Palsea 2011 Report – Ice sheet modelling, sea‐level and isostasy
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Ice sheet responses entail essentially every other component of the climate, and indicate very
different states in the past along with rapid transitions between them. However, the detailed
sequence of coupled events that were responsible for maintaining and changing ice sheets remain
unclear, as does the prospect for such changes in the future. The PALSEA 2011 PAGES/IMAGES
workshop (25th‐27th August) was hosted and sponsored by the Harvard Centre for the Environment
and was an opportunity for a wide‐ranging discussion amongst scientists active in the collection and
analysis of relevant sea‐level and ice sheet data sets and the modeling and development of theory
for representing changes in the oceans and cryosphere. The three days of the workshop were
separated into five overlapping themes.
Theme 1. Mean states ‐ how high was sea level during past epochs?
This first theme considered two key periods – the Last Interglacial (LIG) and the Mid‐Pliocene Warm
Period (MPWP). However, the LIG represents special challenges for field evidence reconstructions of
the former ice sheets because the larger ice sheets since the LIG have destroyed much moraine
evidence for the former ice sheet extents. Furthermore, the Glacio‐Isostatic Adjustment (GIA) to the
glacial period at high‐latitudes has destroyed relative sea level (RSL) data there. Similarly, evidence
for the MPWP must account for isostatic effects and other uplift effects such that, to date, published
estimates of MPWP sea level have been divergent (5 to 40 m above modern sea level).
Bob Kopp and Anders Carlson investigated ways around these issues for the LIG. Anders Carlson
presented new results which considers the geochemical fingerprinting of ocean sediment around
Greenland as a means to differentiate the location of areas of Greenland where the ice sheet had
drawn back from during the LIG (Colville et al 2011). Bob Kopp presented new efforts to extend his
Bayesian analysis of the GIA response during the LIG using RSL data (Kopp et al 2009). In his original
study the focus was the eustatic or global mean sea‐level change during the LIG, but the temporal
and spatial differences in RSL have the untapped potential to estimate the contributions to the LIG
ice sheet minima from the Antarctic and Greenland ice sheets respectively.
Maureen Raymo presented exploratory work looking at MPWP RSL indicators alongside tentative
GIA modelling from Jerry Mitrovica (Raymo et al 2011). Early modelling indicates that the GIA
response varies by the order of ten meters around the planet and can plausibly explain much of the
divergence of the RSL data for this period. Great challenges remain, however, not least in including
tectonic and other longer term effects on land elevation. Compellingly though, the first order
differences between sites are attributable to the GIA response to the last glacial period and so
careful analysis for MPWP data has the potential to assist contemporary estimates of GIA.
Theme 2. Rapid changes ‐ geologic evidence for or against rapid rises and falls.
Two periods were examined – the end of the last glacial period and the LIG. Andrew Mackintosh
presented geological evidence for the extent of Antarctic ice sheet retreat since the end of the last
glacial period (Mackintosh et al 2011) with a focus on the period of rapid sea level rise commonly
called meltwater pulse 1a (MWP1a). This focus of studies of this event has been assessing which ice
sheets contributed to this event. Evidence presented by Andrew Mackintosh indicates a relatively
small contribution from Antarctica.

Andrea Dutton and Bill Thompson presented two methodologies for interpreting fossil coral
indicators of RSL for the LIG. Andrea presented a synthesis of age‐elevation coral data from localities
around the globe drawing on many individual U/Th dates using a ‘closed system approach’ whereby
samples are filtered for diagenesis according to dating quality criteria (Dutton & Lambeck in review).
Andrea demonstrated that GIA can reconcile some of the apparent differences in RSL records
worldwide during the LIG. Bill presented data from the Bahamas, the Yucatan, Barbardos, and
Western Australia for which mean ages have been calculated for each distinct stratigraphic unit
using age correction equations (Thompson et al 2011). Both Bill and Andrea emphasised the
importance of the careful consideration of fossil stratigraphic units. Bill demonstrated that age plots
should show stratigraphic units as oppose to age‐depth plots. Both the duration and timing of the
LIG ice sheet minima differs by some 2 to 3 ka for each approach using a screening criteria of 8‰.
There remains disagreement on which screening criteria should be used with Bill suggesting that
stricter criteria can reconcile the two approaches (see Thompson et al 2011). There are nevertheless
compelling similarities in Bill and Andrea’s conclusions, most particularly that there is at least one
period during which sea level appears to fall and then rise again over several thousand years by up
to several meters. Evidence for rapid sea‐level changes during the last interglacial exists in distinct
stratigraphic units which suggest multiple reef‐growth episodes (e.g. Hearty et al 2007),. Before now
though, it has proved difficult to resolve the age differences between distinct reef units, and results
from conventional U–Th geochronology have instead suggested a prolonged, stable sea‐level
highstand during the last interglacial with somewhat subtle suggestions of sea‐level variability (e.g.
Stirling et al 1998). These new efforts therefore represent an important advance in our
understanding of LIG sea level.
Theme 3. (In)stability ‐ processes that stabilize or destabilize ice sheets.
Following from the growing evidence for ice sheet stability during the LIG the next three speakers
presented analyses of ice sheet stability. Christian Schoof presented his work over the last few years
on grounding line stability (e.g. Schoof 2007), which has been incorporated into ice sheet models
with a range of stability.
Richard Hindmarsh talked about validation of the marine ice‐sheet instability theory, which has
undergone some impetus in recent years. A fresh look at the theoretical underpinnings by Schoof
(2007) emphasises the importance of an operation of a boundary layer near the grounding line.
Richard Hindmarsh presented evidence from an analogous flow situation, the ice shelf calving front,
to show that the boundary layer theory operates as expected, and showed how existing data
supported the idea. However, it is difficult to use current decadal snapshots of change to validate
the theory owing to the similar spatial scales of forcing associated with high and low frequency
forcing. Fascinatingly, Richard Hindmarsh showed the possibility of dating the Weddell sea retreat,
which has implications for MWP1a and for eustasy in the past 2000 years, using the glaciological
Raymond Effect technique.
The Weertman instability hypothesis (1974) suggests that there is a positive feedback causing the
collapse of a marine ice sheet sitting on a bed that slopes down towards the interior. Natalya
Gonzalez coupled a 1D dynamic ice sheet model to a sea‐level model with viscoelastically deforming
Earth model and found that the sea‐level fall predicted during periods of ice‐sheet reduction could
stabilize ice sheets, reducing the effectiveness of the Weertman instability mechanism and slowing
down ice sheet retreat (Gonzalez et al in press).
Theme 4. Coupling ‐ interactions between the cryosphere and the rest of the climate system
David Pollard discussed the complications for long‐term modelling of the Antarctic ice sheet posed
by sequence stratigraphy data of the ice sheet. In particular, sequence stratigraphy records from the
New Jersey margin (Miller et al 2005) show large fluctuations in sea level which are not easily

captured by the model. There is broad agreement though in the fact that the sequence stratigraphy
record fluctuates less once the Antarctic ice sheet has reached its full extent. The modelling
presented also explains much of the variability in the ANDRILL data and includes variability in the
marine sectors of the East Antarctic Ice Sheet (Pollard and DeConto 2009).
Ayako Abe‐Ouchi described the recent fully coupled modelling of her group (Abe‐Ouchi et al 2007).
Although the broad glacial to interglacial cycle can be captured by such models, specific issues
remain. In particular, rapid changes are not simulated. For example, the precise timing and character
of the termination of the last glacial period and the glacial inception at the conclusion of the LIG are
not currently simulated by the model.
Glenn Milne presented results of GIA modelling of RSL data from the Greenland coast (Long et al
2010). Reconciling these data with existing GIA models of Laurentide ice sheet collapse is
challenging, but the data tend to support the modification of existing ice models.
Theme 5. Corollaries ‐ how do past changes or processes map onto modern changes in sea level,
ice sheets, and glaciers?
Shawn Marshall led a very active discussion into observed processes that may drive rapid ice sheet
responses in the present day. The presentation and discussion centered around the effect of melt
ponds on the albedo of the ice sheets and in particular the multi‐year accumulation of heat in the ice
sheet, which over time increases the scope for the formation of melt channels to move fluid to the
base of the ice sheet, where it reduces friction with the bed. The effect of rain (as oppose to snow)
on ice sheet surface albedo was also discussed.
Ben Horton presented the recent extensive fieldwork of his group considering RSL records from the
east cost of the USA during the last two millennia (Kemp et al 2011). The record demonstrates that
sea‐level rise over the twentieth century is anomalous compared to the pre‐industrial period.
Discussion centered around assessing the influence of dynamic sea level effects of the Gulf Stream
on the record.
Jonathan Bamber reviewed recent results on the contemporary behavior of the ice sheets from
satellite observations along with a number of approaches to predicting their future response,
highlighting inconsistencies in all these approaches. He then went on to present preliminary results
of alternative approach: an, as yet unpublished, expert elicitation exercise, which asked experts on
ice sheet dynamics to assess the likelihood of several questions regarding ice sheet and ice shelf
stability in the next centuries. There was broad agreement between experts, though the opinion of
some experts act as clear outliers compared to the rest of the group.
Concluding remarks
By bringing together creative and careful minds from a variety of related disciplines this workshop
helped clarify a new set of questions and interactions, helping to accelerate new thinking in each
field. Noteworthy highlights include the emerging convergence of data which tracks a millennial
scale fall and rise in sea level of ~1m in magnitude during the LIG. Attempts to reconcile such
observations with our dynamical understanding is ongoing but progress is being made in
demonstrating the effectiveness of new grounding line models and ice shelf feedbacks using ice
sheet observations. These same grounding line models have been used in long‐term simulations of
the Antarctic ice sheet that show good agreement with sediment core records, important evidence
for the broad applicability of such grounding line models. Direct and indirect paleo reconstructions
of sea‐level and ice sheets have great potential to inform our improving understanding of ice sheet
growth and decay.
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Figure 1. Surface topography derived from satellite radar altimetry and steady‐state ice flow rates
for the Antarctic ice sheet for the present‐day (Bamber et al 2007).

