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Abstract. Antarctic Peninsula (AP) ice core records indicate significant accumulation increase 8 

since 1855, and any resultant ice mass increase has the potential to contribute substantially to 9 

present-day Glacial Isostatic Adjustment (GIA). We derive empirical orthogonal functions from 10 

climate model output to infer typical spatial patterns of accumulation over the AP and, by 11 

combining with ice core records, estimate annual accumulation for the period 1855-2010. In 12 

response to this accumulation history, high resolution ice-sheet modeling predicts ice thickness 13 

increases of up to 45 m, with the greatest thickening in the northern and western AP. Whilst this 14 

thickening is predicted to affect GRACE estimates by no more than 6.2 Gt/yr, it may contribute 15 

up to -7 mm/yr to the present-day GIA uplift rate, depending on the chosen Earth model, with a 16 

strong east-west gradient across the AP. Its consideration is therefore critical to the interpretation 17 

of observed GPS velocities in the AP.  18 

1. Introduction 19 

Antarctica is undergoing Glacial Isostatic Adjustment (GIA) in response to ice mass changes 20 

since the Last Glacial Maximum (LGM); however, the long-term rate and spatial pattern of GIA 21 

may have been significantly altered due to very recent (i.e. Late Holocene) changes in ice sheet 22 

mass balance. GIA models of Antarctica remain poorly constrained due to a dearth of available 23 

data and poor knowledge of Earth parameters and ice history [Whitehouse et al., 2012a], 24 
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particularly relating to the last few thousand years. Any significant load changes during this 25 

period will have a dominant effect upon the observed uplift rate in low viscosity regions, such as 26 

the Antarctic Peninsula (AP) [Ivins et al., 2000]. 27 

In the AP, ice core records suggest an increase in annual accumulation since the 1850s, e.g. 28 

the Gomez ice core in Palmer Land (see Figure 1a) indicates a doubling of accumulation during 29 

this period [Thomas et al., 2008]. Other ice cores [e.g., Peel, 1992] indicate that increases also 30 

occur elsewhere but the rate and magnitude is not uniform across the AP, with more increase 31 

seen in the west and north than in the east. This spatial pattern reflects the different climate 32 

conditions which prevail either side of the mountain chain which forms the spine of the AP, with 33 

warmer conditions on the western side resulting in more precipitation than on the colder, drier 34 

eastern side [Miles et al., 2008].  35 

We hypothesize that recent accumulation along the AP causes a viscoelastic response of 36 

sufficient magnitude that the resulting subsidence could be observed at the surface. This would 37 

counteract the predicted uplift due to deglaciation since the LGM, potentially explaining the low 38 

rates of present-day uplift observed by GPS [Bevis et al., 2009; Thomas et al., 2011]. This 39 

accumulation-related mass increase has not been included in recently reconstructed AP loading 40 

histories [e.g., Ivins et al., 2011]. In this study, we examine the magnitude and spatial pattern of 41 

increasing accumulation over the AP since 1855 using evidence from several AP ice cores. We 42 

show the effect of the resulting ice-mass change upon present-day GIA uplift rates and 43 

investigate the impact on GRACE-derived rates of present-day ice-mass change.  44 

2. Accumulation Data 45 

We used an empirical orthogonal function (EOF) technique to estimate the spatial pattern of 46 

accumulation from the regional climate model RACMO2.1/ANT over the period 1989–2010 at 47 

27 km resolution [Lenaerts et al., 2012]. EOF analysis is commonly used in climate studies to 48 

identify statistically significant patterns in data and as a basis for temporal extrapolation [e.g., 49 

Church et al., 2004]. Assuming that the spatial patterns of accumulation have remained the same 50 
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over the last 155 years, the leading five EOFs (explaining around 99% of the 1989–2010 51 

variance) were combined with data from five ice cores (locations shown in Figure 1a) [Mosley-52 

Thompson, 1992; Peel, 1992; Thomas et al., 2008] to estimate the accumulation history of the AP 53 

between 1855 and 2010. We identified an error in the published position of the Gomez ice core 54 

(shifting it to 73.99°S, 70.61°W; Figure 1a), and we used an updated accumulation time series 55 

which includes a field-based strain rate correction (pers. comm., E. Thomas, 2012). 56 

Although the ice-core records terminate prior to 2010, we estimated annual accumulation up 57 

to 2010 by linearly extrapolating each record using the same rate of change as is observed 58 

between 1930 and the end of the ice-core record. This period was chosen because 1930 marks the 59 

onset of annual accumulation increase in the Gomez record [Thomas et al., 2008], and based on 60 

the available data it is reasonable to assume that this increase continues beyond the end of the 61 

record. The method is considered conservative because the extrapolated rates lie well within the 62 

full range of gradients represented in each ice-core record. A sensitivity study was carried out 63 

varying the extrapolated rates by ±50% and it was found that this made no more than ±0.2 mm/yr 64 

difference to the predicted GIA uplift rates; this issue is therefore not considered further. 65 

To evaluate how well the EOFs are able to reproduce observations, the reconstructed 66 

accumulation history for each ice-core location is plotted with the original ice-core data in Figure 67 

1a. To confirm that the method is robust, the reconstruction was recomputed, omitting each ice 68 

core in turn, so that only data from the other four ice cores were combined with the EOFs. Figure 69 

1b indicates that Gomez, Dyer Plateau and Dolleman Island ice-core data can be well reproduced 70 

using the EOF technique. The ~30 yr oscillation at James Ross Island is not well reproduced; 71 

however, the general trend, which is most important for our study, is robust. The trend at Siple 72 

Station is also not well reproduced; however, as this ice core lies at the southern extremity of our 73 

study domain and does not show the same accumulation increase as those in the northern AP, it 74 

will have minimal effect on the resulting predictions of ice thickness change. The misfits in these 75 
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reconstructions are likely a combination of the ice cores not being representative of the wider 76 

area and/or the EOFs not representing the accumulation pattern well in those areas. 77 

3. Ice-sheet Modeling 78 

Following an increase in accumulation, an ice sheet will move towards a new equilibrium 79 

state by increasing its discharge rate, partially mitigating the loading effect of the accumulation 80 

increase. To examine this process, the reconstructed accumulation history was used to drive a 81 

high resolution (5 km) ice-sheet model (Glimmer community ice-sheet model, [Rutt et al., 2009]) 82 

and predict changes in ice thickness. The model was set up with initial conditions of present-day 83 

bedrock elevation, ice thickness, and surface temperature [Le Brocq et al., 2010], and run for 84 

several thousand years to an equilibrium state using the first year of the reconstructed 85 

accumulation history before being forced with the remaining accumulation history. Running the 86 

model to an initial equilibrium state isolates the effects of the accumulation changes on ice 87 

thickness between 1855 and 2010. The model domain was truncated at an ice divide at the 88 

southern end of the Peninsula (Figure 2). We prescribed zero ice flow across this boundary, 89 

similar to the method adopted by Le Brocq et al. [2011] when modeling the Weddell Sea 90 

embayment. 91 

 Total ice thickness was output every five time steps (i.e. every five years) during the model 92 

run and differenced with the initial equilibrium ice thickness to obtain the cumulative ice 93 

thickness change due to the reconstructed accumulation history. The ice-sheet model predicts ice 94 

thickness increases of up to 45 m over 155 years, with the greatest increases seen in the west and 95 

north of the AP (Figure 2a). 96 

The importance of using an ice-sheet model is demonstrated by examining the difference 97 

(Figure 2c) between the ice thickness increase predicted from ice-sheet modeling (Figure 2a) and 98 

the sum of the reconstructed accumulation history (Figure 2b). Much of the accumulation 99 

increase over the narrow northern AP is offset by ice discharge into the ocean during the 100 

experiment, due to high velocity ice flow, reducing peak accumulation from 120 m to 45 m. At 101 
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most other locations, where flow is slower, the difference between the summed accumulation 102 

history and ice-sheet model output is less than 10 m. 103 

4. GIA Modeling 104 

The output of the ice-sheet modeling was used to drive a GIA model and calculate the 105 

ongoing response of the solid Earth to historical changes in ice loading. We solved the sea-level 106 

equation [Farrell and Clark, 1976] with calculations truncated at degree and order 256 107 

representing a smoothing of the 5 km ice-sheet model output. The GIA model uses the methods 108 

described by Kendall et al. [2005], and includes rotational feedback [Mitrovica et al., 2005]. The 109 

Earth is represented by a spherically symmetric, self-gravitating Maxwell body comprising an 110 

elastic lithosphere, and a uniform viscosity upper and lower mantle. Only ice-load changes in the 111 

AP were modeled in order to isolate the response to load changes in this region. However, the 112 

global sea-level equation was solved so that deformation due to changes in ocean loading in 113 

response to ice-mass change was included. The model was run for 160 years (1855-2015) with 114 

one year time steps and no change in ice thickness in the final five time steps, thus eliminating 115 

the elastic effects of a changing load from the calculated present-day uplift rate. It is important to 116 

note that ice-mass loss resulting indirectly from ice shelf break-up in the late 20th century, which 117 

would produce a large elastic signal [Thomas et al., 2011], and an unknown viscous signal, has 118 

not been included in this study. We present GIA predictions for 2012.  119 

The results of the GIA modeling are highly sensitive to the adopted Earth model (lithospheric 120 

thickness and mantle viscosity). It is widely reported [e.g., Morelli and Danesi, 2004] that East 121 

and West Antarctica have a markedly different Earth structure, with thick cratonic lithosphere 122 

and high-viscosity mantle dominating East Antarctica, and thinner lithosphere and lower mantle 123 

viscosity present in formerly tectonically active West Antarctica. Ivins et al. [2011] suggest that 124 

rheological parameters for the northern AP could be as low as 20-45 km for lithospheric 125 

thickness and 3-10 × 1019 Pa s for upper mantle viscosity. However, many GIA models use a 126 
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single, and often comparatively strong, Earth model for the whole of Antarctica leading to 127 

incorrect predictions of present-day GIA uplift in the AP [Thomas et al., 2011].  128 

We investigated the effects that different input Earth models have on the predicted uplift rate, 129 

and found that the results are highly sensitive to upper mantle viscosity but less sensitive to 130 

lithospheric thickness and lower mantle viscosity. Within the GIA model, the range of values the 131 

Earth model can take are a lithospheric thickness of 46 km, 71 km, 96 km, or 120 km, upper 132 

mantle viscosity between 5 × 1019 Pa s and 5 × 1021 Pa s, and lower mantle viscosity between 133 

1 × 1021 Pa s and 5 × 1022 Pa s. We present results for three different Earth models in Figure 3. In 134 

Figure 3a we use an Earth model appropriate for the northern AP with a lithospheric thickness of 135 

46 km and upper mantle viscosity of 5 × 1019 Pa s, following the suggestion of Ivins et al. [2011]. 136 

In Figure 3b an Earth model which is likely to be representative of the Earth structure in the 137 

southern AP is used, with a thicker lithosphere of 71 km, and a stronger upper mantle viscosity of 138 

1 × 1020 Pa s. For comparison, Figure 3c shows results using the preferred Earth model of 139 

Whitehouse et al. [2012b] for all Antarctica (lithospheric thickness of 120 km, upper mantle 140 

viscosity of 1 × 1021 Pa s). All models use the lower mantle viscosity from this last model 141 

(1 × 1022 Pa s). 142 

Using the weakest Earth model, appropriate for the northern AP, the GIA model predicts 143 

between +0.4 and -7.0 mm/yr uplift, with the greatest subsidence predicted in the western AP 144 

(Figure 3a). In the northern Peninsula the maximum subsidence is around 3.5 mm/yr. A stronger 145 

Earth model, which is more appropriate for the southern AP, reduces the magnitude of the 146 

deformation to a peak subsidence of 3.2 mm/yr (Figure 3b). For an Earth model appropriate for 147 

all Antarctica, the peak subsidence is significantly reduced to 0.3 mm/yr (Figure 3c). The lower 148 

mantle viscosity has little effect on the results and sensitivity studies showed that decreasing the 149 

lower mantle viscosity by a factor of 10 to 1 × 1021 Pa s resulted in an increase in the magnitude 150 

of the peak subsidence rate by only 0.2 mm/yr, whilst increasing to 2 × 1022 Pa s made 151 

<0.01 mm/yr difference to the uplift rates.  152 
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5. Discussion  153 

GIA-related subsidence of the magnitude presented here will have a dramatic effect on uplift 154 

rates, as recorded by GPS receivers. Such instruments have recently been deployed in the AP 155 

with the purpose of constraining models of GIA (see Figure 3c for known GPS locations), and 156 

interpretation of the data will need to consider the potential effect of recent ice-load changes on 157 

the observed velocities. 158 

Thomas et al. [2011] report that GPS observations suggest low rates of GIA-related uplift in 159 

Antarctica, particularly along the AP where they do not exceed 2 mm/yr, and, in comparison, 160 

GIA models generally over-predict the signal. Whitehouse et al. [2012b] attempt to improve the 161 

fit between modeled GIA uplift and GPS-observed uplift by adding an arbitrary, uniform 162 

thickness of ice to the AP during the last 1000 years of an existing deglacial model [Whitehouse 163 

et al., 2012a]. They find that this significantly improves the fit at all GPS sites on the AP but 164 

results in predicted subsidence on the eastern AP for which there is no clear observational 165 

evidence. Our study demonstrates that an east-west gradient in accumulation can generate a 166 

spatially variable GIA response that may help explain the observed low rates of GPS uplift in the 167 

AP. However, if our modeled ice-thickness changes were added to an existing deglaciation 168 

model for Antarctica, and combined with a strong Earth model that is representative of the 169 

majority of the continent, they would make very little difference to the results (e.g. Figure 3c 170 

with the preferred model of Whitehouse et al. [2012b] predicts < 1 mm/yr subsidence). In order 171 

to study the response to ice load changes in the AP in the context of a full Antarctic ice history, a 172 

3-D Earth model would be required. 173 

The effect of recent accumulation is, to date, unmodeled in recent ice-sheet reconstructions, 174 

including those used in GIA models. As a result, GIA corrections applied to Gravity Recovery 175 

and Climate Experiment (GRACE) data will be biased. To examine the effect on GRACE-176 

determined rates of ice-mass change we calculated the geoid rate perturbation for each GIA 177 

model run and the resulting change in surface mass density, using the method described by Wahr 178 



8 
 

et al. [1998] (equations 9 and 13). The surface mass density was then integrated over the area of 179 

the grounded ice sheet with an additional 100 km offshore buffer to obtain the total mass 180 

contribution for each GIA prediction. This provides realistic values for the correction to GRACE 181 

data as a ~100 km buffer would be included in the GRACE processing to capture any leakage 182 

from onshore ice-mass change. It is worth noting that the magnitude of the correction will be 183 

dependent upon the chosen width of the buffer. Over the AP, application of our GIA correction 184 

results in an increase in GRACE-determined rates of ice-mass change of +6.2 Gt/yr for the 185 

weakest Earth model, and +0.5 to +3.2 Gt/yr for stronger Earth models (Figure 3b-c). Previous 186 

mass balance estimates, derived using GRACE data, will therefore be biased low in the AP. Note 187 

that this correction only considers the GIA response to the recent accumulation increase 188 

described in our study, and will be additional to corrections for the long term GIA signal and the 189 

response to ice-mass loss from ice shelf break-up in the late 20th century. 190 

This study has demonstrated the importance of Late Holocene ice loading in the modeling of 191 

GIA. This issue is relevant throughout Antarctica and GIA models will need to be revised as new 192 

data relating to this important time period are collected. This study is an improvement over 193 

previous attempts to model Late Holocene ice history; however, it highlights the clear need for 194 

more extensive datasets of past ice loading and uplift in the AP.  195 

6. Conclusions 196 

Accumulation reconstructions and ice-sheet modeling predict up to 45 m of ice-sheet 197 

thickening in the AP over the past 155 years, which may cause significant GIA-related 198 

subsidence. We note that high resolution modeling of accumulation may provide improvements 199 

to our ice load reconstruction in the future and the 5 km resolution of the ice sheet model may be 200 

a limitation for the complex topography of the northern AP. The modeled east-west gradient in 201 

accumulation produces a spatially varying GIA-uplift signal with the greatest subsidence 202 

predicted on the western AP. GIA model results are highly sensitive to the upper mantle viscosity 203 

of the adopted Earth model. The weakest Earth model tested, which is appropriate for the 204 
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northern AP, predicts subsidence rates of up to 3.5 mm/yr in the northern AP. The Earth model 205 

which is likely to be appropriate for the southern AP predicts subsidence rates of up to 3.2 mm/yr 206 

in the southern AP. Current GIA models, which do not account for this loading, predict peak 207 

uplift rates of between 3 mm/yr [Whitehouse et al., 2012b] and 15 mm/yr [Ivins and James, 208 

2005] for the AP. If added to an existing ice-loading history, the extra ice loading modeled here 209 

may explain the low rates of GIA-related uplift observed in the AP from GPS measurements; 210 

however, due to the different Earth structure in West and East Antarctica, rigorous modeling 211 

would only be possible using a 3-D Earth model. GRACE-determined rates of ice-mass change 212 

are biased low for this region as a result of omitting this signal, and they may yet require further 213 

revision to reflect Late Holocene ice-load changes prior to 1850 [Ivins et al., 2011]. However, the 214 

most important implication of our work is that accumulation-driven subsidence will significantly 215 

perturb GPS velocities which are used to validate or constrain models of GIA, and this highlights 216 

the need for more constraints on Late Holocene ice-sheet evolution to drive high resolution ice-217 

sheet and GIA modeling. 218 
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 289 

Figure Captions 290 

Figure 1: Annual accumulation in meters water equivalent (mweq) derived from ice core records 291 

(dark solid lines) and extrapolated to 2010 (light solid lines). EOF-reconstructed accumulation 292 

time series are shown for each location using data from all ice cores (a, dotted lines), and data 293 

from all ice cores except the one being reconstructed (b, dashed lines). Ice-core locations are 294 

shown in the inset. Ice core records reproduced from Mosley-Thompson [1992], Peel [1992], and 295 

Thomas et al. [2008]. 296 

Figure 2: (a) Ice-sheet model output showing net ice thickness change between 1855 and 2010; 297 

(b) Sum of the reconstructed accumulation history between 1855 and 2010; (c) Effect of ice flow, 298 

i.e. (b) minus (a). Ice core locations are shown as red circles. Note that a different color scale is 299 

used in each plot. The southern boundary of the ice sheet model domain is shown as a black 300 

dotted line. Axes are Antarctic Polar Stereographic X, Y (km). 301 

Figure 3: Present-day GIA uplift rates for Earth models (lithospheric thickness h, upper mantle 302 

viscosity ηUM and lower mantle viscosity ηLM): (a) appropriate for the northern AP; (b) 303 

appropriate for the southern AP; and, (c) Whitehouse et al. [2012b] preferred Earth model. GPS 304 

locations are shown as pink circles in (c). Axes are Antarctic Polar Stereographic X, Y (km). 305 
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