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Simulated global average temperature change
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Simulated thermal expansion
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Krakatoa explains some of the spread
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AOGCMs have a range of trends in recent decades
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Antonov et al. (2005) 0.40±0.05 mm yr−1, AOGCMs 0.54±0.26



AOGCMs have less variability than ocean temperature analyses
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Ocean temperature variability as a function of depth

HadCM3, there is a tendency to have weak variability

at depth, and overly strong variability in the surface

layers, especially in the South Atlantic, South Pacific,

and North Indian basins.

b. Analysis of standard deviation

Gregory et al. (2 004) compared observed low-

frequency temperature variability to the HadCM3 con-

trol run (natural internal variability only) by computing

the standard deviation of the volume-averaged, 5-yr

running mean temperature at each level from the de-

trended data (their Fig. 4). We will refer to this quantity

as SD[Avg(T)]; it is shown for observed temperatures

(detrended by removing the best fit line) as the broken

line with triangles in Fig. B4. There is a peak in ob-

served variability at 400 m, which neither model control

run reproduced (Fig. B5, right panel).

The subsurface peak in observed SD[Avg(T)] gives

the impression that were a ship to occupy a station,

there would be greater temperature variability mea-

sured at 400 m than above or below. This is not true, as

can be seen in the global average of individual standard

deviations at each point, Avg([SD(T)]. Generally,

SD[Avg(T)] � Avg[SD(T)] because significant cancel-

lation occurs when the volume-average temperature is

taken. How much cancellation depends on the spatial

coherence of temperature fluctuations, so an indication

FIG. B4. Std dev of detrended 5-yr running mean globally av-

eraged temperature as a function of depth (at dd-sampled points

only). Both curves are from observations, but differ in the way

they were computed: black triangles, std dev of globally averaged

temperature; white squares, global average of the std dev of tem-

perature at each point. Curves are normalized by their maximum

value.

FIG. B5. Std dev of detrended (removal of best-fit line) 5-yr running mean globally averaged

temperature as a function of depth, comparing observations (black dots), HadCM3 control

run (gray-shaded region shows the ensemble range), and PCM control run (cross-hatched

region shows ensemble range): (left) computed as the global average of the std dev of tem-

perature at each point and (right) computed as the std dev of globally averaged temperature.

All data is at dd-sampled points only.
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Simulated temperature change under scenario A1B
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Simulated thermal expansion under scenario A1B
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Geographical pattern of simulated sea level change
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Simulation of glacier surface mass balance change
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Glacier contribution to rate of sea
level rise is calculated as

− 1

Ao

∑
i

biAi∆Ti

(Ao ocean area, bi, Ai, ∆Ti mass bal-
ance sensitivity, area and tempera-
ture anomaly for region i). If

∆Ti = Ri∆T − θi

(∆T global temperature anomaly),
the rate can be written

bg(∆T − θ).

Zuo and Oerlemans (1997)
Gregory and Oerlemans (1998)



Global glacier contribution to sea level rise
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Global glacier mass balance as a function of ∆T
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Effect of glacier hypsometry
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Simulation of ice-sheet surface mass balance change
Huybrechts et al. (2004) scaled geographical patterns of temperature and pre-
cipitation change from high-resolution climate models according to the ice-sheet
area-average changes from AOGCMs.
Gregory and Huybrechts (in press) repeated this with five high-resolution models.
The high-resolution climate change is input to a 20-km ice-sheet mass balance
calculation.
Thus we obtain ice-sheet surface mass balance perturbation (SLE) as a function
of ice-sheet area-average temperature and precipitation change.



Ensemble-mean high-resolution GCM patterns
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Precipitation rises linearly with temperature
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Warming threshold for negative surface mass balance in Greenland
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Future evolution of the Greenland ice sheet
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Dynamical changes in the West Antarctic ice sheet

zone as the ‘steepening’); and the main ‘trunk’ of the ice
stream in which basal and lateral drag are equally important
(Figure 2, middle). The stress regime in the trunk is similar
to that operating in the Siple Coast ice streams implying a
substrate of similarly weak, subglacial sediments. The
steepening, however, is characterized by very much higher
basal drag implying that the substrate in this area is stronger
(either hard bedrock or over-consolidated sediment).
[11] We now perturb the calibrated flow model in two

grounding-line retreat scenarios, and in a third scenario in
which the basal drag coefficient in the ice plain is reduced
(simulating the effect of the reduced bed contact consequent
on thinning and floatation). The snapshot results imply that
the immediate mechanical effect of these perturbations is
felt up to 100 km from the grounding line (Figure 2,
bottom). This direct effect is brought about by acceleration
as a reduction in basal/ lateral drag is transmitted via
longitudinal stress gradients upglacier. The changes in
velocity produced in these experiments are consistent
(�30% ) with observations. The predicted accelerations
cannot, however, explain the observed thinning over the
entire extent of the ice stream (up to �200 km upstream
of the grounding line) and, therefore, imply that an ocean-
based trigger is unlikely.

4. Results: Delayed Response

[12] Faced with this apparent anomaly, we now investi-
gate the effects of the perturbed velocity field on PIG’s
thickness. We do this in a time-dependent fashion by

allowing the calculated stress and velocity distributions to
affect the temporal evolution of ice thickness within the
model, as well as allowing changing ice-surface geometry to
affect gravitational driving in the stress model. Results from
the three-dimensional model suggest that PIG experiences
plug flow (no vertical shear) over the majority of its length
(vertical shear accounts for a maximum of �17% of total
flow at the steepening, Figure 2, top). This observation
justifies the use (primarily for reasons of numerical effi-
ciency and stability) of a vertically-integrated stress model
(which assumes minimal vertical shear [e.g., MacA yeal,
1989]) in the time-dependent calculations described here.
Further, the vertically-integrated version of the model gen-
erates results that are consistent with the three-dimensional
results for the snapshot perturbation experiments discussed
above.
[13] In the context of the long response times traditionally

accorded to ice sheets, the results are surprising because
they indicate that the initial anomaly can propagate far
inland on very short, decadal timescales (Figure 3). Further
numerical experiments indicate that the speed of this up-
stream propagation is a robust feature of our model and, we
suggest, of the real PIG system.
[14] The transmission of a perturbation in ice thickness

through an ice mass can be represented as the sum of
source, kinematic-wave and diffusive responses [ N ye,
1963]. Based on the observations for PIG, we estimate that
the equivalent response times for the kinematic-wave and
diffusion terms are �130 and �20 yr, respectively (using a
length scale of 200 km, a downstream kinematic wave
speed of 1.5 km yr�1 and a diffusivity of 2000 km2 yr�1;

Figure 2. (top) Centreline geometry of the PIG model
showing ice-surface velocity in calibrated model (in pink
with interferometry observations as red dots and modelled
basal velocity in light blue). Increased surface velocities
generated in the perturbation experiments are also shown
(red reduced ice plain basal drag, blue and green grounding
line retreat). V ertical dashed line indicates the position of
the grounding line. (middle) Modelled force balance in the
calibrated model. (bottom) Instantaneous thinning rates
produced by the perturbations shown with the observed
rates (dotted line with error bars from altimetry).

Figure 3. Cumulative changes in ice thickness generated
by a reduction in basal drag in the ice plain. (top) In the first
20 years after the perturbation, showing a diffusive thinning
in the grounded ice (blue) and an kinematic thickening in
the ice shelf (red). (bottom) Evolution towards a nearly
steady-state condition of �8 m thinning in the trunk of PIG
after 150 yr (coloured lines refers to times shown in legend,
dashed lines spaced one decade apart for intervening
periods). Plots refer to the response at PIG’s centreline
and dashed vertical line refers to the grounding line. Above
260 km, the response is muted because this point marks the
boundary between the fast-flowing PIG and slow-flowing
inland ice.
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Summary
AOGCM output can be used to simulate sea level rise due to thermal expansion
and land ice change
Scenario and climate sensitivity are major uncertainties for making projections

Uncertainties—thermal expansion
Global ocean heat uptake varies among models, reflecting differences in interior
transport processes
Geographical patterns of sea level change show substantial differences
Simulated decadal variability of ocean heat content is smaller than in observa-
tional analyses

Uncertainties—glaciers and ice caps
Treatment of the evolution of hypsometry and the “unperturbed” state
Mass balance sensitivity to temperature (in general, to climate change)
Geographical patterns of temperature and precipitation change
Role of rapid dynamical response to climate change



Uncertainties—ice sheets
Magnitude of increase in precipitation
Geographical and seasonal pattern of change in temperature over the ice sheets
Possibility of lubrication of ice flow caused by surface runoff
Dependence of basal melting of ice shelves on ocean climate change
Vulnerability of ice shelves to surface climate change
Dynamical response of ice streams to melting at the grounding line and to
removal of ice shelves
Retreat of grounding line as a feedback on dynamical change
Possibility of developing ice streams in slow-moving areas of ice sheets

Uncertainties—total
Models of the major terms (thermal expansion and glaciers) give results agreeing
reasonably well with corresponding observational estimates for the 20th century—
but they don’t add up to ∼1.5 mm yr−1!



Simulation of historical sea level change
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