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ABSTRACT: Sea level rise is an important aspect of future climate change because, without upgraded coastal
defences, it is likely to lead to significant impacts. Here we report on two aspects of sea-level rise that have implica-
tions for the avoidance of dangerous climate change and stabilisation of climate.

If the Greenland ice sheet were to melt it would raise global sea levels by around 7 m. We discuss the likelihood of
such an event occurring in the coming centuries. The results suggest that complete or partial deglaciation of Greenland
may be triggered for even quite modest stabilisation targets. We also examine the time scales associated with sea-level
rise and demonstrate that long after atmospheric greenhouse gas concentrations or global temperature have been sta-

bilised coastal impacts may still be increasing.

4.1 Introduction

Sea level is reported to have risen during the 20th century
by between 1 and 2mm per year and model predictions
suggest the rise in global-mean sea level during the 21st
century is likely to be in the range of 9—88 cm (Church
et al., 2001). It is also well known that there has been
considerable growth in coastal populations and the value
of assets within the coastal zone during the 20th century,
and this may continue in the future. Consequently, there
is a concern that future increases in sea level will lead
to sizeable coastal impacts (Watson et al., 2001). The
issue of sea-level rise in dangerous climate change has also
recently been discussed by Oppenheimer and Alley (2004)
and Hansen (2005).

The main causes of increased global average sea level
during the 21st century are likely to be thermal expansion
of the ocean, melting of small glaciers, and the melting of
the Greenland and Antarctic ice sheets (Church et al.,
2001). Thermal expansion and the melting of small gla-
ciers are expected to dominate, with Greenland contribut-
ing a small but positive sea-level rise, which may be partly
offset by a small and negative contribution from Antarctica.
This negative contribution results from an increase in pre-
cipitation over Antarctica, which is assumed to more than
offset small increases in melting during the 21st century.
With further warming the Antarctic ice sheet is likely to
provide a positive sea-level rise contribution, especially if
the West Antarctic Ice Sheet (WAIS) becomes unstable.
Beyond the 21st century the changes in the ice sheets and

thermal expansion are expected to be make the largest con-
tributions to increased sea level.

In this work we concentrate on two issues associated
with sea-level rise. First, how likely is it that the Greenland
ice sheet will undergo complete or significant partial
deglaciation during the coming centuries, thus providing a
large additional sea-level rise? Second, what are the time
scales of sea-level rise, especially those associated with
thermal expansion and Greenland deglaciation, and what
are the consequences of the time scales for mankind?

4.2 Models and Climate Change Scenarios

Results are presented from a range of physical models,
including: simple climate models; complex climate models
with detailed representation of the atmosphere, ocean and
land surface; and a high-resolution model of the Greenland
ice sheet.

A small number of long simulations have been
performed with the coupled ocean-atmosphere general
circulation climate model, HadCM3. This is a non flux-
adjusted coupled model with an atmospheric resolution
of 2.5° X 3.75° and 19 levels in the atmosphere. The
ocean is a 20 level rigid-lid model with a horizontal reso-
lution of 1.25° X 1.25° and 20 levels. More details of the
model and its parameterisations are given by Pope et al.
(2000) and Gordon et al. (2000).

Recently, we used this model to simulate around 1000
years for an experiment in which atmospheric carbon
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dioxide concentration was increased from a pre-industrial
level of approximately 285 ppm at 2% compound per
annum, then stabilised after 70 years at four times the
pre-industrial value for the remainder of the simulation.
An increase in atmospheric carbon dioxide to four times
pre-industrial atmospheric carbon dioxide corresponds to
a radiative forcing of around 7.5 Wm 2, which is compa-
rable to the 6.7 Wm™? increase in forcing between years
2000 and 2100 for the SRES A2 scenario and 7.8 Wm ™2
for SRES A1FI (IPCC 2001, Appendix 2). In a second
simulation, HadCM3 was coupled to a 20km resolution
dynamic ice sheet model (Ridley et al., 2005; Huybrechts
etal., 1991) and used to simulate more than 3000 years of
ice sheet evolution. Importantly, the coupling method
allowed changes in climate to influence the evolution of
the ice sheet and changes in the ice sheet to feedback on
the climate, affecting its subsequent evolution.

We have also made a number of additional simulations
using a large number of slightly different but plausible
versions of HadCM3. These models used a simplified slab
ocean, which responds to radiative forcing changes much
faster than the ocean in the fully coupled model, allowing
estimates of equilibrium response to be made relatively
quickly. For this work we used an ensemble of 129 simula-
tions in which atmospheric carbon dioxide levels were
first prescribed at pre-industrial levels (1 XCO,) and then
doubled (2XCO,). In both the 1XCO, and 2XCO,
phases the simulations were run until they first reached
an equilibrium and then for a further 20 years.

Like other models, the Hadley Centre climate model
contains a number of parameters that may be modified
within a sensible range. In this work, there is one ensem-
ble member in which model parameters and parameteri-
sation schemes take their standard values (Pope et al.,
2000), with the exception of the use of a prognostic sul-
phur cycle model component. In the remaining 128
ensemble members, perturbations were made simultan-
eously to these standard values for a range of important
model parameters. The choice of parameters perturbed
and the effects of perturbations on global mean equilib-
rium climate sensitivity are described in Murphy et al.
(2004) and Stainforth et al. (2005).

The precise algorithm for generating the perturbations
is complex but, briefly, the ensemble was designed on the
basis of linear statistical modelling to produce a range of
different magnitude climate sensitivities while maximis-
ing the chance of high-fidelity model base climates and
exploring as much of the model parameter space as pos-
sible. More details are given in Webb et al. (2005), together
with an assessment of cloud feedbacks in the ensemble. A
method for producing probability density functions of
future climate change predictions is to first run the ensem-
ble of simulations to generate a frequency distribution and
second to give a relative weight to each ensemble member
based on some assessment of its ‘skill’ in simulating the
forecast variable of interest. The details of the correct way
of doing this are still subject to considerable debate and

require much further work, particularly when addressing
the question of regional climate change as we do here. We
therefore limit ourselves to the production of frequency
distributions. The consequences of this for the use of
these results in a formal risk assessment are discussed in
Section 3. A further limitation is that our model ensemble
is based on a single climate model and we have not
attempted to account for results from other climate mod-
els. However, we do note that the range of climate sensi-
tivities produced by the 129 member ensemble are not
inconsistent with those published in other studies (e.g.
Frame et al., 2005) which tend to use simple models and a
range of different observational constraints.

Finally, we have used simple model formulations in
which both temperature change and sea-level rise are
represented using Green’s functions. The Green’s func-
tions are taken as the sum of two exponential modes
derived from the 1000 year HadCM3 stabilisation exper-
iment without an ice sheet. Predictions were made with
the simple model by convolving either the temperature
Green’s function or sea-level rise Green’s function with
an estimate of the radiative forcing. These simple models
have only been used here to extend more complex Hadley
Centre model results further into the future or to scale to
alternative emissions scenarios.

4.3 Likelihood of a Deglaciation of Greenland

If the Greenland ice sheet were to melt completely, it would
raise global average sea level by around 7 m (Church et al.,
2001). Without upgraded sea defences this would inundate
many cities around the world. There are also concerns that
the fresh water from Greenland could help trigger a slow-
down or collapse of the ocean thermohaline circulation'
(Fichefet et al., 2003). This could lead to a significant
cooling over much of the northern hemisphere (Vellinga
and Wood, 2002).

The Greenland ice sheet can only persist if the loss of ice
by ablation and iceberg discharge is balanced by accumula-
tion. Under present day conditions the two loss terms are
each roughly half the accumulation. If the accumulation
were greater than the sum of the loss terms then the ice sheet
would grow. However, in a warmer climate it is expected
that the increase in ablation will outweigh the increase of
accumulation. Under these circumstances, the ice sheet will
shrink. For a small warming, the ice sheet could still evolve
towards a new equilibrium by reducing its rate of iceberg
calving and/or obtaining a different geometry that reduces
ablation sufficiently to counterbalance the initial increase
of the surface melting. However, as reported in the IPCC’s
third assessment report (Church et al., 2001), based on
Huybrechts et al. (1991; see also Oerlemans, 1991; Van de

""The ocean thermohaline circulation plays a role in the transport of
large amounts of heat from the tropics to high latitudes.
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Figure 4.1 Predicted warming for various CO, stabilisation levels (purple, 450 ppm; light blue, 550 ppm; green, 650 ppm;
yellow, 750 ppm; red, 1,000 ppm). Scenarios involving higher carbon dioxide concentrations stabilize later. The threshold for

deglaciation is shown as a dotted line.

Wal and Oerlemans, 1994), for a mean temperature rise of
2.7°C the ablation is predicted to increase beyond the
accumulation. Since the ice sheet can not have a negative
discharge, this represents the temperature above which
the ice sheet can no longer be sustained and will retreat
in-land, even if the calving rate were to be reduced
to zero.

Alternative thresholds could have been defined, such
as the temperature rise leading to a particular loss of
Greenland ice by a particular time. Huybrechts and De
Wolde (1999) showed that for a local Greenland tem-
perature rise of 3°C the ice sheet would lose mass equiv-
alent to around 1 m of global mean sea-level rise over
1000 years and that the rate of sea-level rise at the end of
the 1000-year simulation remained sizeable. In their
5.5°C warming scenario the sea-level rise contribution
from Greenland over 1000 years was around 3 m. Thus,
we believe that above the chosen temperature threshold a
significant Greenland ice loss will occur, although we
acknowledge that for warming that is close to the thresh-
old the warming may either not lead to complete
deglaciation or that a complete deglaciation may take
much longer than a millennium. In Ridley et al., (2005)
and Section 4 of this article the ice loss for a high forcing
scenario is reported.

Gregory et al. (2004) used the simple MAGICC cli-
mate model (Wigley and Raper, 2001), with a range of
climate sensitivity and heat uptake parameters to look at
the warming over Greenland for a range of greenhouse
gas emission scenarios that lead to stabilisation of atmos-
pheric carbon dioxide at levels between 450 ppm and
1000 ppm. The emissions of other greenhouse gas species
followed the SRES AI1B scenario up to 2100 and were
then stabilised. The climate model parameters and the
relationship between global mean warming and local

warming over Greenland were estimated from the more
complex models used in the IPCC third assessment
(Church et al., 2001). When annual mean warming was
considered, all but one of the model simulations led to a
warming above the 2.7°C threshold by approximately
2200. When uncertainty in the threshold and only sum-
mer seasonal warming were considered, 69% of the
model versions led to the threshold being exceeded
before 2350 (Figure 4.1). This use of summer only warm-
ing is more appropriate because little melting occurs dur-
ing the cold winter months.

We have recently attempted to re-examine this issue
using the ‘perturbed parameter ensemble’ of Hadley
Centre complex climate models (described in Section 2).
For each ensemble member the carbon dioxide stabilisa-
tion level that would lead to a Greenland temperature rise
equal to the threshold for deglaciation is estimated,
assuming a logarithmic relationship between stabilisa-
tion carbon dioxide concentration and equilibrium tem-
perature increases. We also make the assumption that the
ratio of the summer warming over Greenland to global
mean warming and the climate sensitivity will remain
constant for a given model over a range of climate forc-
ing and temperature rise.

The orange curve in Figure 4.2 shows a smoothed fre-
quency distribution of the stabilisation carbon dioxide
levels that lead to a local Greenland warming of 2.7°C
and, thus, a complete or partial Greenland deglaciation
being triggered. The red and green curves are the carbon
dioxide stabilisation levels that would lead to warmings
of 2.2°C and 3.2°C respectively, which represents uncer-
tainty in the value of the deglaciation threshold. The ver-
tical bars show the raw data to which the orange curve
was fitted. The results suggest that even if carbon dioxide
levels are stabilised below 442 ppm to 465 ppm then 5%
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Figure 4.2 Predicted CO, stabilisation levels that lead to the local Greenland warming exceeding the threshold for deglaciation,
and +0.5°C of this amount. The raw results are shown as bars for the central threshold case and the curves are a fit to the raw results.
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Figure 4.3 Predicted change in the ice sheet volume following a quadrupling of atmospheric CO,. Red and yellow indicate thick ice

while green and blue indicate thin (or no) ice.

of our plausible model simulations will still lead to a
complete or partial deglaciation. A stabilisation level of
675ppm would lead to 50% of our model versions
exceeding 2.7°C. At this level, however, the uncertainty
in the value of the threshold becomes more important
and, when this is taken into account, the carbon dioxide
concentration level that leads to 50% of the model ver-
sion reaching the deglaciation threshold varies between
600 ppm to 750 ppm.

It is important to emphasize that because the ‘per-
turbed parameter ensemble’ technique is still in its
infancy and we have not attempted to apply a weighting
to the frequency distribution of carbon dioxide stabilisa-
tion levels, so this result can not be taken as a formal
probability density function or definitive estimate of the
risk of collapse. Rather, we have used the ensemble to
illustrate the method whereby such a risk may be esti-
mated. To that end, our results are likely to be a credible
first attempt at linking the collapse of the Greenland ice

sheet to a particular stabilisation level using a perturbed
parameter approach with complex climate models.

4.4 Timescales of sea level response

Having established that even for quite modest carbon
dioxide stabilisation levels the Greenland ice sheet might
become deglaciated, we now discuss the time scales over
which this might occur. For a pessimistic, but plausible,
scenario in which atmospheric carbon dioxide concentra-
tions were stabilised at four times pre-industrial levels
(Section 2) a coupled climate model and ice sheet model
simulation predicts that the ice sheet would almost totally
disappear over a period of 3,000 years, with more than
half of the ice volume being lost during the first millen-
nium (Figure 4.3). The peak rate of simulated sea-level
rise was around 5 mm/year and occurred early in the sim-
ulation. These results are discussed more fully by Ridley
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Figure 4.4 Simulated temperature rise and thermal expansion for a 4XCO, experiment.
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Figure 4.5 Simulated temperature rise and thermal expansion for a range of stabilisation levels. The stabilisation of atmospheric
carbon dioxide takes place 70 years into the experiment following a linear increase.

et al. (2005) who also note that in the Hadley Centre cli-
mate model, the freshwater provided by the melting of
Greenland ice had a small but noticeable effect on the
model’s ocean circulation, temporarily reducing the ther-
mohaline circulation by a few per cent. However, this was
not enough to lead to widespread northern hemisphere
cooling.

A further issue associated with the loss of ice from
Greenland is that of reversibility. If the climate forcing
were returned to pre industrial levels once the ice sheet

had become totally or partially ablated could the ice sheet
eventually reform? If not, when would the point of no
return be reached? The studies of Lunt et al. (2004) and
Toniazzo et al. (2004) offer conflicting evidence on
whether a fully-ablated ice sheet could reform, and this is
an active area of current research.

In the parallel HadCM3 experiment without an ice
sheet the thermal expansion was estimated and also found
to make a considerable sea-level rise contribution over mil-
lennial time scales (Figure 4.4). The timescale associated
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Figure 4.6 (a) Exposed population and (b) percentage of world population exposed to Greenland deglaciation and the thermal
expansion from a stabilisation level of four time pre-industrial values.

with the thermal expansion component of sea-level rise
depends strongly on the rate at which heat can be trans-
ported from near the surface into the deep ocean. The
thermal expansion response time in the Hadley Centre
coupled climate model was found to be greater than 1000
years, which is much longer than the time needed to sta-
bilise temperature (the global average surface temperature
rise for the same experiment is also shown in Figure 4.4).
Using the simple Green’s function model formulations for
thermal expansion and temperature rise, tuned to the
HadCM3 results, we have constructed a set of curves show-
ing the time dependent relationship between the two quan-
tities for a range of different carbon dioxide stabilisation

levels. These curves were generated for scenarios in which
the carbon dioxide was increased linearly over 100 years
then fixed at the stabilisation levels.

Figure 4.5 shows that during the period of rapidly-
increasing carbon dioxide concentration, the sea-level
rise and temperature both increase and there is an approx-
imately linear relationship between them. However, once
the carbon dioxide concentration has stabilised, the dif-
fering time scales affecting surface temperature and sea-
level rise become important and the gradient of the
curves increases significantly.

Taken together, the Greenland deglaciation and the
thermal expansion results show that sea level is likely to
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continue rising long after stabilisation of atmospheric car-
bon dioxide, agreeing with earlier studies, such as Wigley
(1995). Changes in the WALIS are also likely to provide an
important contribution to future multi-century increases
in sea level. However, we can not yet comment with any
degree of confidence on the time scales of Antarctic ice
sheet collapse. A review of expert opinions (Vaughan and
Spouge, 2002) suggested this is not thought likely to
occur in the next 100 years, although recent work (Rapley,
this volume) suggests the Antarctic ice sheet may make a
sizeable contribution to sea-level rise earlier than previ-
ously thought.

4.5 Consequences of these Results for Mankind

A detailed assessment of impacts is beyond the scope of
this paper. However, it is instructive to add together the
Greenland and thermal expansion sea-level rise estimates
and consider the potential exposure of people to this rise.
The thermal expansion estimate for the first 1000 years is
from HadCM3 but this is extended using the simple
Green’s function climate model formulation. The exposure
is based on population estimates for the 2080s, when they
are expected to have increased significantly compared to
the present situation. The base data comes from the CIESIN
PLACE database (http://:www.ceisin.org), and this is trans-
formed using the SRES scenarios, including different
growth rates for coastal areas (see Nicholls, 2004).

Figure 4.6 shows the population that is exposed based
on absolute numbers and as a proportion of the global
population estimates in the 2080s. While this is translating
changes over 4000 years, the potential scale of impacts is
evident. Within 500 years, the exposed population could
be in the range of 300—1000 million people, rising to 800
to 2400 million people at the end of the simulation. This
is 10—17% of the world’s population, and represents the
number of people who would need to be protected or
relocated. Nicholls and Lowe (this volume) have extended
the calculation to include a contribution from the WAIS
but acknowledge that this term is likely to be even more
uncertain than the contribution from Greenland.

4.6 Conclusions

Simulations of the Greenland ice sheet and ocean thermal
expansion have highlighted several issues that are rele-
vant to the stabilisation of climate at a level that would
avoid dangerous changes. In particular:

® Complete or partial deglaciation of Greenland may be
triggered for even quite modest stabilisation targets.

® Sea level is likely to continue rising for more than
1000 years after greenhouse gas concentrations have
been stabilised, so that with even a sizeable mitigation
effort adaptation is also likely to be needed.

We are currently addressing the question of whether the
Greenland deglaciation is irreversible or whether, if green-
house gas concentrations were reduced, the ice sheet
could be regrown. If it can recover, we also need to estab-
lish the greenhouse gas levels that would permit this to
occur. Finally, we note that there is a large uncertainty on
sea-level rise predictions, especially those made for times
beyond the 21st century.
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