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Modelled glacier response to centennial temperature and precipitation
trends on the Antarctic Peninsula

Bethan J. Davies, Nicholas R. Golledge, Neil F. Glasser, Jonathan L. Carrivick, Stefan R.M. Ligtenberg,
Nicholas E. Barrand, Michiel R. van den Broeke, Michael J. Hambrey, John L. Smellie

Supplementary Information

1. Glaciological and geological input data
1.1 Glaciological and topographic data

Glaciological and topographical input data used to initialise the numerical model are derived from a
number of sources. Glacier IJR45 (also known as ‘Whisky Glacier’?) is one of the most intensely studied and
instrumented glaciers on the northern Antarctic Peninsula, with an automatic weather station and surface
mass balance measurements taken from 2009. Surface topography (5 m resolution digital elevation model,
derived from aerial photographs taken in 2006), bed topography and ice-thickness data are available from
the Czech Geological Survey and published data® . Glacier IJR45 has an altitudinal range of 215-530 m a.s.l.,
and covers 2.4 km” excluding the debris-covered area. The bed slopes at ~5°, with bedrock in the upper
reaches and subglacial till in the lower portion of the glacier’. The mean ice thickness is 99.6 + 1.8 m and the
maximum thickness is 158 + 2 m. The glacier’s velocity is 7.15 m a™*, based on two years’ measurements
(pers. comm. from Z. Engel, March 2013, and our own unpublished field measurements). Glacier 1JR45
currently has a net positive mass balance® *, with high accumulation and ablation rates in the spring and
summer (October-February), and negligible changes observed in winter’. The mean elevation is 340.6 + 0.8
m a.s.l., the equilibrium line altitude is at 271 m a.s.l.’, and the mean annual air temperature at 356 m a.s.l.
is -7.8°C".

The longer-term (last 150 years) glacier behaviour is unknown and unconstrained. Satellite image
analysis of the glacier’s length and area detected no observable change from 1988-2009°. However, analysis
of two digital elevation models derived from aerial photographs taken in 1979 and 2006 revealed a volume
loss in the non-debris-covered area of 10.6%". The area of bare ice shrank from 2.69 + 0.02 km? to 2.40 +
0.01 km®. This equates to an annual rate of recession of 0.011+0.001 km” a™* from 1979-2006. Surface
elevations of the bare-ice area decreased by an average of 10.1+2.8 m over the period 1979-2006 (an annual
rate of 0.37 + 0.11 m a™). The greatest surface lowering occurred in the upper accumulation area of the
glacierl. From 1979-2006, the volume of Glacier IJR45 reduced from 0.27 + 0.02 km® to 0.24 + 0.01 km?, with
a mean annual change of 0.001 + 0.001 km® a™.

1.2 Prince Gustav Ice Shelf

Prince Gustav Ice Shelf was an unusual ice shelf with tributary glaciers from both Trinity Peninsula and
James Ross Island, with flow units meeting in the centre of Prince Gustav Channel. These suture zones
formed a zone of weakness along which extensive rifting occurred®, prior to collapse in 1995 AD’. It was one
of the first ice shelves around the Antarctic Peninsula to collapse®. High surface melt prior to collapse is
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indicated by the extensive meltwater ponds observed on satellite imagery®. Following ice-shelf collapse, the
tributary glaciers accelerated and thinned®, and high rates of recession continue to present”.

Marine geological data also indicate that Prince Gustav Ice Shelf was absent from 2-5 cal. ka BP” *°,

when the James Ross Island ice core records temperatures around 0.5°C warmer than the 1961-1991
mean™®. This suggests strong surface melting'> 3, because ice-shelf removal normally occurs during periods
of strong surface melt and meltwater ponding™.

1.3 Glacial Geology on James Ross Island

Ulu Peninsula was inundated by the Antarctic Peninsula Ice Sheet during the Last Glacial Maximum™.
Following deglaciation after ~18 cal. ka BP (calibrated radiocarbon thousands of years ago), ice-sheet
configuration on Ulu Peninsula was similar to that of today by ~6 ka” '*. During the Holocene, a 9.5-10 km
readvance of Glacier 1JR45 is documented by a large boulder train leading from the glacier to the prominent

1218 (Figure 1c), poorly dated to 4-5 cal. ka BP on the basis of marine shells in reworked

Brandy Bay Moraine
glaciomarine sediments beneath the moraine®. These reworked shells yield scattered ages, and as they are
reworked and not in situ, provide only a maximum age for the readvance. Radiocarbon ages from lake
sediments within the boulder train suggest the glacier receded by 1.5 + 0.2 to 4.6 + 0.2 cal. ka BP"/, although
these should also be treated as maximum ages because the lake sediments are contaminated with older

carbon from glacial meltwater™.

Together, these data indicate a 10 km glacier readvance after ~4.8 cal. ka BP, and possibly younger. Ice-
core temperature records on James Ross Island indicate that the period 2-5 cal. ka BP was ~0.5°C warmer
than the 1961-1991 average™. It has been suggested that any glacier readvances at this time must therefore
have been driven by precipitation’®; these glaciers are therefore presumably more sensitive to precipitation
than air temperature, which has implications for future glacier behaviour in this region. However, this
reconstructed Holocene glacier behaviour is contrary to the currently observed glacier recession and ice-
shelf collapse with extensive summer melting'? under contemporary warming’.

The small cirque glaciers on Ulu Peninsula today are surrounded by steep, unstable, ice-cored moraines
that are inferred to have formed within the last few centuries®. The moraines were formed by shearing and
thrusting within the glacier snout, with shearing and deformation of subglacial debris, suggesting
polythermal glacial processes. Since the formation of these moraines, the glaciers have receded by more
than 100 m and thinned by 15-20 m'®. The small cirque glaciers are now largely cold-based, meaning a
change in thermal regime has occurred as they thinned (ibid.).

2. Climatic input data
2.1 Modern climate data

Climate data are sparse on the northern Antarctic Peninsula. Mean annual air temperatures range from
-14.4°C at the summit of Mount Haddington> *° 20, 2
temperature at Mendel Base is -7.2°C*. James Ross Island has 200-300 positive degree days per year (PDD)>,

to -4.8°C at Esperanza . The mean annual air
with a trend for increasing positive degree days. Average accumulation on Glacier IJR45 from 2009-2010 was
0.65 m?, with a slight seasonal bias meaning that more precipitation falls in the summer®. The wet
adiabatic lapse rate for James Ross Island is -0.58°C per 100 m**. Values for sea-surface temperatures in the
Weddell Sea range from -1.8°C* to -1.0°C*®, but are poorly constrained; a value of -1.6°C was used in model
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implementation. The environmental forcing parameters used for model implementation are presented in

Supplementary Table S1.

Supplementary Table S1. Model tuned and observed glaciological and environmental bounding conditions for glacier IJR45 on Ulu

Peninsula, James Ross Island. *Poorly constrained data.

Parameter Observed value Units
Mean annual air temperature at sea level* -7.2 °C
Temperature lapse rate” -0.0058 ma'm”
Precipitation lapse rate*" > % 0.0002292 ma’m’
Mean annual precipitation1 0.65 ma"
Sea surface temperature* -1.6 °C
Temperature range*l' 342 20 °C
Geothermal heat flux’”*® 69 mwW m™
Day of maximum temperature 1" January -
Day of maximum precipitation 1" March -
Seasonal difference in precipitation*19 40%  difference-to-mean  between | -
minimum and maximum precipitation

2.2 Holocene climate data

Holocene climate data are available from the recently acquired James Ross Island ice core from the

11219 This ice core provides temperature reconstructions at 10 and at 100

summit of Mount Haddington
year resolution from 14 cal. ka BP to present. A lateral-flow and thinning-corrected accumulation record is
available from this ice core from 1807-2007 AD, provided by Dr Nerilie Abram (Pers. comm.). The chronology
is based on annual cycle of nss-SO,, as well as volcanic tie points including the 1809/1815 volcanic eruption
fixed points. To account for down-core thinning, a basic Nye thinning factor has been applied. This ice-core
record shows no long-term trend in accumulation at the James Ross Island site over the past 200 years. This

29,30,31

core updates previous accumulation records from this site (annual means).

2.3 Future climate data

Future transient runs were forced by a regional atmospheric climate model with a multi-layer snow
module (RACMO?2), forced at the lateral boundaries by global climate model (GCM) data* **. Two different
GCMs are used: ECHAMS5 and HadCM3, run until 2100 AD (ECHAMS5) and 2200 AD (HadCM3) under two
different International Panel on Climate Change (IPCC) emission scenarios (A1B and E1), in order to capture a
realistic range of future climate states. The A1B and E1 projections correspond to a middle-of-the-road and
aggressive mitigation strategies respectively. Both HadCM3 and ECHAMD5 simulations have a cold bias in the
Antarctic Peninsula, compared with in situ temperature observations and ice-core records (See Evaluation of
RACMO?2 climate forcing, below), similar to that found for the entire Antarctic Ice Sheet™.

The RACMO?2 simulations for this grid cell are at 55 km resolution, and include two-metre air
temperature and precipitation projections. The grid point coordinates used are 63.83°S and 58.02°W, a grid
point that is 60% land and 40% sea, which is realistic considering the surroundings of James Ross Island.
Because there is a cold bias in the GCM-forced RACMO?2 simulations, we correct this bias against a RACMO2
benchmark simulation forced by ERA-40 reanalysis, which we treat as ‘reality’ for the period 1980-1999.
Future temperature anomalies are calculated in relation to the average over the contemporary climate
(1980-1999). In order to avoid difficulties arising from white noise in the annual data**, the glacier model is
then forced with 10-year climatic means of two-metre air temperature and precipitation. Four scenarios of
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future air temperature and precipitation data (ECHAMS5 and HadCM3, both for the IPCC A1B and E1
scenarios) are therefore used to investigate future response of IJR45 to climate change (Figure 4c, d, e in the
main manuscript).

3. Evaluation of RACMO2 climate forcing

35, 36

RACMO?2 has been shown to realistically simulate the Antarctic near-surface climate and surface

7 40, 41 42, 4 .
37,38, 39 0, +% and accumulation

mass balance , including low SMB areas™ ™", surface melt extent and magnitude
variability in Dronning Maud Land** and West Antarctica®. Compared with these regions, the Antarctic
Peninsula, and James Ross Island in particular, experience a relatively wet and mild climate. Here, we
evaluate the RACMO?2 simulation for James Ross Island by comparing simulated 2-m air temperatures with
observations from the nearby Marambio station (data from the READER dataset; ref. *®) and with

accumulation records from several ice cores from the Antarctic Peninsula region.

3.1 2-m air temperature

Table S2 shows the average 2-m air temperature and the standard deviation (as a measure for inter-
annual variability) over the period 1980-1999 for Marambio station (64.2°S, 56.7°W) and the three RACMO2
contemporary (1989-1999) climate simulations; R-ERA, R-HadCM3 and R-ECHAMS. The values of the closest
RACMO?2 land grid point (64.3°S, 57.6°W) were chosen to be representative. R-ERA is laterally forced by ERA-
40 re-analysis data, while the other two are laterally forced by Global Climate Model (GCM) output. Only the
average and inter-annual variability are compared, as the GCM-forcings represent climate simulations.

Supplementary Table S2. Annual average 2-m air temperature over the period 1980-1999 for Marambio station and three
RACMO2 simulations (R-ERA, R-HadCM3 and R-ECHAMS). Also the standard deviation of the average is provided, as well as the
surface elevation.

Mean annual air | Standard deviation | Surface Elevation
temperature
Marambio -8.4°C 1.22°C 198 m
R-ERA -8.8°C 1.26 °C 327 m
R-HadCM3 | -10.6 °C 1.08 °C 327 m
R-ECHAM5 -10.1°C 1.26°C 327 m

The average temperature and inter-annual variability between R-ERA and the observations agree well,
with the lower average temperature in RACMO2 partly caused by the higher surface elevation of the
RACMO2 grid point (327 m versus 198 m). The two GCM-forced RACMO2 simulations show lower
temperatures as was also found for the remainder of the Antarctic ice sheet®. This cold bias probably arises
from lower sea-surface temperatures and subsequent higher sea-ice cover extent. In the contemporary and
future GCM-forced simulations, this cold bias in near-surface temperature was removed.

The READER dataset contains more temperature records from station across the Antarctic Peninsula,
but these were not used, as 1) most stations are located on the western side of the AP, which has a different
climate than the east side, where James Ross Island is situated, 2) the stations are located at sea level in the
vicinity of the ocean making it difficult to compare with either RACMO land or sea grid points, or 3)
substantial data was missing for the 1980-1999 period.
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For the calculation of future summer melt in the glacier model, the simulated seasonal cycle in near-
surface temperature is important. Figure S1 shows the seasonal temperature cycle as observed at Marambio
station and as simulated in the three RACMO2 simulations. R-ERA again shows the best agreement. The
modelled temperatures are slightly higher in autumn and slightly lower in spring and summer, probably
caused by differences in sea-ice cover and extent. The GCM-forced RACMO2 simulations show lower
temperatures especially in winter and spring. When the 2-m temperature of these simulations is bias-
corrected, summer temperatures agree very well with the observations, ensuring that the correct amount of
summer melt is obtained by the degree-day model.
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Supplementary Figure 1. Average (1980-1999) seasonal cycle in 2-meter air temperature as observed at Marambio station (black)
and as simulated by three RACMO2 simulations; R-ERA (red), R-HadCM3(blue) and R-ECHAMS5 (green).

3.2 Accumulation

Table S3 shows the climatic average accumulation for three Antarctic Peninsula ice cores; Gomez*®,
Dyer Plateau®’, and James Ross Island®®, and the values from three RACMO2 simulations; R-ERA, R-HadCM3,
and R-ECHAMS. The value of the closest RACMO2 land grid point is chosen to be representative. Given the
complex topographic setting and the large climatic gradients in this area, the modelled accumulation rates
agree well with the observations, although the inter-annual variability at both Dyer Plateau and James Ross
Island is underestimated. The small difference between R-ERA and the GCM-forced simulations at James
Ross Island results in a small bias correction on the accumulation rates.
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Supplementary Table S3: Coordinates and average annual accumulation for three ice core locations and the nearest RACMO?2 grid
point. The ice core accumulation records are averaged over different time periods; 1) 1960-2006°°, 2) 1960-1988" and 3) 1960-
1997”°. The three RACMO2 simulations (R-ERA, R-HadCM3 and R-ECHAMS) are averaged over the contemporary climate

simulation (1980-1999).

Gomez Dyer Plateau James Ross Island
c Latitude 73.6°S 70.4°S 64.2°S
i)
=}
(o]
§ Longitude 70.4°W 64.5°W 57.7°W
= lce core 894" £ 200 474" £137 659° + 193
2 (average 1960-2006) | (average 1960-1988) | (average 1960-1997)
S c
® .2 | RERA 1188 + 247 375+ 67 559+ 76
1]
g@ E -GE R-HadCM3 701 £ 165 229+ 48 606 £ 104
= 3
[T
3: < g R-ECHAMS 925 £ 226 323+79 538 £ 80

The difference in future precipitation change between ECHAMS5 and HadCM3 is likely to be a function of
a local change in the sea ice concentration and sea surface temperatures in either of the two GCMs. Over the
entire Antarctic Ice Sheet, and a major part of the Antarctic Peninsula, a uniform increase in snowfall is

48,49,50,51, 52 '\yhere it is found

simulated (see Figure 10b in ref. *3). This is in agreement with previous studies
that precipitation scales more or less linearly with increasing temperature (approximately a 5% increase per
degree of temperature increase), indicating that the increase in air temperature is the major driver of
precipitation change, rather than changes in atmospheric circulation. On the Antarctic Peninsula, the change
in future precipitation is also correlated with a change in sea-ice extent. However, GCMs are not currently
capable of realistically simulating change in future sea-ice cover and concentration. Although the four
simulations differ with respect to precipitation change, they do agree on future temperature increase and
glacier recession, therefore strengthening the conclusions of the paper that Glacier IJR45 is mainly

influenced by temperature (i.e., melt) changes than precipitation changes.

4. Numerical model description

We used a one dimensional finite difference ice sheet flowline model with a 100 m horizontal resolution

3% 3% which uses a forward explicit numerical scheme implemented over a

(previously described in refs.
staggered grid that spans the length and foreland of IJR45, projecting into Prince Gustav Channel (Figure 1 in
main manuscript). The model accounts for the dynamic effects exerted by longitudinal stresses by
incorporating a triangular averaging filter that smooths gravitational driving stress values and velocities that
arise from them. Horizontal flux is calculated as the product of the cross-sectional planar area described by a
symmetrical trapezoid, and the vertically-averaged centreline ice velocity. Calculation of this latter term
incorporates a width-dependent shape factor that uses tabulated values® for a parabolic glacier cross-
profile®® to adjust centreline velocities in areas where valley-side drag is expected to exert greatest
influence. Incorporation of the width term in the flux equation ensures that mass is conserved in areas

where the valley width changes, by producing faster or slower flow.

The model includes a flow enhancement coefficient (E), which accounts for the softening of the ice by
impurities or contrasts in crystal orientation (Table S4). Sliding is governed by an exponential function,
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allowing sliding to occur over a range of temperatures close to the pressure melting point. Mass balance
and climate boundary conditions are derived from point observations of mean annual air temperature and
precipitation (Table S1). Daily surface temperatures and precipitation volumes are determined from a simple
cosine function constrained by an annual temperature / precipitation range that calculates deviation from an
annual mean’* (Supplementary Figure 2). A positive degree-day scheme, similar to that used by ref. ¢, is
then used to calculate surface melting. As these data are not available from observations, the degree-day
factors are tuned during model parameterisation. Refreezing, the rain/snow threshold, and the seasonality
distribution (amplitude and timing) of precipitation are also controlled by the scheme. Annual precipitation
is assumed to equal surface accumulation if temperatures are below 1°C. Above this threshold, it is assumed
to fall as rain and is lost to the system. The range of daily temperatures and precipitations calculated by the
positive degree day scheme are illustrated in Supplementary Figure 2. Calving and basal melting calculations
for the marine-terminating part of the glacier follow ref. *’.

Supplementary Table S4. Physical and model constants (after Golledge and Levy, 2011). Tuned parameters are indicated with a *
symbol.

Parameter (and reference for values) Value Units
Density of ice 920 kg m”
Density of sea water 1028 kg m”
Density of mantle 3300 kg m”
Gravitational acceleration 9.81 ms’
Glen’s flow law exponent 3 -

Sliding rate factor* 6.00e-08 -

Sliding exponent 3 -

Flow enhancement factor* 9 -
Thermal parameter (T > 263.15 K) 5.47e-10 -
Thermal parameter (T = 263.15 K) 1.14e-5 -

Till thickness limiting bedrock erosion 2 M
Universal gas constant 8.314 Jmol™ K™
Degree-day factor (ice)* 0.009 myr’
Degree-day factor (snow)* 0.009 myr’
Snow-rain threshold* 1 °C
Temperature range* 21.5 °C
Thermal conductivity of ice 204 wm'K?
Lithospheric relaxation time 3000 Yr
Horizontal domain resolution 100 M
Valley side angle 45 °

Creep activation energy 1390r60 | kimol™
Calving constant* 0.25 -
Precipitation lapse rate* 0 ma'm’
Refreezing* 0 -




Nature Climate Change

SUPPLEMENTARY INFORMATION

a
10 T T T T T T T
&)
- 4
=
=
.—1 -
1+
e
(]
(=8
E -10f .
]
-
—15 4
—_20 1 1 L L | 1 1
0 50 100 150 200 250 300 350
b
30 T T T T T T T
_ 25 n
©
E 20 o
£
c L .
5 15
=
2
5 10F 4
[iF]
o
=8
05 - b
0.0 | | I I | | |

50

100

150

200

250

300

350

Day of year

Supplementary Figure 2. Climate seasonality as calculated by the model. Temperature range and precipitation range are derived
from observations. The amplitude of precipitation variability (40%) is calculated as a difference from the annual mean. The mean
annual air temperature (-7.2°C) is denoted by the straight line in plot ‘a’.

5. Numerical modelling strategy
5.1 Model parameterisation and dynamic calibration

The model’s flowline was placed along the centreline of a reconstructed flow unit for the large
Holocene readvance (Figure 1c, d), and projects forwards into Prince Gustav Channel. Accumulation areas
were inferred on Lachman Crags, but Johnson Mesa was left ice-free, as published cosmogenic nuclide ages
suggest that this area deglaciated around 8 ka’. Davies Dome was also inferred not to have contributed ice,
on the basis of the presence of LGM-age basalt boulders in the ice dome’s foreground™.

Our modelling strategy is outlined in Supplementary Figure 3. Our model parameterisation used
observational data and then tuned parameters until the glacier replicated observed velocity, ice-surface
elevation, volume and length as closely as possible. This assumed that the glacier is in equilibrium. We then
performed a dynamic calibration®®, a series of short transient runs from 1850-present (the period when
accumulation and temperature data are available from the James Ross Island ice-core record™ ** % 39,
where the glacier parameters are modified until the glacier replicates observed rates of glacier recession’
over the last 30 years as closely as possible. The glacier was thus calibrated and validated against the
historical record of glacier length (cf. ref. *°).
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Supplementary Figure 3. Flow chart outlining and summarising the modelling strategy.

5.2 Response time tests

Response-time tests and sensitivity tests were undertaken on the dynamically calibrated glacier in order
to understand how the model reacts to model parameterisation and climate variability, and to test the
influence of poorly known model parameters, such as the enhancement factor (cf. ref. ©°). The response-time
tests (15 experiments) assessed perturbations from a control point; tests were run on the equilibrium glacier
and were run to equilibrium. Response time tests assessed the time taken for the glacier to reach
equilibrium following a temperature perturbation (from +1.0°C to -0.5°C in 0.1°C increments). Response time
tests were limited by the non-linear response of the glacier to cooling beyond -0.5°C, when it begins to calve.
The e-folding time, the time taken for the glacier to achieve two-thirds of its volume response, was also
calculated (cf. refs. 6523,

5.3 Sensitivity experiments

We tested the sensitivity of the glacier to perturbations in key model and climate parameters
(Supplementary Figure 3): the snow and ice degree-day factors (both £20% in 0.0001 increments, 31
experiments each), temperature (from -1.5°C to +2°C in 0.1°C increments, which covers the range of
temperatures experienced during the Holocene and projected for the next 200 years; 35 experiments) and
precipitation (£20% in 0.01 m increments; 31 experiments), the flow enhancement coefficient (0 to 10 in 0.5
increments; 21 experiments) and the sliding coefficient (+20% in 2e-10 increments; 12 experiments). Each
sensitivity test was run to equilibrium and imposes a small incremental change to the parameter in question.
We also analysed the effect of changing precipitation and temperature synchronously, through a Monte-
Carlo style analysis (558 experiments).

Precipitation seasonality is a key variable, as it can exert significant controls on glacier mass balance®.
Precipitation during summer could fall as rain (which, in our model, is considered lost to the system), but can
also decrease fresh snow, reduce the glacier surface albedo, and result in greater ablation from the glacier
surface®. Conversely, winter precipitation may build up a reservoir. Warming on summer-accumulation type
glaciers therefore causes a significant decrease in snow accumulation, decreases the surface albedo and
prolongs the melt season. However, warming on winter-accumulation type glaciers prolongs the melt season
without changing snowfall in summer®. Because Glacier IJR45 exists in a region with a summer-
accumulation climate pattern®, and because future increases in precipitation are projected to largely occur
in the summer months®®, it is meaningful to evaluate the effect of precipitation seasonality on Glacier 1JR45.

9
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We conducted two experiments, each comprising 41 simulations, under contrasting precipitation patterns: a
sinusoidal pattern in-phase with temperature (“Psummer’) @and anti-phased with temperature (“Pyinter). All
other parameters were held constant. For each precipitation seasonality regime, the amplitude of the
sinusoid of precipitation variability was set from 0% (where precipitation is evenly distributed throughout
the year; Ppeuwra) to 200% (where precipitation reaches zero at its minimum) in 5% increments
(Supplementary Figure 4).

We also conducted an experiment to investigate how important the amplitude of summer precipitation
seasonality is at different mean annual air temperatures. We therefore changed mean annual air
temperature (-8°C to -5.4°C in 0.2°C increments) and amplitude of summer precipitation seasonality
simultaneously (0 to 200% in 20% increments) (176 experiments).
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Supplementary Figure 4. Contrasting precipitation regimes for seasonality sensitivity experiments. For Py, mer (solid black line) and

Puinter (dashed black line), the amplitude of the sinusoid varied from 0% (P,cutral in the figure above) to 200%, where precipitation

reaches 0 mm d™ at its minimum. Amplitudes of 0%, 100% and 200% are shown in the figure above. Under summer precipitation

experiments, the 60" day of the year (1St March) receives the most precipitation, in line with observations™. Under winter
. . th . . R

precipitation experiments, the 213" day of the year is set to receive the most precipitation.

5.4 Transient simulations

Subsequent transient runs used the James Ross Island ice core record to force glacier fluctuations
through the Holocene. The ice-core record provides a high-resolution temperature record over the last
14,000 years'!, but precipitation data are only available from this ice core since 1807, Forcing data for this

10
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period is available at 10-year resolution, and this captures glacier response to Twentieth-Century warming.
Prior to this the glacier is forced with 100-year resolution data.

There are no accumulation data prior to 1807, so for transient runs before this time, we forced the
precipitation to vary with temperature (7 experiments). Runs occurred with precipitation held constant at
modern values (0.65 m a), and also forced by a 5%, 7.3% (the generally held value for precipitation variance
with temperature, cf. ref %), 15%, 20% and 100% increase for every 1°C rise in temperature, in order to
explore a range of possible climate scenarios. All other values (sea-surface temperature, precipitation and
temperature lapse rates, degree-day factors, geothermal heat flux and calving coefficient) were held
constant at modern observed or tuned values.

Future scenarios were forced from 1850 AD through to 2200 AD. From 1850 until 2010 the glacier was
forced with observed temperature and accumulation data from the James Ross Island ice core record. From
2010 until 2200 AD, the glacier was forced with the calibrated and bias-corrected RACMO2 dataset (4
experiments). This approach ensured that the future scenarios were as realistic as possible.

6. Results
6.1 Model parameterisation and dynamic calibration

We used observed glaciological, climatic and environmental variables to initialise the model (Table S1).
Flow parameters and unknown variables (degree-day factors for ice and snow, calving flux, sliding and flow
enhancement coefficients [the deformation factor]) were tuned to provide a close fit to observed glacier
geometry, flow velocity, ice thickness and volume. Given these parameters, our modelled glacier stabilised
and reached equilibrium within 100 years, has a maximum flow velocity of 6.22m a™. The majority of the
velocity derives from the ice deformation component.

Small changes were required for the annual temperature range and precipitation lapse rate during
tuning. Other environmental and climatic parameters are as observed (Table S1). The annual temperature
range was revised from 20°C to 21.5°C. Precipitation has been measured as 0.65 m per annum at both the
summit of 1JR45 and at the summit of Mount Haddington. Poorly-constrained and short-term measurements
from Mendel Base, at sea level, estimate annual precipitation to b 0.3 m per annum. The precipitation lapse
rate results in a very skewed glacier, with extreme precipitation gradients. Given the low altitudinal range
and profile of our glacier and the low confidence in precipitation measurements, we therefore assume a
lapse rate of 0 and distribute precipitation evenly across the glacier surface. This simplification is unlikely to
have a significant effect on our results as our study shows that large changes in precipitation have little
effect on this glacier. Decreasing the amount of precipitation falling onto the ablation area would only
amplify this response and would not affect the study’s findings.

We then perform a dynamic calibration using observed temperature and accumulation over the last 160
years from the ice-core record (using 10 year means, the highest available resolution for temperature data).
Small adjustments were made to the flow parameters and degree day factors until the glacier replicated
observed rates of glacier recession and volume change from 1979-2006 (cf. ref. *). The glacier stabilises in a
position that matches present-day glacier geometry, volume and velocity well, although it is slightly shorter
than the observed glacier from measurements taken in 2006 (ref. ') (Table S5).

Graphical outputs from the dynamic calibration are presented in Supplementary Figure 5, and a
comparison to the modern glacier is presented in Supplementary Figure 6. Therefore, following a 160 year
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transient run with temperature and precipitation forced by the ice-core record, the modelled glacier not
only achieves an excellent fit to observed historic rates of recession and volume change, but also to
observed geometry and velocity. These observations validate our glacier model, showing that it performs
well over historical timescales.

Supplementary Table S5. Model tuning results at the end of dynamic calibration (comparison to observations from 2006).
Modelled rates of change are within errors of observations. Rates of volume and surface area change are from ref. st

Parameter Modelled (2006) | Observed (2006)

Deformation velocity component (m™*a™) 6.14 -

Sliding velocity component (m™a™) 0.02 -

Maximum velocity (m™a™) 6.16 7.1

Volume (km°) 0.5304 0.4385

Length (m) 4200 4400

Surface area (kmz) 5.252 5.356

Equilibrium line altitude (ma.s.l.) 306 271°

Rate of glacier volume change (km3 a™) from 1979-2006 0.00103 0.001 +0.001

Rate of glacier surface area change (km”a’') from 1979-2006 | 0.0048 0.011 +0.001
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Supplementary Figure 5. Results of the dynamic calibration of our glacier model, showing that it replicates observed recession in
the 1980s-early 2000s, followed by stabilisation at its current position. Decadal temperature and precipitation means from 1850-
2010 are derived from the ice-core record™** %,
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Supplementary Figure 6. Results of dynamic calibration in the year 2010 AD, showing a good fit of the glacier's modern geometry
after a 160 year run with temperature and precipitation forced by the ice-core record. Dashed black line is observed glacier
surface. Blue line is the modelled glacier surface following dynamic calibration.

6.2 Sensitivity experiments

Results of the sensitivity experiments are presented in full in Supplementary Figure 7. Changes to the basal
sliding coefficient yielded little change, so these data are not shown. It is instantly clear that temperature,
and then precipitation, has the greatest effect on glacier length, volume and velocity.
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Supplementary Figure 7. Results of sensitivity experiments, with the change in glacier volume (a-e), length (f-j), and velocity
arising from the deformation component (k-1) and the sliding component (p-t) (both domain maximum). Each experiment follows
a perturbation to mean annual air temperature, precipitation, snow and ice degree day factors and flow enhancement coefficient
(ice deformation factor).
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