, respectively), (f) compiled Antarctic ice core CO

2
 (Lüthi et al., 2008), (g) EPICA 

Dome C temperature change (Jouzel et al., 2007). TII and TIII = Terminations. Data sources as follows: [1] Henderson 
et al., 2006; [2] Robinson et al., 2002; [3] Gallup et al., 1994; [4] Edwards et al., 1997; [5] Thompson and Goldstein, 
2005; [6] Andersen, 2006; [7] Spötl et al., 2008; [8] Dutton et al., 2009. Figure modified from Dutton et al., 2009.

Tempo of global deglaciation during the early Holocene: 
A sea level perspective
Shi-Yong Yu, Y.-X. Li and T.E. Törnqvist
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High-resolution early Holocene sea level records are essential to aid predictions of future sea level change. 
However, our current understanding about the nonlinear response of sea level to rapid climate changes during 
this critical time interval is still in its infancy.

Sea level change is the result of complex 
interactions among the Earth’s lithosphere, 
hydrosphere, atmosphere and cryosphere 
as a function of time. Geophysically, this 
change is defined as the vertical shift of 
the geoid, an equipotential surface of the 
Earth’s gravitational field that coincides 
with the ocean surface, due primarily to 
variations in ocean mass and volume (Far-
rell and Clark, 1976; Mitrovica and Milne, 
2003). This in turn leads to a complex spa-
tio-temporal sea level response (Lambeck 
and Chappell, 2001). Therefore, studying 
past sea level changes from different time 
intervals and geologic settings can not 
only provide direct information about the 

dynamics of global ice volume (e.g., Pel-
tier, 2004), but also about the physics of 
the Earth’s interior that cannot be inferred 
seismologically (e.g., Kaufmann and Lam-
beck, 2002). 

High-resolution sea level records also 
constitute an important knowledge base 
for predicting the behavior of future sea 
level, given the threat that global warm-
ing poses to low-lying coastal communi-
ties in terms of accelerated sea level rise. 
However, the predicted magnitude of sea 
level rise by the end of the 21st century 
(e.g., 0.26-0.59 m (IPCC, 2007) and 0.5-1.4 
m (Rahmstorf, 2007)) remains highly un-
certain. This uncertainty lies primarily in 

our poor understanding of the dynamic 
response of ice flow to climate change (Al-
ley et al., 2005; Oppenheimer et al., 2007). 
For example, transient processes that may 
lead to non-linear sea level responses were 
not considered in the IPCC Fourth Assess-
ment Report (IPCC, 2007), and the model 
of Rahmstorf (2007) includes neither ice 
sheet physics nor makes use of any longer 
sea level records. Such longer, high-reso-
lution sea level records have the potential 
to address these issues. Rather than giving 
answers, here we raise some key questions 
that may help guide the next wave of in-
vestigations.

this are rare, they are archives that have 
enormous potential to shed light on the 
dynamics of climate and sea level in the 

past, and also to inform us about the in-
terplay of these variables as we head into 
the future.
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Figure 1: Comparison of Holocene relative sea level (RSL; height of sea level relative to the present-day datum) records 
from near-field (purple; Yu et al., 2007), intermediate-field (green; Törnqvist et al., 2006; plus unpublished data), 
and far-field (red; Horton et al., 2005); Blue plot shows rate of sea level rise from the decay of the Laurentide Ice 
Sheet (LIS; Carlson et al., 2008). Vertical blue bar highlights the period of sea level rise dominated by the ice-volume 
component; yellow bar highlights a rapid sea level rise event centered on 7.6 cal ka BP in the Baltic Sea record.

Conventional wisdom and current 
knowledge gap 
Dating the vertical accretion of coral reefs 
in tropical oceans deepens our insight 
into the melting history of continental 
ice sheets since the Last Glacial Maximum 
(Fairbanks, 1989; Chappell and Polach, 
1991; Bard et al., 1996). A compelling fea-
ture revealed by these data sets is not only 
the progressive rise of global sea level that 
started about 19 cal ka BP and ceased by 
about 7 cal ka BP but also the occurrence 
of episodic sea level jumps at about 19, 
14.2, and 11.3 cal ka BP. Unlike the second 
event, the occurrence of the first and last 
remains a matter of debate. To further ad-
dress the rapidity of sea level rise during 
these time windows, other types of sea 
level records with smaller vertical errors, 
notably organic-rich sedimentary records 
from continental shelves (e.g., Hanebuth 
et al., 2000), preferably in microtidal set-
tings, are required.

The existing coral records also indi-
cate that the rate of sea level rise slowed 
from 11-8 cal ka BP, mainly reflecting the 
reduced contribution from Antarctica 
(Nakada and Lambeck, 1988), and par-
ticularly the Laurentide Ice Sheet (LIS) dur-
ing the final stage of its life cycle (Carlson 
et al., 2008). This can provide an analog 
to the present-day Greenland Ice Sheet 
(GIS), which might be a significant con-
tributor to ongoing and future sea level 
rise. Recently, Carlson et al. (2007; 2008) 
reported evidence for episodically rapid 
ablation of the LIS around 9 and 7.6 cal ka 
BP, likely due to summer warming in the 
Hudson Bay area. This suggests that land-
based ice sheets may be more sensitive 
to rapid climate change than previously 
thought, thus highlighting the potential 
threat of accelerated melting of the GIS to 
sea level rise within the context of global 
warming. However, the time series of LIS 
disintegration as documented by Carlson 
et al. (2008) is partly incompatible with sea 
level records that contain sufficient detail 
for (part of ) this time interval (e.g., Van de 
Plassche, 1982; Törnqvist et al., 2006). For 
example, the Mississippi Delta sea level 
record shows an acceleration at about 
8.2 cal ka BP (Törnqvist et al., 2004), while 
the data of Carlson et al. (2008) indicate a 
slow-down.

High-resolution (centennial) sea 
level records: A key to the future 
Given the broadly similar climatic condi-
tions, sea level change during the early 
Holocene may be regarded as an analog 
for future sea level rise. Therefore, predic-
tions of sea level rise using either empiri-
cal or numerical methods should make 

full use of these longer records. However, 
sea level changes during this time span 
are also dominated by an isostatic com-
ponent. The late Pleistocene glaciation 
in high latitudes not only lowered global 
sea level but also depressed the underly-
ing lithosphere, resulting in a peripheral 
bulge in large regions surrounding the 
area of glaciation. As ice sheets melted fol-
lowing glaciation, the deformed crust was 
restored to its original state. This process 
is commonly known as glacial isostatic 
adjustment (GIA), which in turn leads to 
spatially variable postglacial sea level 
changes. This spatial variability of sea level 
is illustrated in Figure 1. The Baltic Sea re-
cord (Fig. 1) represents a near-field (i.e., an 
area within a glaciated region) response of 
sea level, which is marked by a monotonic 
fall after about 7 cal ka BP, revealing the 
slow rebound of the crust well after the 
demise of the Fennoscandian Ice Sheet. 
The Mississippi Delta record (Fig. 1) is an 
expression of sea level history in the inter-
mediate field. Sea level in such regions has 

experienced a progressive rise throughout 
the past 7 ka as the result of collapse of the 
broad peripheral bulge around the LIS. 
The Malay-Thai Peninsula record (Fig. 1) is 
an example of far-field sea level response 
to meltwater addition to the oceans, as 
characterized by an apparent highstand 
at about 7 cal ka BP that was then fol-
lowed by a continuous fall, due primarily 
to hydro-isostatic effects, the downwarp-
ing of ocean basins and associated uplift 
of continental margins caused by water 
loading as sea level rises. 

A pattern shared by these records is 
the progressive rise of local sea level prior 
to 7 cal ka BP (Fleming et al., 1998), at least 
in part related to the rapid disintegration 
of the LIS (cf. Carlson et al., 2008). Super-
imposed upon this pattern, episodic sea 
level jumps at about 8.2 (Törnqvist et al., 
2004) and 7.6 (Blanchon and Shaw, 1995; 
Yu et al., 2007) cal ka BP (Fig. 1) have been 
proposed. The former (Fig. 2) may well be 
associated with the catastrophic drainage 
of glacial lakes Agassiz and Ojibway (e.g., 
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Figure 2: A) A sedimentary sequence including a paleosol (fossil soil) that caps the Pleistocene substrate, basal 
peat and lagoonal mud from the Mississippi Delta. Note the sharp contact (arrow) between the ~2 cm thick peat 
layer and the overlying lagoonal mud, which represents an abrupt sea level rise at ca. 8.2 cal ka BP. B) Stratigraphic 
signature of the abrupt sea level rise at ca. 8.2 cal ka BP at Bayou Sale, Mississippi Delta (Törnqvist et al., 2004). The 
occurrence of Rangia cuneata, a brackish water clam characteristic of estuarine and lagoonal environments, is 
also shown.

Coastal vegetation evidence for sea level changes  
associated with Heinrich Events
Catalina González and Lydie M. Dupont

MARUM - Centre for Marine Environmental Sciences, Geosciences Department, University of Bremen, Germany; catalina@uni-bremen.de

A Cariaco Basin pollen record shows the development of tropical salt marshes during marine isotope stage 
3 and suggests that millennial sea level changes during the periods encompassing Heinrich Events followed 
Antarctic climate variability.

The timing of sea level changes during 
marine isotope stage 3 (MIS 3; 60-25 ka) 
is a key issue in understanding the role 
of ice sheets in millennial-scale climate 
variability. The available reconstructions 
of sea level changes during this interval 
greatly rely on oxygen isotope records 
from deep-sea cores (since coral-based 
data are sparse and chronologies less pre-
cise), and consistently show four cycles of 
similar amplitude of sea level change in 
the order of 20-30 m (Siddall et al., 2008 
and references therein). However, there 

is little agreement on the exact timing of 
these changes or on the relative roles of 
the Southern and Northern Hemisphere 
ice sheets in global sea level scenarios. 

The ecological response of sensitive 
terrestrial ecosystems can provide inde-
pendent information that complements 
the almost exclusively marine body of 
evidence of millennial sea level change. 
For this purpose, intertidal tropical eco-
systems can be particularly useful, since 
they are very sensitive to environmental 
gradients in the sea-continent interface. 

In tidal salt marsh plant communities, 
species composition varies with eleva-
tion, usually in a banded pattern parallel 
to the shore. Its variation often reflects 
environmental gradients that result from 
the interaction between tidal regime, local 
topography, freshwater input, and biota. It 
has been proposed that the zonation is a 
spatial expression of successional changes 
over time and has potential to be recon-
structed for the past by pollen analysis. If 
patterns of pollen deposition follow zona-
tion and succession patterns, these can be 

Barber et al., 1999). This rapid sea level rise 
serves as an example of how the amount 
and source of meltwater can be inferred 
from sea level records by the fingerprint-
ing method; a technique that capital-
izes on the distinct spatial pattern of the 
global sea surface due to the gravitational 
attraction of large ice and/or water masses 
(Mitrovica et al., 2001; Clark et al., 2002; 

Kendall et al., 2008). However, more de-
tailed records are required to refine the es-
timate of the water volume impounded in 
these glacial lakes. To this end, our ongo-
ing high-resolution sea level work in the 
Mississippi Delta aims to refine the timing 
and amplitude of the rapid sea level rise 
corresponding to the “8.2 ka event” by de-
tailed stratigraphic studies. With regard to 

the “7.6 ka event”, its extent still remains a 
matter of debate. Some records suggest a 
ca. 3 m rapid rise that occurred at about 
7.5 cal ka BP or slightly later (e.g., Siddall et 
al., 2003; Liu et al., 2004; Bird et al., 2007), 
while others indicate a smooth rise of sea 
level during this time window (e.g., Van de 
Plassche, 1982; Törnqvist et al., 2006). The 
causes of such spatial contrasts are at pres-
ent unknown but may in part be related to 
the location of the associated meltwater 
sources and their sea level fingerprints. 
We therefore conclude that our under-
standing of rapid sea level rise during the 
early Holocene is still in its infancy. Many 
more high-resolution sea level records for 
this critical time interval are needed. Com-
bined with “fingerprint modeling”, they 
could serve to refine the timing, amplitude 
and origin of such abrupt events. 
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Figure 1: Left - main ecological preferences of 3 salt marsh taxa. Right - schematic representation of salt marsh 
community dynamics in a changing sea level environment according to the Cariaco Basin pollen record (González 
and Dupont, 2009). Thicker black lines indicate areas of soil hypersalinity. SL 1 to SL4 denote different sea levels 
reconstructed from the pollen record and correspond with phases indicated in Fig. 2. a) Establishment of salt 
marshes when arid conditions promote extensive hypersaline environments; b) rapid sea level rise causes erosion; 
only pioneer species tolerate the change; c) sea level rise decelerates, and accretion of sediments and autochthonous 
organic material takes place; more competitive species take advantage of favorable conditions; d) sea level drops, 
sediment accumulation constrains the tidal influence to the seaward edge.

reconstructed back in time by establishing 
a time-depth relationship with the fossil 
evidence, this then enables past sea level 
to be reconstructed. Here, we present new 
palynological evidence from the marine 
core MD03-2622 collected from the Ca-
riaco Basin that reconstructs the history 
of intertidal plant communities during 
intervals associated with Heinrich Events 
(HEs), linking them to the well-constrained 
North Atlantic signal of millennial- to sub-
millennial-variability.

The Cariaco Basin is located on the 
northern shelf of Venezuela and is particu-
larly sensitive to the seasonal shifts of the 
Intertropical Convergence Zone (ITCZ), 
which deeply influence the hydrology and 
oceanographic features of the basin. Dur-
ing MIS 3, the Cariaco Basin record displays 
a clear North Atlantic climatic variability, 
shifting from dry conditions during cold 
stadials to wet conditions and increased 
river runoff during warm interstadials. This 
hydrological pattern is reflected by varia-
tions in the input of terrestrial materials 
and has been explained by the latitudinal 
migration of the ITCZ (Peterson et al., 2000; 
Peterson and Haug, 2006; González et al., 
2008). The chronology used in this study 
was established by linking similar features 
of sediment reflectance profile of Cariaco 
site MD03-2622 with that of the nearby 
ODP Site 1002D, which has an extremely 
high-resolution age model for the past 60 
ka (Hughen et al., 2004; 2006).

Tropical salt marsh response to 
millennial climate and sea level 
changes 

During glacial periods, when sea level was 
80-120 m lower than today, a broad shal-
low shelf became exposed south of the 
Cariaco Basin. Periods of extremely dry 
atmospheric conditions might, therefore, 
have resulted in hypersaline coastal en-
vironments (Medina et al., 1989). These 
extreme conditions could have been tol-
erated only by a limited number of plant 
species. Chenopodiaceae, Poaceae and 
Cyperaceae belong to the most common 
representatives of salt tolerant plants in 
tropical and subtropical wetlands (Adam, 
2002) (Fig. 1).

The pollen record 
Five high-amplitude vegetation shifts were 
recorded in the pollen record during MIS 
3 (60-25 ka), indicating rapid oscillations 
of environmental conditions in north-
ernmost South America. Recurrent salt-
tolerant vegetation expansions (i.e., the 
development of salt marshes) were shown 
to correlate with HEs 3-6. Within single HE 

intervals, a recurrent and directional suc-
cession of pollen taxa was observed in 
the following order: Abrupt increases in 
saltbush (Chenopodiaceae) followed by a 
dominance of grasses (Poaceae), which in 
turn were replaced by sedge (Cyperaceae) 
(Fig. 2). Once interstadial conditions re-
turned, salt marshes were replaced by 
mangroves and other arboreal species. 

In this sequence, salt marshes started 
to develop under extremely arid stadial 
conditions (Peterson and Haug, 2006; 
González et al., 2008) when intertidal habi-
tats became hypersaline due to extended 
periods of strong evaporation and reduced 
rainfall. The salt marshes were most likely 
restricted to narrow intertidal areas be-
cause under strongly seasonal conditions 
they are usually fringed on the landward 
side by extensive bare salt pans (Fig. 1a, b; 
Adam, 2002). Early colonizing species of 
salt marshes, like the annual Atriplex and 
Salicornia (Chenopodiaceae), first colonize 
bare zones of lower and middle marsh ar-
eas, with a high incidence of waves and 
prolonged inundation regimes (Ranwell, 
1972). Thus, intervals of maximum pol-
len representation of Chenopodiaceae 
are interpreted as periods of direct tidal 
influence and sediment relocation. Fre-
quent tidal flooding under accelerated sea 

level rise would result in flooding of the 
marsh surface, transforming it into a new 
seafloor, with the later landward accretion 
of new, low marsh sediments (Fig. 1b). 

By comparing our high-resolution 
pollen data with sea level reconstructions 
from the Red Sea (Arz et al., 2007; Siddall 
et al., 2008 and references therein) and 
the independently dated fossil corals from 
the Huon Peninsula (Thompson and Gold-
stein, 2006) for the period between 40.5-38 
ka, we found that the phase dominated by 
Chenopodiaceae corresponds closely with 
an interval of accelerated sea level rise (Fig. 
2). This confirms that only early succes-
sional plants, with high colonizing abilities 
(e.g., rapid growth, annuals or short-lived 
perennials) were capable of surviving the 
stressful high rates of change (Fig. 1a). 
Moreover, the erosion of low marsh sedi-
ments would wash out and transport the 
pollen produced in situ (Fig. 1b). 

As soon as sea level rise decelerated 
(ca. 1 ka after the Chenopodiaceae peak), 
some vegetation was able to establish per-
manently. In low marsh areas, sediment 
accretion greatly depends on vegetation 
cover, which limits erosion, and enhances 
sediment and organic matter trapping. 
Thus, areas covered with vegetation ex-
perienced higher marsh heights. The 
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Figure 2: Comparison of the high-resolution palynological record from core MD03-2622 (Cariaco Basin) with sea 
level reconstructions from Red Sea marine sediment cores and Huon Peninsula (Papua New Guinea) fossil corals 
during HE 4 (González and Dupont, 2009). Top to bottom: Reflectance data from core MD03-2622 (Laj, 2004). Sea 
level data; dark blue line - central Red Sea (Siddall et al., 2003; 2008), light blue line - northern Red Sea (Arz et 
al., 2007), and dotted pink line - Huon Peninsula (Thompson and Goldstein, 2006). Pollen % of Chenopodiaceae, 
Poaceae, and Cyperaceae indicating the directional alternation of salt marsh species during HE4. Dotted gray 
lines SL1 to SL4 denote different sea levels reconstructed from the Cariaco Basin pollen record, which correspond 
to phases explained in Figure 1.

build-up of middle and high marsh envi-
ronments favored the expansion of more 
competitive perennial grasses (Poaceae), 
thus replacing Chenopodiaceae pioneer 
species (Figs. 1c, d and 2). In contrast, the 
presence of Cyperaceae indicates less sa-
line conditions, since sedges do not toler-
ate salinity excess. Thus, since there is no 
evidence of increased freshwater input 
during HEs, Cyperaceae pollen maxima 
might reflect an expansion of elevated 
marsh areas (Fig. 1c, d).

Once interstadial conditions resumed 
and the average position of the ITCZ 
shifted northwards, the increased avail-
ability of freshwater might have alleviated 
salinity stress on soils, allowing a more 
complex plant community to develop on 
the shelf, and pushing the upper borders 
of the salt marsh seawards. Simultaneous 
increases in mangrove pollen (González 
and Dupont, 2009) confirm that coastal 
environments became less saline and in-
creasingly suitable for the establishment 
of forests during stadial-interstadial tran-
sitions. In addition to freshening, deceler-
ated sea level rise (or sea level fall) would 
be required to allow the establishment of 
mangroves, since mangroves do not sur-
vive if sea level rise occurs too rapidly (El-
lison, 1993; Woodroffe, 1999). 

Comparison 
The Cariaco Basin pollen record also shows 
a similar relation between salt-marsh ex-
pansion and sea level rise during HEs 3, 5, 
5a and 6, in spite of dating uncertainties 
and poorer resolution of the vegetation 
data (González and Dupont, 2009). In all 
five cycles, maximum values of Chenopo-
diaceae pollen coincide with the onset of 
HE stadials in the North Atlantic, and with 
warming phases in Antarctica. According 
to our palynological evidence, sea level 
started to rise before the ice sheet collapse 
that caused Heinrich layers in the North 
Atlantic, being in agreement with both 
Red Sea sea level reconstructions during 
the HE 4 (Fig. 2; Siddall et al., 2008; Arz et 
al., 2007) and with fossil coral data from 
the Huon Peninsula (Thompson and Gold-
stein, 2006). However, a subsequent decel-
erated rise or fall of sea level is needed to 
reconcile with the expansion of Poaceae. 
In this case, our data supports the timing 
of central Red Sea reconstruction (Siddall 
et al., 2003; 2008; Rohling et al., 2008), 
the independently dated corals from the 
Huon Peninsula, and models, which sug-
gest that melting in Antarctica might have 
accounted for a rise in sea level of about 
20 m (Rohling et al., 2004; 2008; Flückiger 
et al., 2006).

Conclusions
Through the palynological reconstruction 
of intertidal vegetation in core MD03-2622 
we provided indirect evidence of rapid sea 
level change during MIS 3. Five intervals 
of expanded salt marsh vegetation corre-
sponded to the onset of HEs of the north-
ern high latitudes and suggest periods of 
accelerated sea level rise in the tropical 
Atlantic. The close relationship between 
sea level rise and community dynamics is 
consistent with a resource-based mecha-
nism of succession, where soil develop-
ment and salinity gradients are the main 
factors determining the vegetation dy-
namics of coastal marshes. In this context, 
the Cariaco Basin palynological record is 
especially informative on the timing of sea 
level changes during MIS 3 and their con-
nection with HEs, supporting the idea that 
sea level fluctuations followed Antarctica 
climate variability.
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The impact of ice sheet size and geometry on both climate and the ice sheet itself is investigated with general 
circulation models. This information is used to simulate the observed change of ice sheet and sea level 
throughout the ice age cycle.
Large ice sheets influence climate through 
changes in surface albedo, land and ocean 
temperature, atmosphere and ocean circu-
lation, and other feedbacks in the climate 
system. The climate in turn drives ice sheet 
growth or retreat and thus drives changes 
in sea level. To estimate ice sheet and sea 
level change, it is crucial to evaluate these 
ice sheet–climate interactions (Clark et al., 
1999). To simulate ice sheet evolution, past 
climate forcings are needed, and to simulate 
climate, an ice sheet shape (topographical 
distribution) is needed as a boundary con-
dition. Future climate and sea level chang-
es are being estimated using a combina-

tion of general circulation models (GCMs) 
and ice sheet models. It is important to 
evaluate the ability of these models by 
performing paleoclimate experiments and 
validating them with paleoclimate data. It 
is, however, not an easy task because both 
the data and models are still far from per-
fect and contain many uncertainties. More-
over, computation of long timescales (tens 
of thousands of years or more) is not easy 
with a GCM. So far, two types of modeling 
efforts exist that are aimed at understand-
ing the ice sheet-climate coupling process. 
Here, we discuss progress in these two ap-
proaches. One is the study of the response 

of climate to a fixed ice sheet boundary 
condition, and the other is the study of the 
ice sheet evolution under climate forcing 
driven by information obtained from GCM 
experiments.

Climate response to ice sheets
The GCMs used for future projections have 
also been applied to the Last Glacial Maxi-
mum (LGM, ca. 21 ka), when the most re-
cent large-scale ice sheets existed. These 
GCMs typically use a spatial resolution of 
3 - 5° in latitude and longitude to allow a 
number of sensitivity studies, although 
higher resolution GCMs with about 1 deg 
resolution in latitude and longitude are 
also being used for focused experiments 
to resolve the topographical and geo-
graphical boundary conditions of realistic 
ice sheets (Yamagishi et al., 2005; Jost et 
al., 2005; Abe-Ouchi et al., 2007). The most 
common experimental design for LGM ex-
periments is to incorporate the boundary 
conditions different from present day for: 
1) orbital parameters (Berger, 1978), 2) at-
mospheric greenhouse gas content (e.g., 
CO2 from ice cores), and 3) reconstructed 
global ice sheet topography (PMIP; Paleo-
climate Modelling Intercomparison Proj-
ect, Bracconot et al., 2007). Fortunately, 
the geographical distributions of the ice 
sheets are well documented for the maxi-
mum extent at the LGM and for the degla-
ciation phase (21-0 ka), while the thickness 
must be estimated by modeling. In the 
1980s, the ice sheet reconstruction by the 
CLIMAP project assumed a parabolic ice 
sheet shape (CLIMAP, 1981), and for the 
last 15 years, global ice sheets were recon-
structed using the geodynamical models 
ICE4G (Peltier, 1994) and ICE5G (Peltier, 
2004). The ICE4G and ICE5G reconstruc-
tions differ in the spatial extent, height 
and volume of the ice sheets at the LGM. In 
ICE5G, the Laurentide Ice Sheet over North 
America contains significantly more vol-
ume than ICE4G, with the Keewatin Dome 
west of Hudson Bay 2-3 km higher over a 
broad area of central Canada. Further, in 
ICE5G the Fennoscandian Ice Sheet does 
not extend as far eastward into northwest-
ern Siberia as it did in ICE4G.

Atmospheric GCM experiments have 
been performed with and without LGM 
ice sheets as a boundary condition. It has 
been shown that ice sheets at the LGM 

Figure 1: A) Mean annual 500-mb geopotential height (m) for the LGM simulation with ICE5G reconstruction; 
B) Annual surface temperature difference (°C) for the LGM simulation with ICE5G reconstruction compared to a 
preindustrial simulation; C) Annual surface temperature difference (°C) of LGM simulations with reduced ice sheet 
topography (black box) minus regular (ICE5G) LGM simulation; only differences significant at 95% are shown (Figure 
modified from Otto-Bliesner et al., 2006).



74 

PAGES News • Vol.17 • No 2 • June 2009

Sc
ie

nc
e 

H
ig

hl
ig

ht
s:

 P
al

eo
 S

ea
 L

ev
el

 play a big role in modifying the westerly 
wind and surface pressure distribution, 
and in cooling the climate in the North-
ern Hemisphere, especially in mid- to high 
-latitudes (Rind, 1987; Manabe and Broc-
coli, 1985; Broccoli and Manabe, 1987; 
Felzer et al., 1996). The impact of ice sheets 
on atmospheric circulation is character-
ized by a stronger anticyclone over the ice 
sheet, a stronger trough and cold air over 
the east side of North America, a sharper 
storm track in the North Atlantic, and more 
precipitation in the southern periphery of 
the Laurentide Ice Sheet. Moreover, the 
impact is shown to be important not only 
in the North Atlantic but also in the North 
Pacific. The height of the Laurentide Ice 
Sheet has been shown to be important in 
these responses. The results of a sensitiv-
ity experiment replacing the high dome of 
the ICE5G Laurentide Ice Sheet with ICE4G 
heights from 50-70°N, and 85-120°W and 
keeping the ICE5G heights elsewhere are 
shown in Figure 1 (Otto-Bliesner et al., 
2006). Lowering of the high dome leads to 
less upper-air ridging and significant cool-
ing both upstream and downstream of 
North America.

Ice sheet evolution under climate 
forcing
Ice sheet models can provide the time 
sequence of ice sheet shapes (area and 
topography) using ice sheet flow and  
thermo-mechanical coupling, as well as 
sliding and basal deformation (Marshall, 
2005). For the climatic forcing to drive 
these ice sheet models, most models in-
terpolate the monthly mean temperatures 
estimated from GCM simulations for LGM 
and pre-industrial time slices, and are 
weighted by the time sequence of isotopic 
temperature derived from Greenland ice 
cores (Charbit et al., 2007; Zweck and Huy-
brechts, 2005; Marshall and Clark, 2002; 
Tarasov and Peltier, 2004). These tempera-
ture and precipitation fields, together with 
the altitude effect according to a certain 
lapse rate (the temperature change per 
given altitude change), are given as the 
“forcing” to the ice sheet model. However, 
with this method the impact of astronomi-
cal forcing upon the change of seasonal 
insolation, which is key for ice age cycles 
in the Milankovitch theory (Milankovitch, 
1930), is not taken into account. In these 
studies, the gravitational load of a thick-
ening ice sheet in an LGM-run indirectly 
forces the fast spread of the ice, and results 
in formation of a flat ice sheet before it can 
reach the size of an IGE5G LGM ice sheet. 
On the other hand, the model setup limits 
the expansion of the ice sheets to the re-
constructed LGM ice sheet extent. 

To overcome this problem, an alternative 
method of forcing the ice sheet model has 
been proposed (Abe-Ouchi et al., 2007). 
Initially, several GCM experiments with 
different CO2 levels, orbital forcing and ice 
sheet size and height are carried out, to in-
clude the effects for driving ice sheets sep-
arately. In addition, the lapse rate for the 
ice sheet evolution can be estimated from 
these simulations, and it is found to be a 
smaller value than in many studies but is 
consistent with a study on the Antarctic 
Ice Sheet (Krinner and Genthon, 1999). 
When this information is used to drive a 
dynamical ice sheet model with the time 
series of CO2 from ice cores (Petit et al., 
1999) and the insolation of Berger (1978), 
the ice sheet expansion and retreat are 
successfully simulated throughout the ice 
age cycle, as in Figure 2. The thickest part 
of the Laurentide Ice Sheet is in the east-
ern part of Canada near Hudson Bay and 
an ice-free part appears in Alaska, which 
is consistent with observations. Studies 
are on-going to improve model represen-
tation of basal processes and ice shelf/ice 

stream processes to obtain a thinner ice 
sheet over Eurasia.

Once the model successfully simulates 
ice sheet expansion and retreat, the causes 
and mechanisms of ice age cycles will be 
investigated in more detail with many 
sensitivity studies. Moreover, modeling is 
expected to enable studies linking past 
change to projections for the future. 
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Figure 2: Simulated N. Hemisphere ice sheet distribution at different time slices. Contour intervals are 250 m (thin 
lines) and 1000 m (thick lines, blue shading). The approx. volume of each ice sheet in terms of sea level contribution 
is a) –6 m, b) –52 m, c) –90 m, d) –138 m, e) –77 m, f ) –27 m. Figure modified from Abe-Ouchi et al. (2007).
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ADOM - Atmospheric circulation  
dynamics during the last glacial 
cycle: Observations and modeling

Figure 2: Dust particles filtered from Antarctic ice (EPICA, 
Photo: J-R Petit)

Figure 1: Satellite picture (SeaWifs) of an Asian dust event (Source: NASA, 2001).
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Atmospheric circulation is responsible for 
rapid distribution of heat and moisture 
across the earth and hence determines 
our weather and regional climate, today 
and in the past. Records from eolian de-
posits consistently suggest that atmo-
spheric dynamics were highly variable 
during the last glacial cycle, resulting in 
alternating periods of extremely dusty 
and non-dusty conditions, on timescales 
of millennia and shorter (Andersen et al., 
2006; GRIP members, 1993; Petit et al., 
1999; Porter and An, 1995; Rousseau et 
al., 2007; Steffensen et al., 2008; Tada et al., 
1999). Yet records differ considerably from 
different regions, archives and proxies. The 
strong atmospheric variations during the 
last glacial interval provide particularly 
good test-cases for how well we under-
stand atmospheric circulation on all levels 
of conceptual and numerical modeling. 
However, this requires good knowledge of 
the patterns of prevailing atmospheric pa-
leocirculation on various regional scales, 
as well as timing of atmospheric variabil-
ity relative to other parameters of climatic 
and environmental change.

The PAGES Working Group ADOM 
aims to combine eolian-based circulation 
reconstructions from terrestrial, marine 
and ice records—in addition to model 
simulations of past and present atmo-
spheric circulation—to produce detailed 
knowledge of the processes driving atmo-
spheric dynamics at the regional to hemi-
spheric scale. This knowledge can even-
tually be upscaled to understand global 
atmospheric teleconnections.

ADOM will be officially launched at 
the first of four workshops in Novem-
ber 2009 (www.pages-igbp.org/science/
adom/adom-north.html). Titled “High-mid 
latitude northern atmospheric circulation 
changes during the last climate cycle”, 
this workshop will focus on the mid- to 
high-latitude circulation in the Northern 
Hemisphere where loess records from 
North America, Europe and Asia, and dust 
records from Greenland, the North Atlan-
tic and the North Pacific provide a com-
prehensive database. The workshop will 
explore strategies to derive quantitative 
and physically consistent synoptic recon-
structions by integration of dust records, 

climate observations and model simula-
tions. The specific objectives of this meet-
ing will be to:
- Review datasets and model results rel-

evant to atmospheric paleocirculation 
- Define commonalities and differences 

between regions, archives and proxies 
- Identify links between dust deposition 

and abrupt climatic and environmental 
change

- Summarize the current knowledge on 
past atmospheric dynamics 

- Compare data records with modeling re-
sults

- Identify the critical gaps in knowledge 
and data for reconstructions and model-
ing

- Outline group papers

The second and third workshops will simi-
larly address the atmospheric circulation 

changes during the last climate cycle but 
will focus on the low-latitudes and the 
Southern Hemisphere, respectively. The 
final workshop will synthesise results on a 
global scale.

Beyond publication of results in the 
peer-reviewed literature, ADOM also aims 
to provide database access to data and 
model simulations, and contribute to 
quantifying the past climate forcing from 
mineral dust aerosols (with PAGES Focus 1 
and QUEST-Dust).

Note
For more information on ADOM, please see 
www.pages-igbp.org/science/adom/
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polar and tropical N Atlantic circulation changes to ENSO
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Paleoceanographic evidence from the N Atlantic subpolar gyre and NE Caribbean indicates a major, long-
term change in ocean-atmosphere circulation modes around AD 1230, indicating that the termination of the 
Medieval Warm Period prevailing circulation mode occurred prior to the Wolf Solar Minimum, apparently 
without an obvious external trigger. 

Medieval warming and Little Ice 
Age climate anomalies 
Historical records and proxy climate data 
from the Northern Hemisphere have pro-
vided evidence for higher average tem-
peratures in the period between ca. AD 
800 and AD 1200. The existence of this 
Medieval Warm Period (MWP) is not only 
demonstrated by climate data from north-
ern Europe but is also found elsewhere 
in the Northern Hemisphere. Significant 
temporal and regional differences did 
exist however, and the case for a global 
MWP is more inconclusive than indicated 
by global records for the following colder 
era, termed the Little Ice Age (LIA), which 
spanned the period from ca. AD 1350 to 
1850 (Broecker, 2001). 

Several theories have been proposed 
to explain the possible cause of the climate 
anomalies experienced during the MWP 
and LIA. Shindell et al. (2001) explained 
these anomalies by long-term solar varia-
tions that modulate the atmospheric 
circulation. Other mechanisms, such as 
sulfate aerosols ejected into the atmo-
sphere by volcanic eruptions and changes 
in large-scale ocean circulation, are also 
proposed to have played an important 
role (Broecker, 2000; Crowley, 2000). It has 
often been reported that variations in sea 
ice can influence thermohaline circula-
tion (e.g., Mauritzen and Häkkinen, 1997). 
Such variations in sea ice and polar water 
(PW) advection have occurred on widely 
different timescales with periodicities of 
decades, centuries and millennia, and 
have had major impacts on North Atlantic 
climate (e.g., Bond et al., 1997; Andrews et 
al., 2003). Increased fluxes of low salinity 
PW may reduce or even shut down deep-
water formation in the Nordic Seas, lead-
ing to regional cooling. At the same time, 
however, it may result in significant warm 
anomalies in thermocline waters of the 
tropical Atlantic (Dahl et al., 2005). With 
marine sediment-core data presented 
below, we underline possible linkages be-
tween subpolar and tropical North Atlan-
tic circulation changes associated with the 
termination of the MWP. This information 
contributes to a better understanding of 

polar-tropical Atlantic teleconnections at 
the transition from a warmer to a colder 
climate regime. 

West Greenland Current changes 
and medieval cooling
A recent study of sediment cores collect-
ed from West Greenland fjord and shelf 
environments (Figs. 1, 2A) showed clear 
evidence for cooling of West Greenland 
Current water masses at the beginning of 
the MWP that persisted into the following 
centuries (Seidenkrantz et al., 2007; 2008). 
This regional early cooling is also reflected 
in reduced melt-water production from 
the West Greenland inland ice margin, as 
indicated by decreased amounts of the 
land-derived elements Ti, K, and Fe mea-
sured by XRF-scanning of sediment cores 
(Møller et al., 2006). Notably, during the 
same period between ca. AD 730 and AD 
1100, the climate of the eastern Green-
land Nansen Fjord region was warmer 

and more stable than today (Jennings 
and Weiner, 1996), and the GISP2 Green-
land ice core record indicates warmer cli-
mate conditions than in the following LIA 
(Stuiver et al., 1995). In comparison, from 
present climate variability we know that 
although global average temperature has 
been rising over the past decades, during 
the late 20th century, a well-documented 
cooling prevailed in the Hudson Strait 
region (Kasper and Allard, 2001). Cooling 
during the late 20th century has also been 
reported from coastal southern Greenland 
and the adjacent Labrador Sea (Hanna and 
Cappelen, 2003). Immediately after AD 
1200, the sediment core record indicates 
enhanced subsurface transport of warmer 
Irminger Sea Water advected by the West 
Greenland Current (Fig. 2A). Other pale-
oceanographic evidence of increased sub-
surface advection of Atlantic water masses 
elsewhere in South Greenland fjords (Las-
sen et al., 2004) confirms this LIA feature 

Figure 1: Map of the North Atlantic with location of gravity core 248-260-2 from Ameralik Fjord, SW Greenland and 
the NE Caribbean study of core PRP-07 (box core and piston core). Blue lines indicate cold Polar Water transport 
pathways (EGC = East Greenland Current, LC = Labrador Current); red lines and arrows show the main warm 
water transport pathways of the North and Equatorial Atlantic.
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to be typically associated with North (East) 
Atlantic cooling. For the recent climate, it 
can be shown that warming of the subpo-
lar gyre during the 1950s and most of the 
1960s (Levitus et al., 1994) coincided with 
a generally colder European winter and a 
more frequent negative North Atlantic Os-
cillation (NAO). Thus, shortly after AD 1200, 
Irminger Current water mass transport 
into the northern Labrador Sea apparently 
intensified, while sediment diatom re-
cords from the southeast Greenland shelf 
(Jensen, 2003) show a decreased influence 
of Irminger Sea water for this time. 

Northeast Caribbean SST since 
AD 800
A 2.70-m-long piston core PRP-07 was 
retrieved from the southern insular slope 
of Puerto Rico at 17°52.82' N 66°35.90' W 
(Fig. 1), where water depth is 273 m. At the 
same site, a 0.20-long box core was col-
lected. Surface-water flow in the region 
is controlled by interannual and seasonal 
variability of the North Equatorial Current 
and Guyana Current. Upper water masses 
are Caribbean Surface Water and Tropi-
cal Atlantic Central Water (TACW; Metcalf, 
1976; Wüst, 1964). The inflow of warm, 
saline TACW into the eastern Caribbean is 
at a maximum during winter, when the In-
tertropical Convergence Zone (ITCZ) is far-

thest south and the influence of the trade 
winds is strongest. Planktonic foraminifer 
relative abundances were converted to 
summer (August-October) and winter 
(February-March) paleo-SST estimates 
using artificial neural networks (ANN; 
Malmgren et al., 2001) trained on the GLA-
MAP data-set of Pflaumann et al. (2003). 
Chronostratigraphic control (CALIB 5.0.1; 
Stuiver et al., 1998) was based on 7 AMS 
14C dates and Pb210/Cs137 measurements 
of a box core from the same site. Both the 
cold (winter) and warm season SST data 
(Fig. 2B) display an extreme negative ex-
cursion at ca. AD 1230, which is also found 
in core JPA-02P (not shown) collected near 
the U.S. Virgin Islands. As La Niña years are 
associated with cool climate anomalies in 
this area (Malmgren et al., 1998), we infer 
extreme La Niña years near AD 1230. This 
cold excursion is followed by a trend of 
generally rising SST reaching maximum 
values between AD 1400 and AD 1850 
(LIA). Evidence for a worldwide change in 
atmospheric circulation change between 
AD 1200 and AD 1250 is found both in 
the Southern Hemisphere (Mohtadi et 
al., 2007) and at northern high latitudes 
(Lassen et al., 2004; Bakke et al., 2008). 
This change involves a change in El Niño-
Southern Oscillation (ENSO) boundary 
conditions, and (southward) migration of 

Figure 2: A) Variations in the strength of Irminger Sea Water (ISW) transport by the West Greenland Current based on 
benthic foraminiferal studies of a core from Ameralik Fjord, SW Greenland (Seidenkrantz et al., 2007). Note increased 
ISW transport during colder European (winter) climate of the Dark Ages and Little Ice Age. B) Cold (winter) season 
(CS) and warm season (WS) SST variations over the southern Puerto Rico insular slope since AD 800 reconstructed 
for core PRP-07 by the Artificial Neural Networks (ANN) method (Malmgren et al., 2001). RWP = Roman Warm Period, 
DA = (European) Dark Ages, MWP = Medieval Warm Period, LIA = Little Ice Age, MW = Modern Warming.

the ITCZ and North Atlantic cyclone belt. 
Warmer NE Caribbean (winter) SST domi-
nating during the LIA may thus be related 
to a more southerly ITCZ favoring stronger 
advection of warm TACW into the area, 
and favored additionally by positive SST 
anomalies prevailing east of the Caribbe-
an under a more negative NAO mode. 

Subpolar – tropical and ENSO 
linkage 
Actual ENSO teleconnections imply, 
amongst other things, colder winter cli-
mate over NE Canada and a cooler NE 
Caribbean during La Niña years. Our sedi-
ment core data for the MWP indicate cool-
ing offshore West Greenland and lower 
NE Caribbean SST prior to ca. AD 1230, 
suggesting more frequent La Niña years 
and a positive NAO mode associated with 
a more northerly ITCZ during the MWP. 
This supports the study by Mohtadi et al. 
(2007), who reported southern high-lati-
tude cooling and reduced ENSO activity 
during the MWP with a sustained north-
ward shift of Southern Hemisphere zonal 
systems between 1300 and 750 yr BP. After 
AD 1230, southward movement of the ITCZ 
favored a more frequent negative NAO 
mode leading to higher NE Caribbean SST 
and colder NE Atlantic climate, which can 
thus be linked to Southern Hemisphere 
climate changes. As the above changes 
occurred prior to the Wolf Solar Minimum, 
ocean-atmosphere circulation modes ap-
pear to have the potential of a significant 
shift without an obvious external trigger, 
possibly due to non-linear response of the 
system after surpassing critical boundary 
conditions.
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Palynological analyses performed on long sedimentary records from the crest of the Lomonosov Ridge (Arctic 
Ocean) indicates that the Arctic developed from a warmer-than-expected, semi-isolated, shallow, freshwater 
dominated, eutrophic basin during the early Paleogene, to a sea-ice and iceberg dominated ocean during 
most of the Neogene. During the Eocene, the environmental changes were orbitally paced, with a biological 
response strongly affected by obliquity. 
The Cenozoic history of the Arctic Ocean 
was largely unknown from direct evidence 
prior to Integrated Ocean Drilling Pro-
gram (IODP) Expedition 302 (or ACEX, the 
Arctic Coring EXpedition) in 2004, when 
sediments were drilled on the crest of the 
Lomonosov Ridge (LR), in water depths 
of ~1300 m, 250 km from the North Pole  
(Fig. 1). 

The spliced stratigraphic section of 
~ 430 m (Fig. 1) includes an Upper Creta-
ceous basement, underlying sediments 
that were deposited on the LR after its rift-
ing from the Eurasian continental margin 
~ 58 Ma (Glebovsky et al., 2006). An un-
expected hiatus from ~44 – ~18 Ma sepa-
rates the Paleogene "Greenhouse" from 
the Neogene "Icehouse" sections (Moran 
et al., 2006; Backman et al., 2008; Sangiorgi 
et al., 2008a). Four years of intensive, multi-
disciplinary research has resulted in a basic 
understanding of the Arctic environment, 
oceanography and climate. The picture 
obtained, however, represents only snap-
shots of the Lomonosov Ridge during its 
migration from the Eurasian continent to 
its present location, and suggests a basin 
geographically different from today’s dur-
ing most of the early Cenozoic (Fig. 1). The 
Arctic developed from a warmer-than-ex-
pected, semi-isolated, shallow, freshwater 
dominated, eutrophic basin during much 
of the early Palaeogene (e.g., Brinkhuis et 
al., 2006; Sluijs et al., 2006; Pagani et al., 
2006), to a sea-ice and iceberg dominated 
ocean during most of the Neogene (Moran 
et al., 2006; Darby et al., 2008; Krylov et al., 
2008). Along with providing the most con-
tinuous biostratigraphical tool (Backman 
et al., 2008, Fig. 1), palynology (the study 
of organic-walled dinoflagellate cysts (di-
nocysts), pollen, spores and other organic 
remains) has been pivotal for unraveling 
the history of the Arctic basin across sev-
eral intervals of the Cenozoic. 

Paleocene-Eocene Greenhouse 
and "hyperthermals"
Dinocyst assemblages throughout the 
latest Paleocene and early Eocene, includ-
ing the PETM (Paleocene/Eocene Thermal 

Figure 1: A) Arctic Ocean map (modified from International Bathymetric Chart of the Arctic Ocean, Jakobsson et 
al., 2000), with indication of the Arctic sub-basins and ridges: AR, Alpha Ridge; FS, Fram Strait; GR, Gakkel Ridge; 
LR, Lomonosov Ridge; MR, Mendeleev Ridge; MB, Makarov Basin; NB, Nansen Basin; AB, Amundsen Basin; CA, 
Canada Basin. Star indicates the location of IODP 302 drilling on the LR; B) Location of drilling within the early 
Eocene paleogeographical reconstruction of the Arctic Ocean (Brinkhuis et al., 2006) TO, Tethyan Ocean; P-AO, 
Proto-Atlantic Ocean; NS, North Sea; C) ACEX age model (modified from Backman et al., 2008) with indication of 
the Lithologic Units (Lith. Unit) and sub-units (Expedition 302 Scientists, 2006). Pictures of the dinoflagellate cysts 
Apectodinium augustum (1), Phthanoperidinium clithridium (3), Arcticacysta backmanii (4), A. moraniae 
(5) and the remains of Azolla (2) used as biostratigraphical markers are also shown. The palynological events 
considered in building the age model in the early Cenozoic are: Last Occurrence (LO) of A. augustum (F), LO of 
Azolla (E), Last Abundant Occurrence of P. clithridium (D) and the mid point of the Burdigalian stage where A. 
backmanii and A. moraniae occur (C). The oldest identified paleomagnetic chron datum (top of magnetochron 
C25n, Chron C25n), (G) deepest Berillium-10 samples (B) and top of the section (A) on which the age model is based 
are also shown. TD: Terminal Depth. Depth scale in meters composite depth (mcd).
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Maximum, ~55 Ma), point to brackish and 
productive Arctic surface waters (Sluijs et 
al., 2008). The influx of Apectodinium spp., 
which prior to the PETM were character-
istic of (sub)tropical regions, suggests 
a significant warming during the PETM 
(Sluijs et al., 2006). Consistent with this 
interpretation is an organic biomarker-
based concomitant sea surface and air 
warming from an initial temperature value 
of 18 to 23°C (Sluijs et al., 2006; Weijers 
et al., 2007). Sea level rose, while anoxic 
and euxinic (i.e., anerobic, waters with re-
stricted circulation) conditions developed 
in the bottom waters and photic zone, re-
spectively (Sluijs et al., 2006), favored by 
increased moisture delivery to the Arctic 
and a strong hydrological cycle and, con-
sequently, an enhanced geological weath-
ering cycle (Pagani et al., 2006; Schouten et 
al., 2007; Sluijs et al., 2008). Such high tem-
peratures imply unexpectedly small pole-
equator temperature gradients, far from 
the expectations based on paleoclimate 
models (e.g., Huber and Nof, 2006), and 
require feedback mechanisms other and/
or stronger than those already included in 
the simulations (Sluijs et al., 2006). Approx. 
20 m above the PETM section, the Eocene 
Thermal Maximum 2 (~53.5 Ma) was iden-
tified in the core (Stein et al., 2006; Sluijs et 
al., 2008) and is currently subject to inten-
sive dinocyst and geochemical analyses. 

The Arctic "lake" phase: The 
Azolla event
Large quantities of remains of the free-
floating freshwater fern Azolla were found 
in the LR core at the onset of the middle 
Eocene (~49 Ma). Abundant Azolla remains 
are characteristic of middle Eocene marine 

deposits of all Nordic seas (e.g., Bujak and 
Mudge, 1994). Since Azolla concentrations 
in the LR core were found to be one order 
of magnitude higher than elsewhere, the 
Arctic was likely the source of Azolla trans-
ported to the Nordic seas. Azolla and ac-
companying abundant freshwater organic 
microfossils indicate episodic, cyclic, or-
bitally (likely obliquity) driven freshening 
of Arctic surface waters during an ~1 Ma 
interval, (Brinkhuis et al., 2006; Speelman 
et al., in press). The Azolla phase is accom-
panied by an increase of ~3% in the total 
organic carbon from background levels. 
This increased carbon burial may have 
influenced the global carbon cycle (Speel-
man et al., in press), as the termination of 
the Azolla phase coincides with the begin-
ning of the long-term Cenozoic cooling 
(e.g., Zachos et al., 2008). The cause(s) for 
the termination of the Azolla phase are still 
largely unknown. The Azolla demise coin-
cides with a local sea surface temperature 
rise from 10°C during the Azolla phase to 
13°C at its demise, pointing to simultane-
ous increases in salt and heat supply ow-
ing to the influx of waters from adjacent 
oceans (Brinkhuis et al., 2006). On-going 
(paleo-)ecological, botanical, physiologi-
cal and geochemical studies, together 
with growing experiments on the living 
relative(s) of the fossil Azolla, are being 
performed at Utrecht and Nijmegen Uni-
versities (The Netherlands), in collabora-
tion with international partners, to better 
constrain the Azolla event (duration, geo-
graphical distribution, effect on the car-
bon cycle, etc.) in the Eocene Arctic. These 
will shed light on the climatic and oceano-
graphic importance of the Arctic Ocean 
during warm greenhouse conditions and 

its implication for global climate. More in-
formation on the on-going “Azolla project” 
is available at www.bio.uu.nl/~palaeo/
Azolla/Azolla.htm

The first sea ice in the mid-
Eocene and orbital modulation of 
environmental changes

Middle Eocene (~46 Ma) cores also contain 
evidence of ice-rafted debris, as indicated 
by grain texture and composition analyses 
of terrigenous sand (St. John, 2008). The 
same sediments have revealed strong cy-
clicity in the terrigenous sand accumula-
tion, in several geochemical elements, and 
in biological proxies (dinocysts, pollen and 
spores, siliceous microfossils) (Sangiorgi et 
al., 2008b; Spofforth et al., 2008). Freshwa-
ter-tolerant dinocysts, pollen of flowering 
plants and chrysophyte cysts (freshwater 
siliceous microfossils) cyclically alternate 
with marine dinocysts, bisaccate pollen 
and marine diatoms, suggesting paced 
environmental changes. These results 
indicate that the biological response is 
strongly affected by obliquity (growing 
season length/darkness) at times of sea-
ice formation in the Arctic, whereas the 
terrigenous components, directly driven 
by sea ice and/or glacial ice formation and 
extent, responded more directly to sea-
sonal insolation (precession) (Sangiorgi et 
al., 2008b). 

Hiatus at the greenhouse-
icehouse transition
Biostratigraphical analyses, based mainly 
on dinocysts, have identified a ~26 Ma hia-
tus from the late middle Eocene (~44.4 Ma) 

Figure 2: A) Lithostratigraphic column showing the lithologic units and sub-units recognized in the ACEX section (Expedition 302 Scientists, 2006); B) image of the core section 
showing the hiatus (wiggly red line); C) Dinocyst events used to identify the location and duration of the hiatus, see text for full species names, LO = last occurrence, LAO = 
last abundant occurrence, FO = First Occurrence; D) Selected palynological proxies and their environmental interpretation, hiatus = red dashed line, Asterisks = abundant 
occurrence of fungal spores (see text). Depth scale in meters composite depth (mcd).
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n to the late early Miocene (~18.2 Ma) (Figs. 
1 and 2; Sangiorgi et al., 2008a;  2008c). 

The hiatus is marked by a sharp 
change in sediment color, a few meters 
above the last abundant occurrence of the 
middle Eocene marker dinocyst species 
Phthanoperidinium clithridium. Sediments 
above the hiatus contain a new dinocyst 
genus, Arcticacysta, likely of Miocene (Bur-
digalian) age (Sangiorgi et al., 2008c). The 
two species found, Arcticacysta backmanii 
and A. moraniae, co-occur and dominate 
the interval, where sparse reworked dino-
cysts of Cretaceous to Oligocene age are 
also found (Fig. 2). Palynological analyses 
suggest that the hiatus marks the transi-
tion from an anoxic environment with a 
fresh-brackish water lid, to an estuary-like 
environment, where high freshwater in-

put co-occurred with oxygenated bottom 
waters. When the sediments become pa-
lynologically barren (Fig. 2; Sangiorgi et al., 
2008a), a fully ventilated oxic marine en-
vironment develops, likely as result of the 
opening and the deepening of the Fram 
Strait (Jakobsson et al., 2007). High abun-
dance of fern and fungal spores in the 
sediments around the hiatus indicate that 
sediment deposition occurred either close 
to shore or on land, suggesting that unex-
pectedly, the Lomonosov Ridge remained 
at or near sea level for the duration of the 
gap, likely as a consequence of tectonic 
activity (O’Regan et al., 2008). 
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Potential imprint of changes in multidecadal climate  
variability on temperature reconstructions of the past 
millennium
Michael Schulz and Matthias Prange
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Model results suggest that the wider spread of individual Northern Hemisphere temperature reconstructions 
during cold phases of the last millennium may partly reflect enhanced climate variability at multidecadal 
timescales.

A wide range of reconstruction techniques 
and proxy data have been used to infer 
how mean temperature of the Northern 
Hemisphere has changed over the past 
millennium (Jansen et al., 2007). This re-
search is driven by the important ques-
tion of whether the rate and amplitude 
of the warming during the past decades 
is unprecedented in the framework of the 
last millennium, that is, before humans af-
fected the Earth System at an unparalleled 
magnitude.

The individual reconstructions (Jans-
en et al., 2007; Fig. 6.10 therein) agree 
with respect to the overall evolution of 
Northern Hemisphere temperature. This 
evolution comprises a warming towards 
the Medieval Warm Period (centered on 
the 11th century AD), a subsequent cool-
ing culminating in the Little Ice Age (16th 
to mid-19th century AD), followed by the 
most recent warming. The reconstructed 
centennial-scale variability is thought to 
be mainly driven by changes in total solar 
irradiance and possibly also by volcanic 
eruptions (Jansen et al., 2007 and refer-
ences therein). Upon closer visual inspec-
tion, the temperature reconstructions re-
veal that the widest spread between the 
reconstructions occurs before and after 

the Medieval Warm Period (Jansen et al., 
2007; Fig. 6.10 therein). That is, the overlap 
between the individual reconstructions 
seems to be better for warm than for cold 
intervals. 

Although each reconstruction is based 
on a proxy calibration in the recent warm 

period, it appears that the divergence 
between the individual reconstructions 
cannot be entirely explained by such a cal-
ibration bias (cf., Mann et al., 2008). Anoth-
er reason for the difference between the 
reconstructions could be changes in the 
density of the underlying proxy network, 

Figure 1: Surface air-temperature difference (°C) between cold and warm mode in the Northern Hemisphere.
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which is relatively sparse prior to 1400 AD. 
However, as the number of proxy records 
increases with time, changes in the den-
sity of the network alone cannot explain 
the reduced spread of the reconstructions 
seen during the transition from the warm 
11th into the somewhat colder 12-13th cen-
tury AD. Here we put forward the idea that 
the larger spread between the reconstruc-
tions during colder phases results from 
sparse sampling of a temperature field 
with higher temporal variability. 

Model results using a 3D Earth System 
model of intermediate complexity sug-
gest that the meridional overturning cir-
culation of the Atlantic Ocean can exhibit 
self-sustained oscillations at centennial to 
millennial timescales for modern bound-
ary conditions (see Schulz et al., 2007 for 
further details). The oscillations are char-
acterized by phases of active and inactive 
deepwater formation in the Labrador Sea. 
In contrast, deepwater formation in the 
Nordic Seas is active during all phases of 
the oscillations. The cessation of deepwa-
ter formation in the Labrador Sea during 
one part of an oscillation excites anoma-
lies in surface temperature that amount to 
several degrees Celsius over large parts of 
the Northern Hemisphere at mid-latitudes 
(Fig. 1). While the principal pattern of these 
temperature anomalies is rather stable, the 
actual extent of the anomalies may vary 
from one oscillation to the next. Due to 
the overall cooling in the eastern sector of 
North America as well as over most of Eu-
rope we will refer to this phase of the oscil-
lation (i.e., without deepwater formation in 
the Labrador Sea) as the “cold" mode. The 
corresponding interval with active deep-
water formation will be referred to as the 
“warm” mode. We argued earlier (Jongma 

et al., 2007) that these types of oscillations 
may provide an amplification mechanism 
for weak solar-irradiance changes at cen-
tennial to millennial timescales.

To assess the temperature changes fur-
ther, we analyzed separately the variance 
of the annual mean surface temperature 
field within the warm and cold phases of 
the oscillations. For this purpose, we creat-
ed two composite time series for the warm 
and cold mode at each model grid point. 
The variability in the model at century and 
longer timescales is associated with the 
transitions between warm and cold mode. 
Hence, the composite time series capture 
only variability at interannual to multidec-
adal scales. Since our main interest is in 
multidecadal climate variability, the com-
posite time series were smoothed with a 
20-year wide boxcar filter. Subsequently 
the variance of surface temperature was 
estimated at each grid point for the warm 
and cold mode. The model results indicate 
that temperature variability increased up 
to 1.7-fold over large parts of northeastern 
Europe and central Asia during the cold 
mode (Fig. 2). Over most of North America 
and the Southern Hemisphere, the model 
suggests no significant change in variabil-
ity between the two modes. Upon closer 
inspection, the model data reveal that the 
larger variability during the cold mode 
downstream of the northern North Atlan-
tic is associated with a larger variability in 
sea ice cover during the cold mode com-
pared to the warm mode. 

The band of increased temperature 
variability extending from Europe to Asia 
coincides to a large extent with the area 
from which a large number of proxy re-
cords have been generated to quantify 
temperature changes over the last mil-

Figure 2: Ratio between surface-temperature standard deviation during the cold and warm modes, respectively. 
Values larger than unity indicate enhanced temperature variability at multidecadal timescales in the cold mode. 
Ratios are only depicted if they differ significantly (α = 0.01) from unity, taking the autocorrelation of the time 
series into account.

lennium (Mann et al., 2008). Accordingly, 
our model results suggest that part of 
the disagreement between the individual 
proxy reconstructions, particularly prior 
to the 15th century AD may result from a 
too-sparse sampling of a temperature 
field that exhibited enhanced variability at 
multidecadal timescales during this cold 
phase. In other words, it is conceivable 
that the variation in overlap between the 
various temperature reconstructions dur-
ing the past millennium is not only due to 
“averaging a small number of noisy local 
temperature estimates” (Mann et al., 2008) 
but also to the fact that the noise level co-
varied with climate.
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Global monsoon in observations, simulations  
and geological records
PAGES Global Monsoon Symposium – Shanghai, China, 29-31 October 2008
Pinxian Wang1, Bin Wang2 and T. Kiefer3
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Although scientific focus on monsoons 
can be traced back nearly 350 years, only 
recently have monsoons been recognized 
as a global system. With the application 
of remote sensing and other new tech-
niques, the concept of a “global monsoon” 
has been introduced as a global-scale 
seasonal overturning of the atmosphere 
and the associated seasonal contrast in 
precipitation. The paleocommunity has 
not yet responded to this new trend in 
modern climatology. The paleo-monsoon 
is still being studied almost exclusively as 
a regional phenomenon. 

To consider global monsoon changes 
from a geological perspective, 60 scien-
tists from 5 continents gathered at Tongji 
University in Shanghai for the PAGES 
Global Monsoon Symposium. It was the 
first meeting organized by the newly es-
tablished PAGES Working Group “Global 
Monsoon and Low-Latitude Processes: 
Evolution and Variability”. The symposium 
brought together paleo- and modern cli-
matologists, data-producers and model-
ers to compare monsoon records from 
various regional monsoon systems, to find 
out their similarities and differences across 
a range of timescales from interannual to 
orbital, and to unravel the mechanisms 
causing variations in the global monsoon 
system and regional deviations from the 
global trend. 

Of the 26 oral presentations, 12 were 
given by modern and 14 by paleo-clima-
tologists. The modern climatologists intro-
duced the current understanding of “glob-
al monsoon” and its measurement (Fig. 
1), advanced a new concept of “dynamic 
warm pool”, and discussed the variations 
of the monsoon system over the past 
decades. A crucial issue that was raised 
was the discrimination of the global and 
regional components in monsoon varia-
tions. For example, global monsoon pre-
cipitation over land has declined over the 
past half-century (B.Wang and Ding, 2006) 
but the mechanisms remain elusive. Ap-
proached on a regional scale in East Asia, 
this change may be caused by variations 
in the snow cover in Tibet. However, taken 
from a global perspective, it could be as-
cribed to a global factor, such as enhanced 
volcanic activity. A compilation of mon-
soon variations from various continents 

will help to distinguish regional from glob-
al features, and shed light on the roles of 
the external forcing and internal feedback 
processes in determining monsoon vari-
ability on different spatial (regional and 
global) and temporal scales. 

One focus of the symposium was or-
bital cyclicity of the global monsoon dur-
ing the late Quaternary. Results of data 
analyses and numerical modeling were 
presented to demonstrate the monsoon 
cycles in the Americas, Asia, Africa and 
Australia. A common feature is the preva-
lence of precession pacing of the mon-
soon variations indicative of their global 
nature (Fig. 2). On the other hand, the 
observed deviations from the common 
trend suggest a role played by regional 
conditions such as land orography and 
sea temperature. An outstanding example 
of precession cycles in monsoon precipita-
tion is the speleothem records from South 
China (Y. Wang et al., 2008) but a heated 
debate evolved on the detailed interpre-
tation of oxygen isotopes of speleothems 
as a monsoon proxy. While new evidence 
was presented from in situ studies of local 
precipitation to support the interpreta-
tion that the speleothem δ18O represents 
changes in intensity of monsoon precipi-
tation, variation in moisture sources was 
offered as an alternative interpretation 
that would be more consistent with other 
paleoenvironmental records from China. 
Since the δ18O records of speleothems are 
similar to those of air bubbles in Antarctic 
ice cores (Y. Wang et al., 2008), the debate 

extended to the general nature of the oxy-
gen isotope signal of rainwater and its use 
as a proxy of the global monsoon. 

Many presentations were based on 
high-resolution records from deep sea and 
lake deposits displaying monsoon varia-
tions on sub-orbital timescales. Millennial-
scale events discovered in monsoon re-
cords from Asia, Africa and America have 
been correlated to those in Greenland and 
the North Atlantic, yet it remains unclear 
whether the monsoon responds through 
teleconnections to high-latitude forcing, 
or plays a primary role in initiating and am-
plifying abrupt changes originating from 
the tropics. Disentangling this requires 
improved understanding of the telecon-
nection dynamics associated with the 
tropical-extratropical interaction. Another 
challenging issue is the negative correla-
tion between monsoon and ENSO during 
the last 2 millennia. As shown by deep-sea 
sequences from the Indian and eastern Pa-
cific, the monsoon intensity was weak 1-2 
ka ago and enhanced during the last mil-
lennium, while the ENSO variability was 
intense 1-2 ka ago but has weakened since 
then. Thus, ENSO appears to be sensitive 
and variable on the same timescales as the 
monsoon, but to what extent one system 
is forced by the other, or whether they 
vary as an interactive system in response 
to common forcing, remains unclear.

The second Global Monsoon Sympo-
sium will be held in 2010, and will explore 
global monsoon changes across all region-

Figure 1: The modern global monsoon precipitation (GMP) domain (outlined by the black curves) based on annual 
range (local summer minus winter mean) of precipitation normalized by annual mean precipitation (color shad-
ing). Red (Blue) line indicates the ITCZ position in Jan-Feb (July-Aug) estimated by maximum precipitation rate 
(B. Wang and Ding, 2008).
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al sub-systems over a range of timescales 
from interannual to orbital.
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Figure 2: Global monsoon in the Holocene: The common trend in monsoon variations in the Northern Hemisphere. 
A) South Asian monsoon: Stalagmite δ18O from Qunf Cave in Southern Oman (Fleitmann et al., 2003); B) North 
African monsoon: Terrigenous detritus % from ODP 658, tropical Atlantic off Western Africa (deMenocal et al., 2000); 
C) North American monsoon: Ti% in laminated deposits from the Cariaco Basin off Venezuela (Haug et al., 2001); 
D) East Asian monsoon: Stalagmite δ18O from Dongge Cave, South China (Y. Wang et al., 2005).

First international cave monitoring field workshop
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Cave deposits (speleothems) are one of 
the most promising fields in paleoenviron-
mental research and recent studies have 
highlighted the potential of this terrestrial 
archive to provide paleoclimatic informa-
tion on a range of timescales (e.g., season-
al to orbital) (see PAGES News, 16(3), 2008). 
While the accuracy and the precision of 
uranium-thorium chronologies of spe-
leothems are superior to many other cli-
mate-proxy dating techniques, much has 
still to be learned about the way climate 
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signals are being transmitted through the 
soil zone and karst aquifer to be record-
ed in growing stalagmites or flowstone. 
The key to a better process understand-
ing—enabling the eventual calibration 
of climate-proxy transfer functions—are 
long-term observations of the relation-
ship between weather and the chain of 
processes that transmit the climate signal 
to the speleothem. Setting up and main-
taining cave monitoring programs can be 
a challenge given that caves may be diffi-

cult to access or located in remote regions. 
Several groups have now been involved 
in cave monitoring over recent years and 
have acquired considerable expertise but 
little of this knowledge has found its way 
into the international literature.

A 4-day workshop held in Gibraltar 
was convened to bring together for the 
first time the international researchers 
who are actively involved in monitoring 
caves around the world. The aim of this 
meeting was to share experience and 
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Figure 1: Participants of the INTERDYNAMIC status seminar in Bremen.

Integrated analysis of interglacial climate  
dynamics - INTERDYNAMIC Status Seminar
Bremen, Germany, 24-25 February 2009

Michael Schulz and André Paul
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The Priority Research Program “Integrated 
analysis of interglacial climate dynamics” 
(INTERDYNAMIC), funded by the German 
Research Foundation (DFG), aims at a bet-
ter understanding of climate dynamics 
using quantitative paleoclimate analyses 
with a view to create more reliable sce-
narios for future climate change. 

INTERDYNAMIC is based on an inte-
grated approach in paleoclimate research 
in which all available paleoclimate archives 
(terrestrial and marine, as well as ice cores) 
are combined in order to yield a compre-
hensive and quantitative analysis of global 
environmental variations. Through close 
linkage between paleoclimate reconstruc-
tions and results from Earth System mod-
els, detailed insights into the dynamics of 
climate variations are gained.

The investigations in INTERDYNAMIC 
focus on the interglacials of the late Qua-
ternary (including their onset and end) 
and address the following key questions:
- What are the amplitudes of natural cli-

mate variations on timescales of several 
years to millennia, and how do patterns 
of climate variability vary in time and 
space?

- Do abrupt changes in the large-scale cir-
culation of the Atlantic Ocean occur in 
interglacials?

- Which biogeochemical feedback mecha-
nisms control the natural limits of atmo-
spheric concentrations of greenhouse 
gases and aerosols?

- What linkages exist between climate and 
pre-industrial cultures?

INTERDYNAMIC was established in 2007 
and has an expected duration of 6 years. 
The program consists exclusively of col-
laborative projects, in which at least two 
of the research fields (e.g., ice cores, ma-
rine archives, terrestrial archives and Earth 
System modeling) are represented. Cur-

rently 13 projects are active, supporting 
22 doctoral and 8 postdoctoral scientists. 
Information on the individual projects can 
be found at www.interdynamik.de 

During the annual status seminar, ini-
tial results from each project were present-
ed and discussed. Climate changes during 
the Holocene were addressed with respect 
to the hydrology of the Arctic Ocean, 
variation of precipitation, and flood dy-
namics in central Europe and central Asia. 
High-frequency intra-Holocene changes 
in the Caribbean and with respect to dust 
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Figure 1: Workshop participants inside the rock of Gibraltar (St. Michaels Cave)

discuss technical issues of cave monitor-
ing in order to improve understanding of 
the local processes affecting speleothem 
growth and the ways that climate is re-
corded. The workshop was attended by 
30 participants from Great Britain, Ger-
many, Austria, Switzerland, Sweden, Spain, 
France, the Netherlands, Romania, and the 
United States, ranging from PhD students 
to university professors. The workshop, 
sponsored by the Gibraltar Ornithological 
and Natural History Society, also had local 
support from members of the Gibraltar 
Cave Science Unit (GCSU) who have been 
collaborating in a cave monitoring pro-
gram with Royal Holloway (London) for 
the last five years. The workshop was held 
in the historic Garrison Library located at 
the foot of the world-famous rock, which 
also hosts a remarkable series of solution 
cave systems.

The workshop format was designed 
to be informal and encourage interactive 

discussion. Participants contributed mate-
rial for leaders to arrange into four themed 
sessions: Aquifer processes and climate-
dripwater relations (led by Ian Fairchild 
and Dominique Genty); Karst CO2 systems 
and ventilation controls (led by Christoph 
Spötl and James Baldini); Speleothem 
selection, growth kinetics and sampling 
strategies (led by Eric James), and Data 
logging, automation and telemetry (led by 
David Mattey and Marc Luetscher). Tim At-
kinson presented a stimulating introduc-

tory historical perspective on cave moni-
toring, which was followed by discussion 
sessions interspersed with field visits to 
the cave monitoring laboratory in St. Mi-
chaels Cave (Fig. 1) and to Ragged Staff 
Cave, a unique site and the target of a new 
monitoring campaign by Royal Holloway 
and the GCSU beginning later this year.

Further information about the work-
shop and Gibraltar Cave Science can be 
found at www.gibcaving.net.
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deposition in Antarctica were also pre-
sented. Further, the role of solar forcing on 
climate was discussed, with emphasis on 
the southern westerlies. Human-climate 
interactions during the Holocene were 
discussed for Europe and central Asia, as 
were large-scale changes in circulation of 
the Atlantic Ocean for the Holocene and 
during Terminations I and II. Research into 

biogeochemical feedbacks to understand 
the formation of sapropels in the Mediter-
ranean during the Holocene, were also 
presented. Additionally, previous intergla-
cials were highlighted with regard to car-
bon cycle dynamics and orbitally induced 
trends in sea-surface temperature.

The program was complemented 
with invited presentations by Julian Sachs 

(on Holocene changes in the position of 
the Pacific rainbelt), Pinxian Wang (on the 
global monsoon system and its variability 
over a range of timescales) and Jürg Luter-
bacher (on perspectives of high-resolution 
climate reconstructions for the last millen-
nium).

The next status seminar for the pro-
gram will be held in spring 2010. W
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Compiling records of Holocene erosion 
and sediment transport
LUCIFS Workshop – Christchurch, New Zealand, 6-10 December 2008

Nick Preston

School of Geography, Environment and Earth Sciences, Victoria University of Wellington, New Zealand; Nick.Preston@vuw.ac.nz

A general meeting of the PAGES Focus 4 
(PHAROS) Working Group “LUCIFS” took 
place in Christchurch, New Zealand, on the 
campus of Canterbury University. Richard 
Dikau (University of Bonn, Germany) as 
Chair, and the local organizer, Nick Preston 
(Victoria University of Wellington, New 
Zealand), were pleased to welcome 30 par-
ticipants from 13 countries. The workshop 
provided an opportunity for presentation 
of recent research results and for discus-
sion of a range of topical issues.

The workshop followed a joint meet-
ing of the International Association of Hy-
drological Sciences and the International 
Commission on Continental Erosion, with 
many participants attending both meet-
ings. A field trip led by Nick Preston and 
Nicola Litchfield (GNS Science, New Zea-
land) provided a break between the meet-
ings. The field trip traveled to Mount Cook 
at the heart of New Zealand’s Southern 
Alps and followed a source-to-sink route 
from the headwaters down through the 
catchment of the Waitaki River, focusing 
on the relative impacts on sediment flux 
of anthropogenic modifications and the 
glacial/post-glacial transition. 

The schedule consisted of 18 oral pre-
sentations spread over two days. Many 
presentations highlighted the importance 
of human land use as the dominant control 
on erosion and sedimentation in diverse 
environments, ranging from central Eu-
rope to South America and New Zealand. It 
is therefore important to be able to recon-
struct population densities through time, 
which the prehistoric archeologists from 
the University of Cologne have been able 
to do, suggesting that the pronounced 
human impacts result from lower popula-
tion densities than have been convention-
ally estimated. Nevertheless, over longer 
temporal scales, human impacts must be 
considered to intensify natural trends, as 

was shown for Middle East desertification. 
Similarly, research from the Rhine catch-
ment shows that the behavior of the geo-
morphic system itself offers a further level 
of complexity. A number of keynote talks 
provided the basis for subsequent discus-
sion group sessions. On the second and 
third days of the workshop, the meeting 
separated into small working groups to 
discuss the following issues:
-	 Defining a "LUCIFS method": Identifica-

tion and elaboration of the systematic 
context in which LUCIFS researchers 
characterize fluvial systems (trajectories 
of change, spatial and temporal dis/con-
nectivity, scale issues, etc.).

-	 Methodological considerations: Tech-
niques for reconstruction of past land-
scape behavior using multiple and di-
verse environmental proxies.

-	 Development of a LUCIFS database: 
Structure, metadata, content.

These structured discussions helped to 
clarify key issues for further research, 
which were presented to the whole group 
of participants in a plenary session. White 
papers will be produced, summarizing the 
discussions and the issues that they raised, 
and will initially be published on the  
LUCIFS website.

A final discussion addressed future 
LUCIFS research strategies and the group’s 

role within the overarching PHAROS re-
search focus. While LUCIFS research will 
continue with its emphasis on under-
standing the behavior of fluvial sediment 
redistribution systems, particularly as 
influenced by humans, members of the 
group will also contribute to the PHAROS 
"Soil and Sediment" and "Carbon" Themes 
(see www.pages-igbp.org/science/focus4 
.html for more information on these).

Richard Dikau expressed the wish 
to pass on the leadership of the group, 
and the gathered membership decided 
to make a number of changes to the or-
ganizational structure. Nick Preston was 
elected as Chair and Thomas Hoffmann to 
fill the dual role of Secretary and Co-Chair. 
They will be joined by a flexible Steering 
Committee, consisting of Andreas Lang, 
Gilles Erkens, Jochen Schmidt and Mike 
Page. Membership of the Committee will 
change to reflect the nature of the group's 
activities. In addition, those members who 
have previously served on the Committee 
will be invited to continue their input by 
serving on an Advisory Board.

People interested in LUCIFS activi-
ties are invited to visit the LUCIFS website 
(http://gidimap.gub.uni-bonn.de:9080/
lucifs/) for further information.

Figure 1: Participants of the LUCIFS general meeting
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s Sustainable water and land  
management in semi-arid regions:  
Middle East and North Africa (MENA)
Cairo, Egypt, 20-21 November 2008

Elena Xoplaki1,2 and Fekri Hassan3 

1Oeschger Centre for Climate Change Research and Institute of Geography, University of Bern, Switzerland; 2Energy, Environment and Water 
Research Center, The Cyprus Institute, Nicosia, Cyprus; exoplaki@oeschger.unibe.ch; 3Institute of Archaeology, University College London, UK; 
f.hassan@ucl.ac.uk

Land degradation, over-irrigation and de-
sertification in the Middle East and North 
Africa (MENA) and other semi-arid areas of 
the Earth are adding further stresses to re-
gions already under pressure from global 
environmental change. This workshop, co-
sponsored by the International Geosphere-
Biosphere Programme (IGBP) and the 
Egyptian Academy of Scientific Research 
and Technology (ASRT), provided a forum 
for local and international researchers to 
highlight land- and water-related prob-
lems in semi-arid regions, and to propose 
adaptation and mitigation strategies. The 
workshop aimed to refine IGBP’s scientific 
agenda for applied Earth System science 
and sustainability in the MENA region, 
and to identify where IGBP and MENA re-
searchers can better contribute to address-
ing mitigation, innovation and adaptation, 
large-scale pilot projects and institutional 
networking.

Sessions focused on the main pres-
sures in the area; drought, water use and 
management, land degradation and de-
sertification, and impacts on humans and 
ecosystems. Presentations were given by 
MENA scientists, as well as international 

experts and leaders of several IGBP proj-
ects on land, atmosphere, historical per-
spectives and modeling.

Countries in the MENA region are con-
fronted with large changes in land use and 
related stresses on their water supplies. 
Global environmental changes will strong-
ly affect the region, causing an expected 
rise in average temperature of 1-4°C by 
2060, and a decline in annual precipita-
tion by, for example, 10-40% over much of 
Egypt by 2100. Impacts of global change in 
the area include water scarcity, food short-
age, loss of biodiversity, sea level rise and 
pressures on human health. 

In view of such developments, the im-
pact on water resources and ecosystems 
in the MENA countries require integrated 
water management strategies emphasiz-
ing maximization of water use efficiency 
and maximum financial return of unit wa-
ter volume. However, such strategies can-
not ignore the social dimensions of water, 
and its role as an important element in 
maintaining food security (especially for 
the poor), social cohesion, and political 
stability. The transboundary aspect of key 
water resources in the MENA region, ex-

tending beyond national borders, will also 
require policies that are trans-regional. The 
impact of climate change must, therefore, 
also be discussed in the broader context of 
social and political stressors, such as inap-
propriate water management policies or 
economics. Chronic poverty conditions, 
unemployment, rapid population increase, 
accelerating urbanization, land reclama-
tion and industrial development cannot 
be excluded from the debate on resilience, 
sustainability and coping strategies.

The workshop included a session on 
the African Network of Earth System Sci-
ence (AfricanNESS), an initiative launched 
at IGBP’s Congress in South Africa in May 
2008. The goal of AfricanNESS is to develop 
a network for global environmental change 
in Africa, with thematic clusters—rainfall, 
land cover, livelihoods, cities, diseases and 
pests, Africa and the Earth system, inte-
grated development, and marine.

Participants re-affirmed the impor-
tance of the participation of MENA in IGBP 
research in order to better understand 
pressing environmental changes and con-
comitant social responses, to assess vul-
nerability, and to contribute to the effec-
tive mitigation and coping strategies that 
will have to include, by necessity, social 
and economical components to achieve 
the goals of sustainable development. The 
participants stressed the importance of 
further research to remedy the current lack 
of available information from the MENA 
region and other African countries, to criti-
cally assess existing data sets, to integrate 
climate modeling with climatic and envi-
ronmental proxies, and to elucidate the so-
cial mechanisms in responding and coping 
with environmental change.

The workshop ended with a session 
on "Drought and Humans: Learning from 
the Past". It covered existing evidence 
of climatic variability and the impact of 
droughts and other climatic events on wa-
ter and life-support resources, and social 
systems during the last 10 ka. Key outcomes 
of the PAGES ESF-MedCLIVAR Symposium 
“Climate extremes during recent millennia 
and their impact on Mediterranean societ-
ies” (Athens, 2008) were also presented. In 

Figure 1: Historical records from the MENA region. Left: Anales Palatinos. Right: View of the Nilometer (Luigi Mayer, 
R. Brown Historic Gallery, Pall Mall 1802).
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sparticular, the need for long-term, high-
quality and high-resolution data from both 
instrumental records and historic archives, 
and the benefits of a multiproxy approach, 
were stressed. Further, it was recognized 
that in order to bridge the communication 
gap between various research communi-
ties, future research should focus on devel-
oping stronger integration and exchange 
between paleodata researchers and mod-
elers. The importance of continuous cau-
tion and re-evaluation of possible human 
impact on the proxy recording process and 
resultant signal was also emphasized. 

The current changes in the Earth Sys-
tem, which are strongly associated with 

the coupled human-environment system, 
make the integration of cultural and Earth 
processes and dynamics a priority for de-
veloping future coping strategies.

The MENA region is one of the most 
vulnerable spots on the globe (World Bank, 
2007). It is also of paramount geopolitical 
significance. This places the MENA region 
as a priority for international and trans-re-
gional collaborative research by scientists 
from complimentary disciplines, with the 
main objective of sustaining development, 
food security and political stability. Infor-
mation gained from the MENA region will, 
in addition, contribute to a better under-
standing of the global changes in the Earth 

System. The exceptional historical records 
from the region (Fig. 1) are also bound to 
provide well-documented case studies of 
how social systems responded and coped 
with environmental change.

Note
Sections of this article were extracted from the 
IGBP Secretariat Press Release see www.igbp.
net/page.php?pid=444
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(MENA) Sustainable Development Sector Department (MNSSD) 
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RETROSPECTIVE VIEWS ON 
OUR PLANET'S FUTURE

8 - 11 July, Corvallis, USA

UNABLE TO MAKE IT TO THE PAGES OSM?

PAGES is excited to announce that talks at the Open Science Meeting will be recorded and made available online. For 
those with limited download capacity, PAGES will also be making these presentations available on DVD soon after 
completion of the meeting. 

POST-CONFERENCE FIELD TRIPS AT PAGES 3RD OPEN SCIENCE MEETING

Information is now available on a number of post-meeting field trips to be held on Sunday, 12 July. These include visits 
to the Oregon coast, Oregon wine country and Mt. Hood. See www.pages-osm.org/osm/fieldtrips for more details.

PAGES 3rd Open 
Science Meeting

www.pages-osm.org/

New on the PAGES bookshelf

Alan M. Haywood, Harry, J. Dowsett and Paul J. Valdes
Royal Society Publishing, ISBN: 978-0-85403-727-8

Summary of contents:
- Introduction: Pliocene climate, processes and problems
- Obituary: Prof. Bruce William Sellwood
- Pliocene palaeoceanography of the Arctic Ocean and subarctic seas
- The Arctic cryosphere in the mid-Pliocene and the future
- Surface temperatures of the mid-Pliocene North Atlantic Ocean
- Pliocene climate and seasonality in North Atlantic shelf seas
- Mid-Pliocene equatorial Pacific sea surface temperature reconstruction
- El Niño Southern Oscillation, Pliocene climate and equifinality
- Mid-Pliocene sea level and continental ice volume
- Constraints on the amplitude of mid-Pliocene eustatic sea level fluctuations
- Comparing mid-Pliocene vegetation with predicted biome distributions for the 21st century

This volume summarizes current knowledge regarding climate and environments during 
warm intervals of the Pliocene, and assesses how similar certain aspects of the Pliocene Earth 
System are to predictions of Earth at the end of the 21st century.

Ordering Information:
http://rsta.royalsocietypublishing.org/site/issues/pliocene.xhtml

Philosophical Transactions of the Royal Society
The Pliocene: a vision of Earth in the late 21st century?
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