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ABSTRACT 

In Iceland, glaciers cover approximately 11% of the land surface and comprise the 

country’s largest reservoir of freshwater. Increases in summer temperatures since the mid-1980s 

have led to rapid mass loss from the Icelandic ice caps of 9.5-11.4 Gt/yr, and continuously 

operating GPS stations nationwide have recorded rapid and accelerating surface uplift. 

Understanding the behavior of Icelandic ice caps – and their relationship to surface uplift, which 

is modulated by the rheological structure of the crust and upper mantle – has important 

implications for water resource management and geohazards analysis. The goals of this study are 

twofold. First, we aim improve the current estimates of glacial isostatic adjustment (GIA)-related 

uplift in Iceland and to examine if and how uplift rates have changed over the last several 

decades. Secondly, we explore the utility of motion recorded by continuously operating Global 

Positioning System stations (cGPS) as an independent measure of ice cap mass variation over 

both decadal and annual time scales. We take advantage of the now longstanding cGPS network 

in Iceland and consider position time series from 62 stations across the entire island.  

Observations made by cGPS stations from 1995-2014.7 show a broad region of rapid 

uplift in central Iceland with near zero uplift observed along the coastal regions to the north and 

west. The most rapid uplift and uplift accelerations occur near the center of the island, between 

the Vatnajökull and Hofsjökull ice caps, with rates exceeding 30 mm/yr and accelerations of 1-2 

mm/yr2. Statistically significant uplift and uplift accelerations are recorded at 27 of the 62 cGPS 

stations, and estimates for the timing of uplift initiation correlate with Arctic warming trends and 

observations of increasing summer temperatures since the mid-1980s. These results represent a 

significant improvement over previous uplift estimates and indicate a likely relationship between 

accelerated ice cap melting and contemporaneous changes in uplift rates.  
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Incorporating cGPS-recorded information about modern-day uplift rates affects estimates 

of mantle viscosity. Ice cap thinning rates are computed by a weighted least squares estimation 

scheme utilizing cGPS-derived secular uplift rates and accelerations and Green’s functions for an 

elastic layer over a Maxwell viscoelastic half-space. We test a range of viscosities from 8 x 1017 

and 1 x 1020 Pa·s and find that thinning rates computed with low viscosities between 2 x 1018 and 

1 x 1019 Pa·s match independently derived ice cap thinning rates best, in accordance with 

previous upper mantle viscosity estimates. 

Similar estimation techniques demonstrate the utility of cGPS to provide a seasonal mass 

variation time series as a potential low-cost compliment to traditional field-based mass balance 

measurements. We use estimates of secular site velocity and acceleration to reduce the time 

series and focus only on the annual periodic motion. The increased temporal resolution afforded 

by the daily cGPS position estimates recovers the interannual variability in the timing and 

magnitude of accumulation and melt seasons with a small RMS reduction relative to a sinusoidal 

model. We also find we are able to identify of the effects of both ice cap insulation as well as 

reduced surface albedo following volcanic eruptions.  
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INTRODUCTION 

GPS geodetic measurements are commonly used to measure glacial isostatic adjustment 

(GIA), including the viscoelastic response of the Earth due to past deglaciation [Milne et al., 

2001; Johansson et al., 2002; Sella et al., 2007] and the elastic response to present-day ice loss 

[Grapenthin et al., 2006; Jiang et al., 2010]. However, identifying the uplift response to modern 

ice mass loss can be challenging as relict viscoelastic responses to past periods of glacial 

advance and retreat can mask and complicate the modern ice loss signal [Wahr and Han, 1997]. 

Iceland’s location and unique tectonic setting make for an exceptional platform to study 

glacial dynamics and to assess the relationship between contemporary ice loss and vertical 

crustal accelerations due to the effects of present-day climate change. Due to low mantle 

viscosities, modern-day climate-driven uplift is not contaminated by viscoelastic relaxation 

following the Pleistocene deglaciation. Furthermore, changes in ice cap mass as well as the 

resulting surface response have been long been recorded. Here, we take advantage of the decade-

long time series of both ice mass balance for the largest ice caps in Iceland as well as the position 

time series derived from the dense and long-standing continuously operating GPS network to 

asses spatial and temporal trends on both annual and decadal time scales. 

Our goals herein are to assess the present-day patterns of climate-driven uplift in Iceland 

and to develop methods by which cGPS position estimates can provide independent measures of 

glacial thinning. 

1. Study setting 

 Iceland, a small island nation in the North Atlantic, has long provided geodesists with the 

opportunity to study many active processes. Earthquakes and other sources of transient crustal 

motion are abundant in the complex mid-ocean ridge-hotspot setting, and the interaction of the 
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hotspot with the divergent plate boundary greatly enhances volcanic activity relative to other 

portions of the Mid-Atlantic Ridge (Figure 1). As the largest subaerial exposure of the Mid-

Atlantic Ridge (MAR), Iceland is a natural laboratory for studies of divergent plate boundary 

tectonics in an oceanic lithosphere setting. Both ridge segments and transform systems are 

exposed subaerially. From the south, the MAR is exposed on land as the Reykjanes Peninsula 

(RP) oblique rift system and continues north to the Hengel triple junction where it transforms 

into the Western Volcanic Zone (WVZ) and South Island Seismic Zone (SISZ), a transform fault 

system accommodating left-lateral shear [Einarsson, 1991] that connects the southern end of the 

WVZ with the southern extent of the Eastern Volcanic Zone (EVZ). The EVZ continues through 

Iceland to the north, becoming the Northern Volcanic Zone (NVZ) to the north of the 

Vatnajökull ice cap. Whereas the WVZ has accommodated most of the crustal spreading in 

southern Iceland for the last 6-7 million years, activity along the EVZ has increased in the last 2-

3 million years and now accommodates most of the current-day plate spreading in southern 

Iceland [LaFemina et al., 2005]. This rift jump is the latest in a long history of complex 

interaction between the MAR and Iceland hotspot [Sigmundsson, 2006]. Due to the relative 

motions of the North American and Eurasian Plates with the mantle plume, the plate boundary 

drifts westward relative to the location of the Iceland hotspot. Overtime, once the plate boundary 

is sufficiently far away from the plume center, the plume breaks through the lithosphere and 

establishes a new spreading center, shifting the plate boundary [Sigmundsson, 2006]. 

 Overlying these complex and interacting tectonic features lie some of the worlds most 

sensitive bodies of ice to changes in climate [Hock et al., 2009]. Glaciers cover approximately 

11% of Iceland’s surface (~11,000 km2) and are primarily located in the Central Highlands 

region and along the southern coast (Figure 1). Although this work does not focus on the tectonic 
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processes in Iceland, the presence of the MAR and Iceland hotspot impact studies of ice cap 

behavior and surface uplift in several important ways. 

1) Rift and hotspot related upwelling results in lower than average mantle viscosities and 

a complex rheological structure. Although the ice history of the last glaciation in Iceland is not 

well constrained, Post-Younger-Dryas isostatic rebound is inferred from coastal terraces to have 

concluded within approximately 1000 years following Pleistocene warming due to low mantle 

viscosities [Sigmundsson, 1991]. These low mantle viscosities resulting from MAR and Iceland 

hotspot upwelling provide a unique opportunity to study the impacts of recent climate-driven 

changes in ice cap mass as the effects of the last glacial maximum no longer impact the uplift 

signal. We take advantage of this in Appendices A and C and consider only the last 30 years of 

climate and ice cap history. In this work, as is standard in GIA modeling studies for Iceland [e.g. 

Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac et al., 

2013; Schmidt et al., 2013], we assume that ice mass variations dominate the cGPS-recorded 

vertical signal.  

2) The spatial configuration of cGPS network is largely designed to study tectonic 

processes. Geodetic studies in Iceland have played a key role in the development of plate 

tectonic theory and the understanding of divergent plate kinematics. Inspired by Alfred 

Wegener’s continental drift theory, German geodesists established the first geodetic network in 

Iceland in 1938 with the specific goal to measure the spreading rate across the NVZ and North 

America-Eurasia plate divergence with triangulation, but it wasn’t until the advent of GPS that 

spreading rates were measured conclusively in Iceland [Sigmundsson, 2006]. Iceland was also 

one of the first places where GPS geodesy was utilized to investigate tectonic processes such as 
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post-rifting relaxation following the Krafla Rifting Episode along the NVZ [Foulger et al., 1992] 

and to measure strain accumulation along the SISZ [Foulger et al., 1993]. 

The continuously operating GPS network in Iceland has likewise been largely designed 

and installed to study ongoing rift and hotspot-related processes. Station density is highest in 

southern Iceland along the SISZ [LaFemina et al., 2005] and to the north along the NVZ. It 

wasn’t until between 2006 and 2009, with the installation of the CHIL network that station 

density in the Central Highlands became dense enough to measure the patterns of GIA at high 

spatial resolution [Geirsson et al., 2010]. Prior to this time, information about uplift patterns in 

Iceland was derived from nationwide GPS campaigns in 1993 and 2004 and, as shown in 

Appendices A and C, such information is incomplete.  

3) Tectonic and volcanic processes contaminate cGPS-records of climate-driven uplift. 

The complex tectonic setting in Iceland limits the cGPS data available for studies of the 

relationship between changes in ice mass and surface motions. Rapid plate spreading is the 

dominant signal recorded in the horizontal cGPS components, and masks any secular horizontal 

motion due to other processes like sustained or accelerating ice mass loss. Thus, studies of long-

term patterns due to ice cap melting, as in Appendices A and C, are limited to only the vertical 

component of motion recorded by cGPS. However, studies such as in Appendix B, where the 

focus is annual seasonal motion, may make use of the north and east components of cGPS.  

Furthermore, transient processes such as the cosesismic and postseismic deformation due 

to fault rupture and the ground motion due to volcanic eruptive events, contaminate the cGPS 

time series. For this work, we identify these processes and remove data that is clearly impacted 

by non-ice cap related processes.  
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2. Motivation 

Nationwide GPS campaigns in 1993 and 2004 afforded a spatially extensive view of the 

uplift patterns across the whole of Iceland. The 11-year time span of the ISNET measurements 

allowed for a large signal-to-noise ratio and 20-30 km station spacing and provided a data set by 

which to examine the contribution of ice melt from all central Iceland ice caps to the observed 

uplift [Árnadóttir et al., 2009]. GPS-based GIA studies have helped to constrain effective elastic 

thickness and mantle viscosity estimates [Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et al., 

2009; Schmidt et al., 2012] and subsequent studies have examined the impact of uplift on such 

processes as mantle melt production [Pagli and Sigmundsson, 2008; Schmidt et al., 2013]. This 

study is focused on utilizing a dense network of continuously operating GPS (cGPS) stations in 

Iceland to update estimates of climate-driven uplift and to assess their effects on estimates of ice 

cap thinning rates and mantle viscosities.  

The Tectonic Geodesy Lab at the University of Arizona has shown through peer-

reviewed publications the utility of cGPS vertical rates in assessing sub-mm/yr vertical rate 

variations over long distances [Bennett et al., 2007; Bennett and Hreinsdóttir, 2007; Fay and 

Bennett, 2008; Buble et al., 2010]. Bennett et al. [2007] demonstrated vertical rate precision of 

within 1 mm/yr is achievable after 2.5 years of continuous GPS measurement and that rate 

precision drops below 0.5 mm/yr after four years of continuous measurement. For this work, we 

take advantage of the long-standing cGPS network in Iceland and note that each of the position 

time series used in our analyses contains at least five years of data and that 17 sites have been in 

operation for over 10 years. With the installation of the CHIL network from 2006-2009, station 

density in the Central Highlands region of Iceland markedly improved such that cGPS is now a 
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valuable tool in assessing the spatial and temporal patterns of climate-driven uplift [Geirsson et 

al., 2010]. 

Time series data from cGPS observations are rich with information about secular site 

motion, as well as annual and semiannual processes. In Iceland, loading and unloading signals 

from seasonal snow accumulation and spring melting are superimposed upon accelerating uplift 

rates due to glacial thinning. cGPS measurements provide us with the means to measure the rate 

at which ice caps are losing mass and whether the rate of thinning is increasing with time due to 

global climate change. The rheological structure of the crust and upper mantle control the rate 

and pattern of crustal displacements we observe with cGPS as snow and ice loads vary through 

time. Specifically, the appendices included herein seek to answer the following questions: 

1) What are the current rates of uplift in Iceland and how are they changing though time? 

2) Can we use cGPS as an independent measure of ice cap mass variation over both 

decadal and annual time scales? 

To address this first question, in Appendix A we evaluate the position time series from 62 

continuously operating GPS stations in Iceland and assess whether there is statistically 

significant improvement when we employ a model that includes an acceleration term to describe 

uplift. To address the second, in Appendix B and C we develop methods to estimate ice mass 

variations on both annual and decadal time scales and evaluate the utility of cGPS observations 

to help inform our understanding of the relationship between Earth’s viscoelastic structure, ice 

cap thinning rates, and surface uplift and note the rise over the last several years in studies that 

have demonstrated GPS-measured displacements to be a powerful tool for evaluating variations 

in water mass [e.g. Elósegui et al., 2003; Ouellette et al., 2013; Argus et al., 2014; Borsa et al., 

2014; Chanard et al., 2014; Fu et al., 2015]. 
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3. Implications 

The work described below has implications for studies of glacial responses to climate 

change. In developing methods by which cGPS position time series can be used as an 

independent measure of ice cap thinning, we provide a low cost compliment to what can be 

costly and time-consuming field-based methods. Furthermore, making use of the daily cGPS 

position estimates represents a substantial increase in temporal resolution. Understanding ice 

mass variations over annual and decadal time scales is valuable for understanding climate-driven 

changes in river discharge and water availability for utilities such as hydropower [e.g. Jónsdóttir, 

2010] and provides critical information for water resource management.  

Furthermore, this work highlights the potential relationships and feedback between ice 

cap behavior and volcanic processes and the important role that cGPS observations play in better 

understanding geologic hazards. For example, incorporating uplift accelerations into estimates of 

decompression melting due to deglaciation may substantially alter estimates of the volume of 

material available for future eruptions [Schmidt et al., 2013], and understanding short-term 

surface load changes will aid in assessing the how ice cap behavior affects the stress conditions 

of shallow magma chambers, which can impact the likelihood of volcanic eruptions [Albino et 

al., 2010. 
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SUMMARY OF WORK 

1. Appendix A 

Icelandic ice caps have been shown to be some of the most sensitive bodies of ice in the 

world to variations in climate [Wouters et al., 2008; Hock et al., 2009; Jacob et al., 2012; 

Björnsson et al., 2013; Zhao et al., 2014], with sensitivities of -0.6 to -3 water-equivalent meters 

(mwe) per degree Celsius change in temperature [Gudmundsson et al., 2011; Pálsson et al., 2012; 

Jóhannesson et al., 2013]. Since 1985, summer air temperatures in Iceland have increased by 

approximately 1 °C and on average, Icelandic ice caps lose between 9.5-11.4 Gt of mass 

annually [Wouters et al., 2008; Jacob et al., 2012; Björnsson et al., 2013; Zhao et al., 2014]. 

Since the mid-1990s, stake-based mass balance field observations have noted accelerating mass 

loss [Björnsson et al., 2013]. In Appendix A, we take advantage of the long-standing cGPS 

network in Iceland to examine the impacts that changes in mass loss rates have on uplift. We 

analyzed all available data from 62 cGPS stations in Iceland for the period 1995 to 2014.7 and 

demonstrated that estimating a time-averaged acceleration in addition to a time-averaged 

velocity results in a better model fit to the vertical coordinate time series. These statistically 

significant upward velocities and accelerations are recorded at 27 GPS stations, predominantly 

located in the Central Highlands region of Iceland, where we record velocities of more than 30 

mm/yr and uplift accelerations of 1-2 mm/yr2. We then used our time-averaged velocity and 

acceleration estimates to compute a probability density function for what we define to be T0, the 

time of zero velocity for each cGPS site. Although T0 estimates vary widely, 72% of all 

estimates fall after the year 1980, consistent with increasing summer temperatures starting in 

1985.   
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It may be appropriate to assume a direct connection between accelerating uplift and 

contemporaneous accelerating mass loss, and indeed a simple admittance analysis demonstrates 

that annual variation in ice mass are reflected in annual variability in vertical position. However, 

viscoelastic responses to mass loss can also result in accelerated uplift, and over the 

asthenospheric viscosity range of 4 x 1018 and 4 x 1019 Pa·s estimated for Iceland [Sigmundsson, 

1991; Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac 

et al., 2013; Schmidt et al., 2013], even a constant unloading will result in a measurable 

acceleration in uplift [Sigmundsson, 2006]. We test whether viscoelastic responses to a constant 

ice cap thinning rate are able to reproduce the cGPS-observed uplift rates and accelerations and 

find that the time-cumulative effects of a constant thinning rate are insufficient. Our findings 

suggest that accelerated mass loss is an important contributing factor to the cGPS-observed uplift 

accelerations, which may have implications for the relationships and feedbacks between climate-

driven ice cap melting and volcanic processes in Iceland.  

This work was published in the February, 2015 issue of Geophysical Research Letters 

and is reprinted here with the permission of the publisher. 

2. Appendix B 

Seasonal variations in position reflect Earth’s elastic response to winter accumulation and 

spring melting on the ice caps [e.g. Grapenthin et al., 2006; Pinel et al., 2007] as well as 

variations in atmospheric pressure (ATML), non-tidal changes in ocean bottom pressure (OBP), 

and changes in continental water storage (CWS), which includes variations in soil moisture and 

surface snow accumulation on non-glaciated regions. In Iceland, where glaciers cover 

approximately 11% of the land surface and comprise the country’s largest reservoir of freshwater 

[Björnsson and Pálsson, 2008], it is important to understand short-term variations in this water 
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resource, especially under a global climate change scenario. In Appendix B, we demonstrate the 

utility of using cGPS-recorded seasonal motions to measure changes in ice cap mass, and thus 

present a low cost compliment to traditional mass balance measurements.  

For this work we estimated parameters for initial offset, velocity, and acceleration to 

reduce the cGPS time series such that the residuals exhibit zero mean quasi-periodic motions 

without secular trends. This data reduction allows us to model the observed seasonal 

displacements as purely elastic and to ignore the impacts of viscoelasticity and long-term uplift. 

Furthermore, we take advantage of all three components of cGPS-recorded motion, noting that 

the annual periodic motion in the horizontal is a direct result of environmental loading and free 

of tectonic signals. Through a weighted least squares inversion preformed independently for each 

epoch for which at least 15 cGPS sites provide position estimates, we show that this method 

captures the interannual variability in seasonal accumulation and melting on the ice caps and that 

correcting for displacements due to ATML, OBP and CWS loading has relatively little effect on 

our load variation time series estimates.  

The increased temporal resolution afforded by utilizing the daily position estimates 

recorded by cGPS allows us to recover the transient impacts of volcanic eruptions and tephra 

deposition on ice cap melting rates. Reduction in surface albedo results as ash layers are 

incorporated into the ice caps and then re-exposed during the summer melt season [Möller et al., 

2014] and as ash is re-suspended and deposited onto ice during subsequent dust storms [Arnalds 

et al., 2016]. Conversely, localized insulation by thick tephra deposits may result in glacial 

advance [Kirkbride and Dugmore, 2003]. We find we may be able to resolve the effects of 

insulation and altered surface albedo due to tephra deposition on the 

Mýrdalsjökull/Eyjafjallajökull and Vatnajökull ice caps following the 2010 Eyjafjallajökull and 
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2011 Grímsvötn eruptions. In both cases, we observe a time lag in melting for those ice caps 

closest to the eruptive center (Mýrdalsjökull/Eyjafjallajökull for the 2010 Eyjafjallajökull and 

Vatnajökull for the 2011 Grímsvötn eruption) and interpret these lags as the ice cap response to 

the insulating effects of thick tephra deposits. Likewise, we interpret the larger than average 

summer mass drop and a longer than average melting season in 2010 in our Vatnajökull load 

variation time series to reflect the reduced surface albedo due to tephra deposition following the 

2010 Eyjafjallajökull eruption. As in Appendix A, our results demonstrate the relationships and 

potential feedbacks between ice melt and volcanic processes.  

3. Appendix C 

In Appendix C, we build upon the method developed in Appendix B to examine our 

ability to estimate ice cap thinning rates over decadal time scales using cGPS-recorded 

accelerating uplift. While some works have used similar techniques to evaluate multi-year 

changes such as the effect of drought in the Western United States [Borsa et al., 2014], to date, 

studies have focused only on the Earth’s elastic response to changes in hydrologic loads. While 

an elastic approximation is appropriate for studies of processes operating over short timescales, 

such as months to years, using GPS to evaluate environmental changes over years to decades will 

need to consider the contribution of viscous relaxation to observed surface displacements. This is 

especially true for places on Earth like Iceland where mantle viscosities are low.  

Whereas in Appendix B we estimated parameters for initial offset, velocity, and 

acceleration in order to reduce the cGPS time series, here we solve for those parameters and use 

the resulting estimates to create a down-sampled uniform time series from 2004-2014 and from 

1985-2014 for each of the 62 cGPS sites in our analysis. We again employ a weighted least 

squares inversion scheme. Uncertainties assigned to our smoothed and down-sampled time series 
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are governed by the modeled velocity and acceleration uncertainties and also take into account 

the presence of breaks and gaps as well as extrapolation error, such that uncertainties for epochs 

missing data, either within the time series as a data gap, or at the ends of the time series from 

which we extrapolate, are larger by an order of magnitude than the sub-millimeter uncertainties 

assigned to epochs with well constrained position estimates. We compute Green’s functions as 

the vertical displacement responses to the removal of a 1 mwe load over each ice cap individually 

assuming an elastic layer over a Maxwell viscoelastic half-space and test a range of viscosities 

from 8 x 1017 and 1 x 1020 Pa·s, which includes the range of mantle viscosity estimates from 

previous GIA studies in Iceland [Sigmundsson, 1991; Pagli et al., 2007; Pinel et al., 2007; 

Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac et al., 2013; Schmidt et al., 2013]. 

Our results demonstrate the potential biases introduced by estimating thinning rates over 

a short time estimation window, and reflect the impact that uplift accelerations have on viscosity 

estimates and thinning rates for the Icelandic ice caps. We note that the results of studies that do 

not account for uplift accelerations may be biased toward higher viscosities. We find viscosities 

of 2 x 1018 to 1 x 1019 Pa·s for the Vatnajökull, Hofsjökull, and Langjökull ice caps produce 

thinning rate estimates that match those rates derived by independent methods.  
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FIGURES 

 

 
Figure 1: Tectonic map of Iceland showing the location of rift zones (orange), fault zones, and 

volcanic centers. EVZ=Eastern Volcanic Rift Zone, KR=Kolbeinsey Ridge, NVZ=Northern 

Volcanic Zone, RP=Reykjanes Peninsula, RR=Reykjanes Ridge, SISZ: South Iceland Seismic 

Zone, TFZ=Tjörnes Fracture Zone, WVZ= Western Volcanic Zone. Names of the 6 largest ice 

sheets also given. For this work, we only consider the behavior of the ice caps in central and 

southern Iceland. cGPS coverage is too sparse in northwest Iceland to provide meaningful 

information about the behavior of Drangajökull. Installation and operation of the sites used in 

this study were led by the Icelandic Meteorological Office (IMO) (Red), University of Iceland, 

University of Arizona (Purple), Penn State (Blue), ETH (Green), Landmælingar Íslands, 

Landsvirkjun, Université de Savoie, Bayerische Akademie der Wissenschaften and KAUST. 

Base map courtesy of Sigrún Hreinsdóttir. 
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Abstract  

Earth’s present-day response to enhanced glacial melting resulting from climate change 

can be measured using Global Positioning System (GPS) technology. We present data from 62 

continuously operating GPS instruments in Iceland. Statistically significant upward velocity and 

accelerations are recorded at 27 GPS stations, predominantly located in the Central Highlands 

region of Iceland, where present-day thinning of the Iceland ice caps results in velocities of more 

than 30 mm/yr and uplift accelerations of 1-2 mm/yr2. We use our acceleration estimates to back-

calculate to a time of zero velocity, which coincides with the initiation of ice loss in Iceland from 

ice mass balance calculations and Arctic warming trends. We show, through a simple inversion, 

a direct relationship between ice mass balance measurements and vertical position and show that 

accelerated unloading is required to reproduce uplift observations for a simple elastic layer over 

viscoelastic half-space model. 
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1. Introduction 

GPS geodetic measurements are commonly used to measure glacial isostatic adjustment 

(GIA), including the viscoelastic response of the Earth due to past deglaciation [Milne et al., 

2001; Johansson, 2002; Sella et al., 2007] and the elastic response to present-day ice loss 

[Grapenthin et al., 2006; Jiang et al., 2010]. GPS measurements of GIA have been used to infer 

the rheological properties of the Earth [Milne et al., 2001; Pagli et al., 2007; Árnadóttir et al., 

2009; Schmidt et al., 2012; 2013] and to quantify the impact of GIA on processes such as 

decompression melting and volcanism [Pagli and Sigmundsson, 2008; Schmidt et al., 2012; 

2013]. With Earth’s changing climate, GPS has become an increasingly useful tool in measuring 

the effects of modern ice loss on GIA. In the North Atlantic, accelerating uplift measured by 

sparsely distributed GPS stations [Jiang et al., 2010; Bevis et al., 2012] has been attributed to 

accelerating ice mass loss in Greenland, Iceland and Svalbard [Bevis et al., 2012; Yang et al., 

2013]. Indeed, rapid acceleration of 3.56 ± 0.24 mm/yr2 is recorded by GPS station KAGA in 

western Greenland near the Jakobshavn Isbrae glacier [Bevis and Brown, 2014]. 

However, identifying the uplift response to modern ice mass loss can be challenging as 

relict viscoelastic responses to past periods of glacial advance and retreat can mask and 

complicate the modern ice loss signal [Wahr and Han, 1997]. Additionally, to relate uplift to 

modern ice melt, both crustal motion and ice-thickness time series should ideally be long enough 

to overcome annual climate variability and uncertainties inherent to estimates for vertical crustal 

motion [Bennett et al., 2007].  

Iceland is a favorable location for studying the isostatic response to recent and ongoing 

glacial unloading and linking contemporary ice loss and vertical crustal accelerations to global 

climate change. Viscoelastic relaxation following Pleistocene deglaciation appears to have 
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concluded by 9,000 BP, due to the low mantle viscosity associated with the Iceland hot spot 

[Sigmundsson, 1991]. Because relict rebound appears to be negligible, we expect that the 

observed secular uplift measured by GPS in Iceland is primarily the result of more recent 

forcing. We present our analysis of 62 CGPS sites below. Average station spacing is 30 km or 

less in central and southern Iceland, where five of the six largest ice caps are located, and each 

time series includes at least five years of data allowing for well resolved trends in uplift both 

spatially and temporally. Of the stations used in this study, 17 have been in operation for over 10 

years. Furthermore, mass balance history for the major ice caps in central Iceland are well 

known, and decade long time series exist for Vatnajökull, Hofsjökull and Langjökull. 

2. GPS time series analyses 

 We analyzed all available data from 62 CGPS stations in Iceland for the period 1995 to 

2014.7. We excluded sites exhibiting obvious and well-understood signals associated with 

volcanic and geothermal processes, including volcanic inflation and deflation (GRIM and GFUM 

on the rim of Grímsvötn volcano located in the center of the Vatnajökull ice cap [Hreinsdottir et 

al., 2014] and KRIV located on the Reykjanes Peninsula [Michalczewska et al., 2013]), data 

spanning the Bárðarbunga rifting and eruption for those sites in close proximity, and rapid 

subsidence associated with geothermal energy production (OLKE and HVER [Geirsson et al., 

2010; 2012]). We compared two kinematic models to explain the coordinate time series: (1) a 

linear 6-parameter model consisting of a coordinate offset term, a time-averaged coordinate 

velocity, and coefficients for sine and cosine terms representing annual and semi-annual site 

motion, and (2) a second order polynomial model with 7-parameters that includes a time-

averaged coordinate acceleration term in addition to all of the terms included in model (1). We 

used our time-averaged estimates of velocity and acceleration to calculate the velocity at each 
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site for epoch 2014.5 and to create a time-consistent velocity field. The 2014.5 velocity and time-

averaged acceleration estimates we obtained using model (2) are presented in Figure 1 and 

Supplementary Table 1.  

2.1 F-tests 

We use the F-test of an additional term [Bevington and Robinson, 2003] to determine 

whether including an acceleration term in the time series modeling significantly improves the fit 

to the CGPS measurements of vertical displacement over the one-velocity model while 

accounting for changes in the available degrees of freedom. We calculate the F-statistic by 

!! = !!
! ! !!!! !!! !
!! !

(!!!!!)
                                                                                                                     (1) 

where n = the number of observations in the time series and m = 6 (coordinate offset term, time-

averaged coordinate velocity, and sinusoids representing annual and semi-annual site motion). 

We find that the acceleration model (model 2) provides a significantly better fit to the data at the 

99% confidence level for 50 of the 62 sites (Figure 2, Supplementary Table 2) and provides 

significant chi-squared reduction at the 90% confidence level or above for 55 sites.  

We also tested the utility of a 2-velocity model (model 3) wherein, rather than an 

acceleration term, the velocity was allowed to change from one value to another at a defined 

epoch. We chose the time series for those nine sites that have been in operation since before the 

start of 2004 and for which we estimate a positive acceleration that is statistically different than 

zero. We fit the time series by varying the velocity change-time (Tc) to be the start of each 

calendar year and calculated a chi-squared value for each fit. Our analyses are consistent with 

previous studies [Grapenthin et al., 2006; Jiang et al., 2010] and show no consistent best-fit Tc 

(Supplementary Table 3). We do not find a compelling reason to support 2004 velocity change-
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time proposed by previous work [Geirsson et al., 2012]. Though the two-velocity model 

provides an improvement in time series fit over the one-velocity model (model 1), we find that 

the time-averaged acceleration model (model 2) provides a better fit to five of the nine time 

series, four of which are better fit at the 99% confidence level (Supplementary Table 2). There 

are four time series (HOFN, JOKU, KIDJ, SOHO) for which the 2-velocity model provides a 

better fit over the acceleration model (Supplementary Table 2). However, each time series shows 

a different best-fit Tc. Based upon these statistical observations, we focus only on the results 

from the time-averaged acceleration model for the remainder of the discussion. 

3. Regional uplift patterns 

 Our vertical velocity estimates generally agree with previously published velocity fields 

[Árnadóttir et al., 2009; Geirsson et al., 2010] and show a broad region of rapid uplift in central 

Iceland with near zero uplift observed along the coastal regions to the north and west (Figure 1a). 

The largest vertical velocities occur near the center of the island, between the Vatnajökull and 

Hofsjökull ice caps at rates exceeding 30 mm/yr. Velocity uncertainties have a mean of 1.5 

mm/yr. The pattern of acceleration mimics that of the velocity field such that the velocity 

contrast between the interior and coastal regions is being enhanced over time (Figure 1b, 

Supplementary Figure 1). Largest positive accelerations of more than 1 mm/yr2 are observed in 

central Iceland and the mean acceleration uncertainty is 0.3 mm/yr2. Acceleration estimates are 

statistically different than zero at 1! confidence for 41 of the 62 CGPS sites (28 sites record 

statistically significant accelerations at 95% confidence and 20 sites record statistically 

significant accelerations at 99% confidence). Velocity and acceleration estimates are positively 

correlated (0.8, r95 = 0.25, n = 62; Supplementary Figure 2) such that sites in central Iceland with 

the largest positive velocities are also the sites with the largest positive accelerations.  
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Sites in central and southern Iceland, closest to the major ice caps, which measure the 

largest velocities and accelerations, also display the largest annual variations in vertical position. 

We find that our velocity and acceleration estimates are positively correlated with the amplitude 

of annual site motion with calculated correlation coefficients of 0.73 and 0.35 respectively 

(Supplementary Figure 2). Seasonal snow load on the Icelandic glaciers account for a significant 

proportion of the annual signal measured by GPS [Grapenthin et al., 2006; Pinel et al., 2007], 

and these observations support the hypothesis that variability of snow and ice mass loads result 

in a similar spatial pattern of crustal motion on both annual and decadal time scales, presumably 

controlled by the current locations of the ice caps and driven by weather and climate, 

respectively. 

4. Climate induced regional uplift 

 Although most large ice caps in Iceland overlie volcanic centers, subglacial volcanic 

eruptions and geothermal heat flow accounts for less than 5% of the total observed ice melt 

[Björnsson, 2002; Björnsson et al., 2013]. Thus, ~95% of the total ice melt in Iceland is likely 

the result of climate. We conducted several simple analyses to investigate the relationship 

between the timing of ice mass loss and uplift.  

4.1 T0 velocity estimates 

 We used our time-averaged velocity and acceleration estimates and the associated 

estimate errors, to calculate a probability density function of the time of zero velocity, T0 (Figure 

3a). We limited our analysis to the 27 sites in central and southern Iceland for which velocity and 

acceleration estimates are both positive in sign, and acceleration estimates are statistically 

different than zero. All of these sites pass the F-test described above in favor of the acceleration 
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model at the 99% confidence level. We make the following assumptions when calculating the 

probability density functions for T0 timing: 

1) Our acceleration estimates, which represent the acceleration averaged over the period of 

observation, approximate a longer-term acceleration that has been constant across a time span 

that may exceed the period of observation. 

2) T0 represents the epoch before which acceleration and velocity were zero, such that T0 may be 

estimated from 

!! = ! !! − ! !"#$%&'(
!""#$#%!&'(!                                                                                                                 (2) 

where !! is the midpoint of the time series, which corresponds to the epoch represented by our 

time-averaged velocity estimates. 

We calculate a standard Gaussian probability function by 

! ! = ! !
!!! !! !"#−

(!!!!)!
!!!!

!                                                                                                          (3) 

where !!!!  represents the uncertainties in both the velocity and acceleration estimates and is given 

by 

!!!! = ! !!! !!
! + ! !!!! !!

!                                                                                                                     (4) 

 We note that our assumption (1) implies a linear relationship between ice melt and uplift 

over the calculated period of melting and does not account for the effects of viscous responses on 

uplift acceleration, which would result in a changing acceleration rate though time. We examine 

the elastic and viscous responses to unloading in the sections below. 

 Although T0 estimates vary widely, 72% of all estimates fall after the year 1980 (Figure 

3a). These estimates are consistent with arctic surface temperature observations that show a 

transition from negative to positive annual temperature anomalies in 1989 and a lengthening of 
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the Arctic melt season by as many as 17 days per decade [Comiso, 2003]. Furthermore, ice cap 

mass balance trends in Iceland show a transition to sustained mass loss starting in the mid-1990s 

[Björnsson et al., 2013] after nearly a decade of alternating mass accumulation and mass loss  

[Sigurđsson et al., 2007]. Coupled climate-mass balance modeling indicates a direct relationship 

between air temperature and ice mass fluctuations in Iceland [Aðalgeirsdóttir et al., 2011; 

Björnsson et al., 2013] and greater sensitivity to summer temperatures than to winter 

temperatures or precipitation [Hock et al., 2009; Björnsson et al., 2013]. Indeed, Iceland ice caps 

have been shown to be some of the most sensitive to variations in climate and climate warming 

[Hock et al., 2009]. Proxy temperature records show four of the five warmest decades in the last 

2000 years occurred after 1950 [Kaufman et al., 2009]. 

 4.2 Admittance analysis 

 To evaluate whether the rapid and accelerating uplift in Iceland might be the result of 

climate driven glacial melting, we conducted a simple admittance analysis [Elósegui, 2003] to 

relate annual changes in ice mass [Björnsson et al., 2013] of the three largest ice caps to annual 

changes in vertical position for a select number of CGPS sites using 

! ! = !" ! + !!(!)                                                         (5) 

where ! represents the annual difference in vertical position measured by GPS for year (t), ! is 

the admittance parameter, ! represents the ice mass change for the three largest ice caps, 

Vatnajökull, Hofsjökull, and Langjökull, and ! is the observational error. We created annual 

position difference time series by calculating a weighted average of the daily position estimates 

and uncertainties for the month of October. Our choice to use October measurements stems from 

the timing of a glacier-year, defined as one winter and one summer (roughly from October 1st to 

September 30th) and the relative stability of the vertical position estimates at that time. By 
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choosing October, we align the GPS data with the timing of the ice mass balance measurements 

and mitigate any biases that could be introduced by variations in the timing of seasonal snowfall 

events or spring melting. To validate our choice, we calculated admittances for two sites, SKRO 

and HOFN, using different annual position time series data sets calculated by weighted averages 

for each month from August through December. For both sites, the sum square misfit to the data 

is smallest for October. 

Though the model is exceedingly simple, we find a reasonable fit to the position data, 

most often within 10 mm of the observed position measurements (Figure 3b). It is also 

interesting to note the marked jump in both ice mass loss and change in vertical position from 

2009-2010. This time period includes the April, 2010 eruption of Eyjafjallajökull, the ash from 

which resulted in enhanced melting all over Iceland [Gudmundsson et al., 2012]. Vertical 

position estimates show a contemporaneous jump, indicating that annual changes in ice mass are 

directly reflected by annual changes in uplift.  

 Despite annual variability in the ice mass balance data [Björnsson et al., 2013], one can 

calculate an average ice melt acceleration of 0.098 mwe/yr2 (meters of water equivalent averaged 

over the glacial area following Björnsson et al. [2013]) for the Vatnajökull ice cap since 1991. 

Excluding the melt event of 2009-2010, the acceleration is 0.084 mwe/yr2. Because Icelandic ice 

caps appear to be melting at an accelerating rate, and changes in annual uplift can be reasonably 

reproduced via simple admittance analysis, we are confident in stating that observed uplift 

accelerations are due, at least in part, to the elastic response to accelerated unloading. 

4.3 Viscoelastic responses to unloading 

Previous GIA modeling for Iceland has resulted in asthenospheric viscosity estimates of 

4-10 x 1018 Pa s [Pagli et al., 2007; Auriac et al., 2013] and 1 x 1019 Pa s [Árnadóttir et al., 
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2009; Schmidt et al., 2012; 2013]. With low viscosity estimates, the viscous response to 

unloading over a time period of decades becomes an important component to understanding 

uplift. Indeed, over these viscosity ranges, even a constant unloading will result in a measurable 

acceleration in uplift. We explore the relationship between unloading and uplift acceleration with 

a simple elastic layer over viscoelastic half-space model (Figure 4). We used the Computational 

Infrastructure for Geodynamics (CIG) supported program RELAX [Barbot, 2011] and chose to 

model a 35 km elastic layer over a viscoelastic half-space following Schmidt et al. [2013]. We 

tested viscosities of 5 x 1019, 1 x 1019, and 5 x 1018 Pa s. We approximated the Vatnajökull ice 

cap as a square with length and width of 90 km and calculated the displacement at a point 25 km 

from the edge of the load for comparison with such CGPS sites as SKRO and HAUC 

(Supplementary Table 1). We imposed a constant unloading rate of 1 mwe/yr to approximate the 

findings by Björnsson et al. [2013] and calculated displacements over a 50-year period (Figure 

4a). We calculate an uplift acceleration under a regime of constant unloading but we are unable 

to reproduce our observations. The average acceleration for the time period 30-40 years after the 

initiation of unloading is 0.1 mm/yr2, 0.4 mm/yr2, and 0.5 mm/yr2 for 5 x 1019 Pa s, 1 x 1019 Pa s, 

and 5 x 1018 Pa s respectively. Though the low viscosity case approaches the observed velocities 

toward the end of the model run, we find that in all cases acceleration estimates fall below the 

observations.  

If we introduce an accelerated unloading we are better able to reproduce the GPS 

observed uplift velocities and accelerations. We tested two cases of accelerated unloading. First, 

we ran a model in which the initial unloading was 0 m and imposed an acceleration such that the 

average load removed over the 50-yr period was 1 mwe. This acceleration of 0.04 mwe/yr2 results 

in a total loss of 413 Gt over 50 years and an average loss of 8.3 Gt/yr. We tested the three 
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aforementioned viscosities and found only the lowest viscosity case to reproduce our 

observations (Figure 4b). With a half-space viscosity of 5 x 1018 Pa s we find that the time period 

between 40-45 years after the initiation of melting results in an average uplift velocity of ~36 

mm/yr and average acceleration of 1.3 mm/yr2; nearly identical to our observations at site 

SKRO. 

We then imposed an acceleration of 0.084 mwe/yr2, to reflect the acceleration of ice mass 

loss calculated from the annual balance time series for Vatnajökull presented in Björnsson et al. 

[2013]. Of the three viscosities tested, we find that 1 x 1019 Pa s fits best. We also find that the 

time period that most closely matches both velocity and acceleration observations corresponds 

with our T0 estimates. For the time period between 30-40 years after the initiation of unloading, 

we calculate an average velocity of ~36 mm/yr and an average acceleration of 1.6 mm/yr2 for the 

1 x 1019 Pa s case (Figure 4b). These values are similar to our 2014.5 velocity and time-averaged 

acceleration estimates for SKRO (v = 36.7 ± 0.6, a = 1.3 ± 0.1) and HAUC (v = 33.1 ± 1.4, a = 

0.9 ± 0.4) (Supplementary Table 1). For comparison, under the 0.04 mwe/yr2 acceleration and 5 x 

1018 Pa s case, average velocity is ~27 mm/yr and average acceleration is 1.2 mm/yr2 for the time 

spanning 30-40 years after the initiation of unloading. This trade off between unloading 

acceleration rate and half-space viscosity will be important as we pursue more in depth modeling 

in the future. In fixing the average thinning to 1 mwe/yr, our preferred model suggests lower-

crustal and upper-mantle viscosities at the very lowest of the previously proposed range. 

However, a viscosity of 1 x 1019 Pa s requires more melting than is currently reported. If current 

methods to measure ice mass balance underestimate melting, then GPS measurements of uplift 

may provide a complementary set of observations with which to improve the current estimates. 

Based on these preliminary results, our findings suggest that accelerated mass loss is an 



 

 37 

important contributing factor to the CGPS observed uplift accelerations. Although an alternative 

rheological model that more closely matches the CGPS observations under a constant unloading 

regime may exist, testing all possible viscosities is beyond the scope of this paper. More detailed 

GIA modeling will be reserved for future works. 

5. Conclusions 

Temperature and ice mass balance projections [Aðalgeirsdóttir et al., 2006; 2011] 

suggest ongoing glacial thinning. Mass balance calculations of the Icelandic ice caps extending 

back to the early 1990s demonstrate increasing ice mass loss since 1995 [Björnsson et al., 2013], 

and these thinning trends are expected to continue. Coupled climate-mass balance models 

indicate that the ice volume of the Hofsjökull and southern Vatnajökull ice caps may decrease by 

half within the next two centuries [Aðalgeirsdóttir et al., 2006] and outlet glaciers such as 

Hoffellsjökull in the northeastern part of Vatnajökull are expected to disappear entirely 

[Aðalgeirsdóttir et al., 2011].  

We show that both simple admittance analysis and calculating the response to unloading 

over a viscous half-space require an accelerating ice melt rate to adequately reproduce the CGPS 

observations. Thus, CGPS is likely recording the uplift responses to warming trends and 

accelerated ice melt since 1980. Though uplift accelerations do result from constant unloading, 

these accelerations fall below CGPS observations. 

Uplift is likely to continue to increase at accelerating rates. In central Iceland, continued 

acceleration, if maintained at the values we have estimated, would result in uplift rates over 40 

mm/yr in central Iceland within the next decade. Taking crustal accelerations into account may 

alter estimates of lithospheric and upper asthenospheric rheology [Árnadóttir et al., 2009; 

Schmidt et al., 2012] as well as the impacts of uplift on volcanic processes [Schmidt et al., 2013] 
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and estimates of plate spreading rates. For example, recent findings indicate that decompression 

melting due to deglaciation could result in an increase in the volume of erupted volcanics as 

much as one 2010 Eyjafjallajökull-sized eruption every seven years [Schmidt et al., 2013]. It 

follows that accelerated ice loss could lead to more rapid decompression melting and higher 

volumes of erupted material, which could have global economic impacts. Furthermore, there is 

likely to be a horizontal signal associated with the melt-related rapid uplift and uplift 

acceleration. Though these horizontal motions will much smaller than the observed vertical 

motion [e.g. Wahr et al., 2013], they could provide a small correction to current plate spreading 

rate estimates. 
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8. Figures 

 

 

Figure 1: Velocity and acceleration measurements from 62 CGPS stations in Iceland and 

the location of major ice caps. a) Velocity as of 2014.5. b) Time-averaged acceleration. Color 

bars indicate magnitude while the size of the symbol is inversely proportional to the certainty of 

the measurement. V=Vatnajökull, H=Hofsjökull, L=Langjökull, ME=Mýrdalsjökull and 

Eyjafjallajökull, D=Drangajökull. 
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Figure 2: Representative time series and residual comparison. a) Displacement time series 

for three sites, HVOL, ISAK, and SKRO (locations shown in inset). b) Residuals and chi-

squared values after time series are fit with a 6-parameter linear model including a coordinate 

offset term, a time-averaged coordinate velocity, and sinusoids representing annual and semi-

annual site motion c. Residuals and chi-squared values after time series are fit by a model that 

includes a time-averaged acceleration term. Chi-squared reduction is significant to 99% for all 

three time series shown. 
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Figure 3: a) T0 probability distributions. Blue lines represent the probability distribution for 

each site individually with the red indicating the re-normalized sum. Locations of sites used in 

analysis shown in inset. b) Admittance analysis modeling results. Annual difference time 

series (blue) are fit to within 1cm by simple admittance modeling (red) for sites HOFN, SKRO, 

and ISAK (locations shown in inset). Both time series represent the change from one year to the 

next. For example, 2010 represents the change in position from October 2009 to October 2010. 
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Figure 4: Uplift responses to unloading: elastic layer over viscoelastic half-space.  

a) Uplift rates for a constant unloading (solid lines) of 1 m/yr from a square with length and 

width of 90km over a 35 km elastic layer over a viscoelastic half-space with viscosity 5 x 1018 

(red), 1 x 1019 (green), and 5 x 1019 (blue). b) Uplift rates for an accelerated unloading of 0.04 m 

/yr2 and 0.084 m/yr2. Rates shown are for a point 25 km from the edge of the load. Years 30-40 

are shaded as well as the velocity range between 30-40 mm/yr. Black line represents the uplift 

velocity estimate for site SKRO (36.7 mm/yr). We find that an accelerated unloading rate is 

necessary to reproduce both the CGPS measured uplift velocities and accelerations. 
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9. Supplementary Materials 

Introduction: 

We processed CGPS data from Iceland together with >100 globally distributed reference 

stations following standard methods using GAMIT/GLOBK version 10.4 [Herring et al., 2010] 

including the International GNSS Service (IGS) ISG05 absolute phase center and FES2004 

ocean loading models. We estimated corrections to a priori estimates of orbital parameters and 

Earth orientation available from the MIT GAMIT ftp site (ftp://chandler.mit.edu). The time 

series, velocities and accelerations presented are relative to the ITRF2008 reference frame 

[Altamimi et al., 2011]. 
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Site Longitude Latitude  Start End Velocity 

(mm/yr) 
Acceleration 

(mm/yr2) 
Annual       
(mm) 

Semi-
annual 
(mm) 

AKUR 341.878 65.685 2001.6 2012.8 3.7 ± 0.3 -0.0 ± 0.05 5.0 ± 0.4 2.3 ± 0.4 
ARHO 342.891 66.193 2002.6 2014.7 -0.3 ± 0.5 -0.1 ± 0.1 3.8 ± 0.6 1.9 ± 0.6 
BALD 344.251 64.924 2008 2014.6 18.8 ± 1.7 0.3 ± 0.5 8.5 ± 1.0 1.1 ± 1.0 
BRUJ 343.912 64.829 2005.7 2011.4 44.2 ± 3.8 3.1 ± 0.6 8.3 ± 1.7 1.2 ± 1.6 
BUDH 340.675 64.24 2006.6 2014.7 23.5 ± 1.2 0.9 ± 0.3 6.8 ± 1.4 1.7 ± 1.4 
DYNC 342.634 64.791 2008.7 2014.6 17.2 ± 1.8 -0.3 ± 0.6 11.8 ± 1.6 1.9 ± 1.6 
FITC 340.408 64.337 2007.6 2014.7 21.7 ± 1.0 0.8 ± 0.3 8.6 ± 1.1 1.1 ± 1.0 
FJOC 341.994 64.875 2007.7 2014.6 23.7 ± 1.3 0.1 ± 0.4 8.8 ± 1.4 1.5 ± 1.4 
FTEY 342.152 66.16 2007.8 2014.2 -6.6 ± 1.0 -1.4 ± 0.3 4.9 ± 0.6 1.9 ± 0.6 
GAKE 343.235 66.078 2006.9 2014.1 -1.0 ± 1.4 -0.4 ± 0.3 3.2 ± 1.0 2.2 ± 1.0 
GLER 340.198 64.023 2006.4 2014.7 23.9 ± 1.4 1.1 ± 0.3 5.2 ± 1.2 1.2 ± 1.2 
GMEY 341.981 66.539 2007.5 2014.7 -9.5 ± 0.9 -1.2 ± 0.3 3.3 ± 0.7 1.4 ± 0.7 
GOLA 340.678 63.66 2004.1 2014.7 14.3 ± 2.4 -0.3 ± 0.4 7.3 ± 2.1 1.4 ± 2.1 
GRAN 342.421 65.919 2006.7 2013.9 -2.9 ± 2.2 -0.8 ± 0.5 4.6 ± 1.2 1.9 ± 1.2 
GRVA 340.616 64.464 2009.5 2014.7 22.5 ± 1.1 0.5 ± 0.4 8.4 ± 1.0 1.9 ± 1.0 
HAHV 344.191 64.949 2008 2014.5 14.1 ± 1.8 -0.6 ± 0.5 4.5 ± 1.7 2.3 ± 1.7 
HAMR 340.014 63.622 2000.5 2014.7 6.0 ± 1.0 -0.1 ± 0.1 4.3 ± 1.6 1.3 ± 1.6 
HAUC 341.655 64.711 2007.7 2014.6 33.1 ± 1.4 0.9 ± 0.4 9.4 ± 1.4 1.8 ± 1.4 
HAUD 340.036 63.969 2006.9 2014.7 20.7 ± 1.2 1.5 ± 0.3 4.9 ± 1.4 1.5 ± 1.4 
HEDI 342.691 66.081 2006.9 2014.2 3.4 ± 2.1 0.5 ± 0.5 3.0 ± 1.2 2.1 ± 1.2 
HEID 345.459 65.381 2006.6 2012.8 3.4 ± 1.3 -0.2 ± 0.3 4.0 ± 0.8 1.6 ± 0.8 
HEKR 340.342 64.012 2006.7 2014.7 14.8 ± 1.0 0.5 ± 0.3 7.1 ± 1.2 1.3 ± 1.2 
HESA 340.439 64.047 2006.9 2014.7 20.4 ± 1.1 0.8 ± 0.3 6.3 ± 1.3 2.0 ± 1.3 
HLFJ 339.864 64.277 2006.6 2014.7 15.0 ±1.3 0.3 ± 0.3 5.2 ± 1.1 1.6 ± 1.0 
HLID 338.61 63.921 1999.4 2014.5 -1.8 ± 0.4 -0.2 ± 0.05 3.4 ± 0.6 1.7 ± 0.6 
HOFN  344.802 64.267 1997.5 2014.7 13.8 ± 1.1 0.1 ± 0.1 5.2 ± 1.4 1.2 ± 1.4 
HOTJ 342.756 66.162 2006.9 2014.7 -2.3 ± 1.2 -0.2 ± 0.3 4.4 ± 1.1 3.3 ± 1.1 
HVEL 340.439 64.873 2006.6 2014.6 18.2 ± 1.0 0.7 ± 0.2 5.9 ± 1.1 2.2 ± 1.1 
HVOL 341.152 63.526 1999.8 2014.7 14.6 ± 0.5 0.5 ± 0.1 6.6 ± 0.9 1.1 ± 0.9 
INSK 340.466 64.683 2008.6 2014.6 22.7 ± 1.5 0.8 ± 0.5 7.8 ± 1.2 2.1 ± 1.1 
INTA 344.217 64.94 2007.9 2014.7 14.4 ± 1.3 -0.6 ± 0.4 6.0 ± 1.3 0.7 ± 1.3 
ISAF 336.881 66.074 2009.6 2012.8 -1.7 ± 4.7 -0.5 ± 1.4 4.1 ± 1.0 1.9 ± 1.0 
ISAK 340.253 64.119 2001.6 2014.7 19.8 ± 0.4 0.5 ± 0.1 6.0 ± 0.7 1.2 ± 0.7 
JOKU 341.76 64.31 2000.4 2010.6 37.1 ± 3.2 0.9 ± 0.4 8.6 ± 1.3 1.3 ± 2.1 
KALT 339.344 63.897 2007 2014.7 6.8 ± 0.9 0.4 ± 0.2 3.6 ± 0.8 1.4 ± 0.7 
KARV 344.16 64.933 2005.7 2011.6 37.9 ± 4.8 3.3 ± 0.8 4.8 ± 2.2 1.2 ± 2.2 
KIDC 342.058 65.019 2007.7 2014.6 20.3 ± 1.6 0.5 ± 0.5 8.7 ± 1.4 1.8 ± 1.4 
KIDJ 339.225 63.997 2001.1 2014.7 6.8 ± 0.3 0.3 ± 0.04 3.8 ± 0.6 1.0 ± 0.6 

KOSK 343.557 66.303 2006.9 2014.1 -1.9 ± 1.1 -0.5 ± 0.3 3.5 ± 1.0 2.4 ± 1.0 
KVIS 342.728 66.101 2006.8 2013.1 -1.9 ± 1.5 -0.3 ± 0.3 3.9 ± 0.9 2.2 ± 0.9 
LFEL 340.241 64.526 2006.6 2013.5 26.2 ± 1.5 2.0 ± 0.3 6.4 ± 1.2 2.3 ± 1.2 
MJSK 340.328 63.933 2007 2014.3 17.8 ± 1.4 0.6 ± 0.3 7.7 ± 1.5 2.0 ± 1.4 
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MYVA 343.109 65.642 2006.7 2013.1 -2.2 ± 5.9 -0.6 ± 1.2 3.9 ± 1.0 3.3 ± 0.9 
NORS 340.283 64.035 2006.7 2014.3 22.9 ± 1.3 0.9 ± 0.3 4.7 ± 1.2 1.8 ± 1.2 
NYLA 337.262 63.974 2006.6 2014.6 -2.5 ± 0.9 0.5 ± 0.2 2.9 ± 1.1 1.5 ± 1.1 
REYK 338.045 64.139 1996.1 2014.7 0.1 ± 0.8 0.1 ± 0.1 3.5 ± 0.7 1.3 ± 0.7 
REYZ 338.045 64.139 2000 2007.7 -2.2 ± 1.8 0.0± 0.2 2.3 ± 0.8 0.9 ± 0.8 
RHOF 344.053 66.461 2001.5 2014.7 0.3 ± 0.7 -0.1 ± 0.1 0.5 ± 0.2 0.1 ± 0.2 
SARP 338.734 64.467 2008.7 2014.6 4.1 ± 0.9 -0.2 ± 0.3 4.3 ± 0.8 1.2 ± 0.9 
SAUD 344.116 64.898 2004.8 2014.6 20.9 ± 1.3 0.6 ± 0.3 5.9 ± 1.8 0.5 ± 1.8 
SAUR 339.575 63.984 2007.1 2014.6 9.8 ± 0.8 0.1 ± 0.2 4.7 ± 0.9 1.7 ± 0.9 
SAVI 342.624 65.993 2007.7 2014.0 -3.6 ± 1.6 -1.0 ± 0.4 5.5 ± 1.1 2.2 ± 1.1 
SELF 338.968 63.929 2001.5 2014.7 3.1 ± 0.4 0.0 ± 0.1 4.3 ± 0.7 1.5 ± 0.7 
SIFJ 341.101 66.138 2006.7 2014.5 -0.7 ± 1.1 0.4 ± 0.3 4.6 ± 0.6 2.1 ± 0.6 

SKDA 339.334 64.377 2008.6 2014.7 7.7 ± 1.5 -0.1 ± 0.5 5.2 ± 1.3 1.3 ± 1.3 
SKRO 341.622 64.557 2000.7 2014.6 36.7 ± 0.6 1.3 ± 0.1 9.3 ± 1.1 2.0 ± 1.1 
SNAE 341.368 63.736 2005.5 2014.7 17.5 ± 1.9 0.4 ± 0.4 5.9 ± 1.8 2.6 ± 1.8 
SOHO 340.753 63.552 2000.5 2014.7 24.2 ± 2.5 1.4 ± 0.3 6.7 ± 4.5 1.9 ± 4.5 
STKA 341.178 64.439 2006.6 2014.6 32.5 ± 1.3 1.4 ± 0.3 8.2 ± 1.6 1.7 ± 1.6 
STOR 339.788 63.753 2005.1 2014.6 8.8 ± 0.6 0.3 ± 0.1 4.9 ± 0.8 1.5 ± 0.8 
THEY 340.357 63.561 2000.5 2014.7 10.2 ± 0.5 0.6 ± 0.1 5.4 ± 0.7 1.1 ± 0.7 
VMEY 339.706 63.427 2000.6 2014.7 4.6 ± 0.2 0.2 ± 0.03 3.4 ± 0.4 1.2 ± 0.4 

 
Supplementary Table 1. Locations and time series modeling results for the 62 CGPS stations 

used in this study. Note: Velocity and acceleration uncertainties are one sigma and calculated 

following the realistic sigma method [Herring, 2003] 
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Site na 
!! 

Model 
1b 

!! 
Model 2  

!!  
(2 vs. 1) Significance 

!! 
Model 

3  

!!  
(2 vs. 3) Significance 

AKUR 3187 2588.4 2588.3 0.1 - 
   ARHO 3446 1510.2 1498.6 26.4 99% 
   BALD 1822 672.8 670.7 5.7 95% 
   BRUJ 1645 1337.9 993.9 421.2 99% 
   BUDH 2822 1499.5 1301.9 371.0 99% 
   DYNC 2009 928.3 923.5 10.4 99% 
   FITC 1422 922.9 884.9 58.3 99% 
   FJOC 2392 1148.0 1147.4 1.2 - 
   FTEY 1908 433.6 406.7 117.9 99% 
   GAKE 2247 1258.1 1247.2 19.4 99% 
   GLER 2230 830.8 753.6 206.6 99% 
   GMEY 1876 613.4 561.2 159.1 99% 
   GOLA 2617 2051.7 2029.7 28.0 99% 
   GRAN 2191 1003.4 988.4 32.6 99% 
   GRVA 1065 348.2 344.5 11.2 99% 
   HAHV 1928 1158.3 1140.9 28.9 99% 
   HAMR 1660 760.2 755.2 10.9 99% 
   HAUC 2314 1188.5 1101.7 168.5 99% 
   HAUD 2436 1306.3 960.5 643.0 99% 
   HEDI 2288 807.0 800.0 19.8 99% 
   HEID 954 226.1 225.4 2.9 90% 
   HEKR 2173 897.9 874.8 55.7 99% 
   HESA 1779 768.9 699.5 159.9 99% 
   HLFJ 2559 847.0 839.6 22.3 99% 
   HLID 4563 1331.2 1235.6 327.2 99% 
   HOFN  5600 4709.4 4637.3 85.6 99% 4318.5 -412.9 - 

HOTJ 2175 1089.2 1087.6 3.2 90% 
   HVEL 1614 833.1 763.2 134.8 99% 
   HVOL 4410 2526.2 1760.0 1335.4 99% 1903.5 331.9 99% 

INSK 1043 560.4 548.8 21.4 99% 
   INTA 2387 606.7 587.6 74.9 99% 
   ISAF 771 261.3 261.1 0.6 - 
   ISAK 4296 3370.8 2549.1 1045.5 99% 2589.1 66.3 99% 

JOKU 550 298.8 252.9 83.4 99% 240.7 -27.5 - 
KALT 2415 659.9 651.5 30.7 99% 

   KARV 1977 1467.4 1054.7 554.1 99% 
   KIDC 2244 1103.5 1082.7 42.2 99% 
   KIDJ 4487 1254.0 1019.8 836.7 99% 1002.0 -79.6 - 

KOSK 2104 742.0 723.7 51.7 99% 
   KVIS 1569 429.8 427.5 8.4 99% 
   LFEL 1843 1703.7 1296.6 438.7 99% 
   MJSK 1514 554.7 536.5 49.4 99% 
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MYVA 735 160.8 160.4 1.8 - 
   NORS 1691 746.0 702.0 99.3 99% 
   NYLA 2846 1049.0 979.8 187.3 99% 
   REYK 6546 5433.5 5403.5 36.1 99% 
   REYZ 2887 654.5 654.2 1.3 - 
   RHOF 2886 1942.6 1933.0 14.2 99% 
   SARP 1421 620.4 619.2 2.7 - 
   SAUD 2991 1999.8 1830.4 252.8 99% 
   SAUR 2656 792.2 790.7 5.0 95% 
   SAVI 1793 683.1 657.1 68.0 99% 
   SELF 3901 1082.6 1081.3 4.7 95% 
   SIFJ 2130 926.9 922.9 9.2 99% 
   SKDA 1547 635.6 635.5 0.2 - 
   SKRO 3986 7827.9 3651.5 2122.9 99% 4114.3 447.6 99% 

SNAE 1239 692.4 684.5 14.1 99% 
   SOHO 3833 7818.7 3566.3 2080.9 99% 2053.7 -2817.9 - 

STKA 2672 1696.0 1270.2 669.1 99% 
   STOR 3139 1311.1 1251.8 141.7 99% 
   THEY 4211 1771.3 1415.0 845.6 99% 1440.7 75.0 99% 

VMEY 4595 2086.3 1943.1 314.9 99% 1943.8 1.7 - 
 

Supplementary Table 2. Chi-Squared values and F-test results and their associated significance. 

Critical values for significance are 7.19, 3.87 and 2.83 for significance at 99%, 95% and 90% 

confidence respectively. We recognize that in some cases, such as when comparing the two-

velocity model with the acceleration model, or when estimating breaks in the time series, the 

number of initial model parameters is greater than 6. However, additional model parameters act 

only to reduce the critical value for significance, so we use the values listed above in all cases.  
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 Tc HOFN HVOL ISAK JOKU KIDJ SKRO SOHO THEY VMEY 

1998 4657.5         
1999 4343.9         
2000 4318.5         
2001 4423.2 2252.3  294.7  7509 7403.5 1746.7 2072.7 
2002 4420.2 1924.8  287.7 1200.8 6068.9 6582 1668.7 1995.6 
2003 4531.6 1903.5 2956.8 272.2 1113.8 5365.7 6229.8 1621.1 1970.7 
2004 4631.8 2042.4 2865 282.9 1079.7 5057.4 6162.7 1615.6 2004.6 
2005 4657.2 1988.9 2796.1 280.6 1076.9 4932.1 5800.3 1598.8 2008.1 
2006 4656.2 1966.6 2796.1 277.7 1046.9 4750.6 4824.9 1569.4 1976.7 
2007 4671.6 1918.4 2712.1 289.4 1041.2 4332.6 4300.3 1489.8 1967.2 
2008 4699.8 1936.9 2589.1 287.1 1018.4 4114.3 4238.2 1465.8 1961.8 
2009 4663.7 1991.9 2625.1 240.7 1020.2 4332.7 4396.4 1440.7 1971 
2010 4609.2 1984.9 2634 245.8 1002 4164.6 3897.9 1510.1 1943.8 
2011 4596.7 2030.5 2675.2  1034 4495.4 2053.7 1572 1950.8 
2012 4707.6 2245.9 3035.4  1109.6 6064.7 2053.7 1583.8 2032.1 
2013 4570.9 2252.4 3061.7  1123.9 6429.3 4549.2 1509.3 2044.7 

 

Supplementary Table 3: 2-velocity model chi-squared values. Tc values represent the first day 

of the calendar year listed. Highlighted values represent the smallest chi-squared value and are 

also shown in ts02.  
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Supplementary Figure 1: Velocity (2014.5) and time-averaged acceleration estimates by 

longitude and latitude. Note that velocity is presented in cm/yr and acceleration in mm/yr2. 

Highest velocities and accelerations occur in central Iceland between 64-65N and 18-20, 

decreasing to near zero along the coasts.  
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Supplementary Figure 2: Correlation of velocity (2014.5), time-averaged acceleration and 

annual site motion. All three plots clearly show a significant positive correlation at the 95% 

confidence level (r95 = 0.25, n = 62) 
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APPENDIX B: SHORT-TERM VARIATIONS OF ICELANDIC ICE CAP MASS 
INFERRED FROM CGPS COORDINATE TIME SERIES  
 

Abstract 

 As the global climate changes, understanding short-term variations in water storage is 

increasingly important. Continuously operating Global Positioning System (cGPS) stations in 

Iceland record annual periodic motion – the elastic response to winter accumulation and spring 

melt seasons – with peak-to-peak vertical amplitudes over 20 mm for those sites in the Central 

Highlands. We demonstrate the utility of cGPS-measured displacements for estimating seasonal 

ice cap mass changes using a simple least squares inversion. We utilize all three components of 

motion, taking advantage of the seasonal motion recorded in the horizontal. We remove secular 

velocities and accelerations and explore the impact that seasonal motions due to atmospheric, 

hydrologic, and non-tidal ocean loading have on our inversion results. We calculate unit 

responses to each of the five largest ice caps in central Iceland at each of the 62 cGPS locations 

using a simple elastic half-space model. Our results match available summer and winter mass 

balance measurements well, and we reproduce the seasonal stake-based observations of loading 

and melting within the 1! confidence bounds of the inversion. We identify non-periodic ice mass 

changes associated with interannual variability in precipitation and other processes such as 

increased melting due to reduced ice surface albedo or decreased melting due to ice cap 

insulation in response to tephra deposition following volcanic eruptions, processes that are not 

resolved with once- or twice- yearly stake measurements. 
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1. Introduction 

Iceland is home to some of the most climactically sensitive glaciers in the world 

[Aðalgeirsdóttir et al., 2006; Hock et al., 2009] and understanding their behavior in a changing 

climate is important for managing the country’s largest freshwater reservoir. Glacial height and 

extent derived from aerial photographs, Synthetic Aperture Radar (SAR) [e.g. Magnússon et al., 

2005; Gudmundsson et al., 2011] and lidar [e.g. Jóhannesson et al., 2013], which provide insight 

into changes over multiple years, and field stake-based surface mass balance measurements, 

which identify total mass loss from year to year [e.g. Björnsson et al., 2013], allow us to track 

how glaciers have responded to climactic changes over multi-year and decadal time scales. Since 

the mid-1990s, Icelandic ice caps have been losing mass at a rate of 9.5-11.4 Gt/yr [Wouters et 

al., 2008; Jacob et al., 2012; Björnsson et al., 2013; Zhao et al., 2014], a direct result of 

increasing summer temperatures. 

It is also important to track mass changes on time-scales of less than one year. Seasonal 

variations in winter snowfall and summer melting impact river discharge and water availability 

for utilities such as hydropower [e.g. Jónsdóttir, 2010]. However, current mass-balance methods 

suffer from coarse temporal resolution, and at present our toolbox to quantify short-term 

variability in ice cap mass is somewhat limited. Some stake mass balance measurements do 

provide a summer and winter balance, which can be used to constrain peak-to-peak seasonal 

changes, but are unable to capture variations on a monthly time scale. InSAR measurements can 

be used to infer the relationship between ice-loading histories and glacial surges, Earth’s 

properties, and surface displacements, but is often limited to near-field observations – in close 

proximity to the edge of an ice cap – and measurements are only possible in the summer due to 

interferogram decorrelation caused by seasonal snow cover in the winter [e.g. Auriac et al., 
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2013; 2014; Zhao et al., 2014]. The Gravity Recovery and Climate Experiment (GRACE) data 

can provide information about variations in surface mass at a monthly time scale, but is currently 

limited to spatial resolutions of ~300km [Tapley et al., 2004], which is much too coarse for even 

the largest of the Icelandic ice caps.  

Studies using GPS have shed light on the impacts of glacial melt on the long-term crustal 

vertical velocity field in Iceland [e.g. Árnadóttir et al., 2009; Geirsson et al., 2010] as well was 

the annual periodic crustal motion due to seasonal loading and unloading [Grapenthin et al., 

2006; Pinel et al., 2007], though to date, no study of Iceland has investigated the utility of cGPS-

measured crustal motions to estimate a time series of mass variation. Zhao et al. [2014] 

demonstrated the efficacy of inverting bedrock uplift in Iceland to solve for mass loss on the 

Vatnajökull ice cap using InSAR observations, and have set the precedent that such an inversion 

can yield valuable information. However, Zhao et al. [2014] acknowledge that an inversion using 

InSAR suffers from several limiting factors, noting that InSAR measurements are much more 

sensitive to short-wavelength signals in close proximity to an ice cap edge, and that all of their 

observations were collected from the east and southeast edge of the Vatnajökull ice cap. In 

contrast, the wide spatial distribution of continuously operating GPS stations in Iceland allows 

for investigation of both near- and far-field effects of glacial load variability at high (daily) 

temporal resolution and without seasonal gaps. Furthermore, the existing cGPS infrastructure 

provides us with a low-cost compliment to field-based measurements.  

The utility of inverting GPS displacement measurements for changes in environmental 

loading has been well documented over the last several years. GPS-measured vertical 

displacements have been used to estimate terrestrial water storage [Argus et al., 2014; Borsa et 

al., 2014; Fu et al., 2015] and winter snowpack [Ouellette et al., 2013]. Drouin et al. [2016] 
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computed average seasonal contributions by atmospheric, oceanic, and hydrologic (lake 

reservoir, snow-water equivalent, and glacial mass) loads to the vertical motion recorded by 

cGPS in Iceland. Here, we investigate the utility of cGPS-measured displacements for estimating 

seasonally variable ice cap mass changes in Iceland using a simple least squares inversion. 

Throughout this work, we use ice cap mass to mean the total mass of the ice cap, including the 

mass of the snow that lies on top of the ice cap and any sub-glacial water bodies. We focus our 

attention on the annual periodic motions, which record the Earth’s elastic response to annual 

winter accumulation and spring melt seasons. We take advantage of all three components of 

GPS-recorded motion, noting that the annual periodic motion in the horizontal is a direct result 

of environmental loading and free of tectonic signals. We discuss the impact that atmospheric, 

hydrologic, and non-tidal ocean loading has on the GPS displacement time series. Our goal is to 

provide a mass variation time series to compliment other methods and to take advantage of the 

substantial increase in temporal resolution that cGPS allows. 

2. cGPS data 

 We analyzed all available data from 62 cGPS stations in Iceland (Figure 1, Table 1) for 

the ten year period 2004 to 2014 together with >100 globally distributed reference stations using 

the GAMIT/GLOBK GPS processing software [Herring et al., 2010ab]. We used International 

GNSS Service (IGS) ISG05 absolute phase center and FES2004 ocean loading models [Lyard et 

al., 2006], and estimated corrections to a priori estimates of orbital parameters and Earth 

orientation. All time series presented here are relative to the ITRF2008 reference frame 

[Altamimi et al., 2011]. Prior to correcting the time series for the effects of non-ice cap 

environmental loading (described below) we visually inspected each time series to identify 
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breaks and to remove data from time periods overly contaminated by volcanic or tectonic 

signals.  

2.1 Time series corrections 

 For this investigation, we are only interested in the short-term periodic crustal motions 

related to snow accumulation and melting on the ice caps. This simplifies the inversion, as we 

can assume that the Earth behaves elastically on this time scale. Compton et al. [2015] showed 

that GPS stations in Iceland experience measurable uplift accelerations in the vertical coordinate 

component. Rather than simultaneously incorporating parameters for initial offsets, velocities, 

and accelerations in our ice mass inversion scheme, we instead estimated these parameters and 

used these estimates for offset, velocity, and acceleration to reduce the time series such that the 

residuals exhibit zero mean quasi-periodic motions without secular trends. Additionally, while it 

has been shown that the majority of annual motion in Iceland is likely due to loading of the 

major ice caps [e.g. Grapenthin et al., 2006; Pinel et al., 2007], recent work demonstrates that 

displacements associated with atmospheric pressure, continental water storage, and non-tidal 

ocean loading are non-negligible and recorded by cGPS [Drouin et al., 2016]. We compute 

surface displacements due to these environmental loads, remove them from our cGPS time series 

(Figure 2), and explore the impact of such a correction on our inversion results. We refer to those 

time series from which non-ice environmental loading effects have been removed as the 

corrected time series hereafter. 

We computed the surface displacements due to atmospheric pressure (ATML), 

continental water storage (CWS), and non-tidal ocean loading (OBP) using the methods outlined 

in van Dam and Wahr [1987] for atmospheric pressure loading. We convolved global grids of 
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the surface masses described below with Farrell’s Green’s functions for mass loading [Farrell, 

1972] over a Gutenberg-Bullen Earth model.  

 Changes in atmospheric pressure were derived from the National Center for 

Environmental Prediction’s (NCEP) 6-hourly reanalysis surface pressure. The data are provided 

every 2.5o in latitude and longitude [Kalnay et al., 1996]. When modeling ATML we must 

consider the response of the ocean to atmospheric pressure, and in this case, we use a modified 

inverted barometer [Van Dam and Wahr, 1987]. 

 Surface mass changes associated with continental water storage were generated using the 

Noah-version 1 GLDAS model [Rodell et al., 2004; Rui, 2011]. These monthly grids (1.0o in 

longitude and latitude) provide estimates of snow water equivalent and soil moisture for those 

pixels not classified as permanent ice in the NOAHv3.3 vegetation data set, thus excluding load 

changes due to snow accumulation and melting on the ice caps.  

 The non-tidal ocean loading effects are derived using data from the ECCO Consortium 

(Estimating the Circulation and Climate of the Ocean: http://www.ecco-group.org/). We use the 

Jet Propulsion Laboratory’s Kalman Filter (kf080) ocean bottom pressure products from the 

ECCO Kalman Filter series [Fukumori, 2002]. The OBP is produced twice daily at 0600 and 

1800 h between 78.5o N latitude to 79.5o S latitude over the global oceans. Longitudinal spacing 

is 1o globally. In latitude, the spacing between the product’s northern limit and 20o of the equator 

is 1o and is gradually reduced to 0.3o within 10o of the equator. As part of the preprocessing, we 

interpolate the ECCO data to 1o spacing in latitude and longitude. Long-term trends exist in the 

ECCO OBP data because oceanic volume, rather than mass, is held constant in the ocean general 

circulation model. Therefore, we removed a mean and a long-term trend from the ECCO data.   
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 To ensure that the surface displacements predicted from the mass loading are consistent 

with the reference frame in which the GPS time series are realized, we computed the Green’s 

functions with respect to a center of figure frame (CF). Dong et al. [2003] found that GPS 

network solutions that have been transformed into the ITRF are in a frame that approximates the 

center of figure (CF) of the Earth (see Blewitt [2003] and Dong et al. [2003] for a thorough 

discussion of the GPS reference frame). 

 We find that the sum of the predicted annual displacements due to ATML, CWS, and 

OBP loading are largely in phase with the cGPS-observed motions (for a more in depth 

examination of the regional patterns of the amplitude and phase of these loads see Drouin et al. 

[2016]). Although in some years, there is a slight phase offset in peak displacement between the 

raw cGPS time series and the displacement due to ATML, CWS and OBP loading, the corrected 

time series show no phase shift relative to the uncorrected time series (Figure 2). To examine the 

impact that filtering has on the cGPS annual amplitudes, we solved for a time-averaged 

amplitude for each component of cGPS motion for both the corrected and uncorrected data sets 

assuming that seasonal motions take the form of sinusoids with a 1-year period. We find that 

correcting our cGPS time series for non-ice cap environmental loads reduces the peak-to-peak 

vertical amplitudes by an average of 2.7 ± 1.0 mm across the network. Horizontal amplitudes 

appear relatively unaffected with an average increase of only 0.1 ± 0.6 mm but we do note the 

subtle rotation of peak-to-peak horizontal motion, especially for sites on the south coast (Figure 

3).  

2.2 Regional patterns of seasonal motion 

 Our estimates of vertical annual motion from the raw cGPS time series generally agree 

with previous studies [Grapenthin et al., 2006]. Spatial variation of seasonal amplitudes is 
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similar to the patterns of secular vertical velocities [Árnadóttir et al., 2009; Geirsson et al., 2010] 

and accelerations [Compton et al., 2015] with larger amplitudes in the center of Iceland that 

decrease toward the coasts. Assuming that seasonal motions are sinusoidal, we estimate 

amplitudes of vertical peak-to-peak periodic displacements as high as 22 mm (18 mm for the 

corrected data set) in the Central Highlands region of the island between the Vatnajökull and 

Hofsjökull ice caps (Figure 3; Table 2). Amplitudes decrease with distance from the ice caps to 

<5 mm on the north and southwest coasts.  

Horizontal motions show peak-to-peak amplitudes of over 5 mm at some sites. Sites in 

southern Iceland show the expected pattern of horizontal motion oriented perpendicular to the 

nearest ice cap edge. However, in central Iceland, superposition of the responses to loading on 

each ice cap result in seasonal motion orientations rotated relative to the expected direction from 

either ice cap. This phenomenon is especially apparent between the Vatnajökull and Hofsjökull 

ice cap where it is clear that the response to loading on Vatnajökull dominates the signal. The 

orientations of seasonal motion for sites to the northeast and due south of Hofsjökull are nearly 

parallel to the edge of that ice cap, largely aligned instead with the expected motions from 

Vatnajökull (Figure 3).  

3. Inversion method 

 We perform a simple weighted least squares inversion independently for each epoch for 

which there are position estimates from at least 15 GPS sites such that 

! = (!!!")!!!!!"                 (1) 

where the vector ! contains the load estimates for each ice cap. ! is determined from the daily 

GPS position estimates, !, the calculated greens functions, !, described below, and weighted by 

the inverse of the daily GPS variance matrix, !. We do not consider spatially or temporally 
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correlated data uncertainties in performing this calculation. We group the Eyjafjallajökull and 

Mýrdalsjökull ice caps and thus solve for only four loading values at any given epoch. We invert 

each epoch independently; inversion results are not constrained to be similar to those at the 

previous epoch or to follow any pre-determined format. We also allow there to be gaps in the 

GPS time series and skip those epochs that do not meet the 15-site criteria. We’ve chosen the 

time period 2004-2014 to allow ourselves a long enough time span to test our inversion methods 

and to identify patterns in our results. 2004 is the first year where there are consistently 15 cGPS 

sites with data available for inversion. We’ve excluded data after 2014 to avoid contaminating 

signals from the Holuhraun rifting event, which was recorded by many of the stations to the 

north and west of the Vatnajökull ice cap [Sigmundsson et al., 2014].  

 Each GPS position time series has a zero mean and provides information about the daily 

variations from some average position. Consequently, the computed loading time series provide 

insight into variations from the average ice cap mass over the same time period. Thus, we do not 

solve for total ice cap mass. 

3.1 Load Green’s functions 

 To compute the load Green’s functions for the inversion, it is first necessary to define an 

Earth model that adequately reproduces the annual amplitudes observed with GPS. To do this, 

we compare our estimates of the average annual peak-to-peak amplitude for each GPS time 

series with the modeled response to loading by the average winter mass balance for each ice cap 

compiled by Grapenthin et al. [2006] (Figure 4; Table 3), noting that this assumes the timing of 

maximum loading is everywhere the same. We apply these loads to the 2 km by 2 km grid 

described in Schmidt et al. [2013], which includes smaller glaciers to which we assign the same 

winter load as the nearest large ice cap (Table 3). We compute the displacement response to 
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loading by approximating a homogeneous elastic half-space using the RELAX code [Barbot and 

Fialko, 2010; Barbot, 2011] with a model domain that extends 2560 km in both north and east 

directions and 1280 km in depth. Informed by previous work [Grapenthin et al., 2006], we tested 

Young’s moduli (E) from 30-55 GPa (in steps of 5 GPa, keeping Poisson’s ratio constant at 0.25 

throughout) and densities (!) of 2800, 2900 and 3000 kg/m3 and compared the results to the 

time-averaged amplitudes for both our corrected and uncorrected data sets. We find that a 

Young’s modulus of 50 GPa (shear modulus (!) = Lamé’s constant (!) = 20 GPa) and density of 

2800 kg/m3 fits the amplitudes of our corrected data set best using a weighted sum-square misfit 

scheme to assess goodness-of-fit for all three components of motion, and this is the Earth model 

we use throughout our analysis (Figure 4). Our uncorrected data set is better fit by an Earth 

model with Young’s modulus of 45 GPa and density of 2800 kg/m3. We elaborate on these 

findings in our discussion of Earth models below. 

We chose to use one Earth model (E = 50 GPa; ! = 2800 kg/m3) for the inversion of both 

the corrected and uncorrected time series data sets so as to maintain consistency and explore the 

impact of the corrections on our inversion results. To create the Green’s functions for our 

inversion, we computed the elastic responses to a one-meter water equivalent load for each of the 

four ice cap groups by prescribing a uniform load across the entire ice cap area. We define the 

coordinate system such that a positive load value results in negative (downward) ground motion. 

It is common practice when modeling Earth’s response to annual processes to ignore 

viscoelastic effects and instead assume Earth behaves elastically on this time scale [e.g. 

Grapenthin et al., 2006; Fu et al., 2015]. Even in Iceland, where estimates of asthenospheric 

viscosity are lower than the global average [e.g. Sigmundsson, 1991; Pagli et al., 2007; Pinel et 

al., 2007; Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac et al., 2013; Schmidt et al., 2013] 
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this assumption holds. To demonstrate that an elastic approximation is appropriate for this work, 

we computed predicted responses to an annual periodic load over our preferred elastic half-space 

approximation as well as two layer over viscoelastic half-space models, one with a 10 km elastic 

layer and one with a 40 km elastic layer and both with half-space viscosities of 1 x 1018 Pa·s.  

For each model, E = 50 GPa and ! = 2800 kg/m3 everywhere in the model domain, and as we did 

to determine best-fit elastic parameters, we prescribed the annual loads as the average winter 

mass balance for each ice cap compiled by Grapenthin et al. [2006] (Table 3). We find there is 

no difference between the magnitude and timing of the elastic and viscoelastic responses to an 

annual periodic load with respect to the resolution of the daily cGPS observations (Figure 5).  

Furthermore, we note that the phase of the annual cGPS-recorded motion aligns with the 

timing of the seasonal processes of interest. Peak position estimates are recorded in May 

(maximum subsidence) and November (maximum uplift) and correspond to the beginning and 

end of the melt season in Iceland respectively. Thus, because there is no phase offset between the 

loading process and the recorded crustal response, and because viscoelastic responses – even for 

a viscosity lower than the values estimated for the upper mantle in Iceland [Sigmundsson, 1991; 

Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac et al., 

2013; Schmidt et al., 2013] – do not result in measurable phase offsets, we can be confident that 

an elastic Earth approximation is appropriate for this work.   

4. Results 

Loading time series are shown in water equivalent thickness in units of meters and 

smoothed by a 60-day running mean to damp high-frequency variation and highlight larger-scale 

features. We report uncertainties derived from the diagonal elements of the computed variance-

covariance matrix, ! = (!!!")!!, obtained from the inversion, which accounts for the varying 
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number of sites available at each epoch, such that epochs with fewer data inputs have larger 

uncertainties. 303 days in 2004 meet the 15-site criterion set in the inversion, and only 57 days 

from the nine-year period 2005-2014 are omitted due to a lack of data (Figure 6). 

4.1 Load variation time series 

We find that the Vatnajökull and Mýrdalsjökull/Eyjafjallajökull loading histories derived 

from the ATML, CWS and OBP load corrected time series roughly match a periodic signal with 

an amplitude representative of an average winter mass balance for each ice cap [Grapenthin et 

al., 2006], and that the difference between the inversion results from the corrected and 

uncorrected data sets not statistically significant (Figure 7).  

The timing and magnitude of winter snows and spring melting is not expected to be 

identical from year to year. To assess the significance of the deviations we infer from perfectly 

periodic motion we compare our Vatnajökull loading time series with seasonal stake 

measurements [Björnsson et al., 2013]. To isolate the seasonal component of loading from the 

long-term mass loss observed for Vatnajökull, we’ve removed a secular trend from the summer 

mass balance observations. We find that the mass balance observations fall within the one-sigma 

uncertainty bounds of the load variation time series derived from both our corrected and 

uncorrected data sets (Figure 7). Thus, although we do not currently have the ability to 

independently model the amplitudes of deformation due to our limited understanding of the 

Icelandic elastic rheology (we use the amplitudes, rather, to tune our Earth model and thus 

recover those same amplitudes in our inversion), the interannual variability is nevertheless well 

captured. We computed the root mean square difference between the seasonal stake 

measurements for Vatnajökull and 1) the maximum/minimum values from the sinusoidal model 

based on average winter loading and 2) the load variation time series we’ve estimated from the 
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cGPS. Since the inversion process does not require the results to be perfectly periodic, we do not 

compare values from a specific epoch but rather choose the maximum and minimum values for 

each season from our 60-day smoothed time series for the RMS comparison. Although there are 

few stake measurements with which to compare, we find that our cGPS-derived load variation 

time series represents a small reduction in RMS (RMS = 0.16 mwe) relative to the sinusoidal 

model (RMS = 0.21 mwe). 

4.2 Load variation uncertainties 

The uncertainties in our estimates primarily reflect the spatial configuration of the cGPS 

network. We find that the Vatnajökull and Mýrdalsjökull/Eyjafjallajökull have relatively well 

constrained ice load histories with average uncertainties of 0.3 and 1.1 mwe respectively (Figure 

7), whereas Hofsjökull and Langjökull ice histories are less well constrained due to the limited 

cGPS station distribution surrounding these ice caps with average uncertainties of 2.1 and 2.0 

mwe, respectively. Station density in the Central Highlands region increased dramatically starting 

in mid-2006 [Geirsson et al., 2010], the result of which is a drop in the inversion uncertainty 

associated with the ice load estimates from this time forward (Figure 7). Uncertainties for 

Hofsjökull and Langjökull after 2006.5 are lower – 1.6 and 1.5 mwe, respectively – but 

nevertheless remain high and are on the same order as the average annual winter balance for each 

ice cap (1.25 and 1.65 mwe respectively; Table 3), limiting our ability to resolve ice loading 

histories for these two ice caps independently at this time given the distribution of stations in the 

existing cGPS network.  

A sum ice load variation time series weighted by the ice cap areas reported in Table 3 

matches the annual amplitude for Iceland as a whole observed by GRACE (half amplitude = 8.9 
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± 3 Gt/yr = 0.7785 mwe/yr [Wouters et al., 2008]), and the average uncertainty is 0.2 mwe for the 

time period 2006.5-2014 (Figure 7). 

4.3 Impacts of volcanic activity 

 The 2010 Eyjafjallajökull and 2011 Grímsvötn eruptions present us with an opportunity 

to examine the impacts of volcanic events on both our inversion method as well as the seasonal 

ice cap load histories. In early 2010, seismicity and rapid uplift was detected near the 

Eyjafjallajökull volcano indicating magma inflation prior to an effusive flank eruption from 20 

March – 12 April 2010, which was followed soon after by an explosive eruption beginning on 14 

April 2010 [Sigmundsson et al., 2010]. cGPS stations in southern Iceland recorded this unrest 

and we decided to filter out the position estimates for the inflation and eruption time period. We 

removed position estimates from the time series for sites falling within or near the study area of 

Sigmundsson et al. [2010] for which these volcanic signals were readily apparent, including data 

from mid-2009 forward for station THEY [Sigmundsson et al., 2010]. Despite removing the 

apparent volcanic signal from these time series, our loading time series inversion result for 

Mýrdalsjökull/Eyjafjallajökull shows a dramatic drop of approximately 2 mwe between ~2009.9-

2010.1 (Figure 7) with an average uncertainty from 2009.9-2010.5 of 1.5 mwe, 0.4 mwe higher 

than the average uncertainty for the whole time series. We warn against interpreting this large 

jump in the load variation time series as representing a meaningful change in mass. It is 

interesting to note, however, that the dramatic deviation in our load variation estimates, while out 

of phase and slightly before the main eruption in April, is coincident with the timing of magma 

intrusion and inflation starting in early 2010 [Sigmundsson et al., 2010]. However, we attribute 

this jump to the lack of station coverage for the Mýrdalsjökull/Eyjafjallajökull ice caps due to 

filtering of the volcanic signals and do not consider it further.  
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 Though the large negative jump in early-2010 is likely not a mass-change signal, we may 

resolve the effects of insulation and altered surface albedo due to tephra deposition on the 

Mýrdalsjökull/Eyjafjallajökull and Vatnajökull ice caps following the 2010 Eyjafjallajökull 

eruption [Gudmundsson et al., 2012; Björnsson et al., 2013]. Our Mýrdalsjökull/Eyjafjallajökull 

load variation time series shows mass loss in the second half of 2010 that lags behind an annual 

periodic sinusoid by ~2 months. We also note that the seasonal minimum in early 2011 is -0.89 

mwe, 0.36 mwe greater than the average value of -1.25 mwe. We interpret these results to indicate 

that the Mýrdalsjökull/Eyjafjallajökull ice cap was delayed in melting and lost less mass than 

usual in the summer and fall following the Eyjafjallajökull eruption due to the insulating effects 

of the thick tephra deposits over all of Eyjafjallajökull and a large portion of the Mýrdalsjökull 

ice cap [Gudmundsson et al., 2011; 2012; Jóhannesson et al., 2013; Dragosics et al., 2016]. 

Nield et al. [2013] and Dragosics et al. [2016] demonstrated that ablation rates are reduced due 

to the insulation effects of a layer of insulating ash greater than approximately 10 mm. Tephra 

fallout from the 2010 eruption resulted in a continuous tephra blanket up to 80 km distance from 

the eruptive center, and within 2 km of the source vents, tephra deposits measured between 1-30 

meters [Gudmundsson et al., 2011; 2012].  

Relatedly, the Vatnajökull load variation time series shows a larger than average summer 

mass drop and a longer than average melting season in 2010, and in early-2011, mass gain from 

winter snows lags the average timing by ~2 months. The large mass loss from 2009-2010 

recorded by stake mass balance field campaigns for the Vatnajökull, Hofsjökull, and Langjökull 

ice caps has been interpreted as a direct result of tephra deposition and reduced surface albedo 

[Björnsson et al., 2013]. Here, with the increase in temporal resolution afforded by cGPS, we are 
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able to recover the timing of that mass loss from the Vatnajökull ice cap, and the character and 

timing of the mass recovery the following winter.  

The Hofsjökull and Langjökull ice histories both show negative deviations from the mean 

seasonal minima in 2011 but are not are not well enough resolved to be significant indicators of 

albedo-related melting due to the 2010 Eyjafjallajökull eruption. However, it is possible that if 

cGPS station density were higher in this region, we would have been able to resolve the effects 

of tephra deposition on the Hofsjökull and Langjökull ice caps [Gudmundsson et al., 2012] and 

the well documented dramatic increase in melt rates for the Langjökull ice cap of nearly double 

[Björnsson et al., 2013].  

Our load time series for Vatnajökull may also be impacted by the 2011 Grímsvötn 

eruption. As with the Mýrdalsjökull/Eyjafjallajökull ice variation time series following the 

Eyjafjallajökull eruption, we note that the 2011 melt season lags behind the average timing for 

Vatnajökull and that the seasonal mass loss is substantially less than average. The seasonal 

minimum for Vatnajökull in late-2011 is -0.48 mwe relative to an average of -0.75 mwe. The 2011 

eruption resulted in a tephra layer predominantly to the south of the eruptive center with tephra 

thicknesses of 1-2 meters within 7 km of the vent decreasing to thicknesses of 10 cm at 35 km 

[Hreinsdottir, 2014] and millimeter to centimeter thicknesses at about 50 km distance [Nield et 

al., 2012] – thick enough to have had an insulating effect over the covered area [Nield et al., 

2012; Dragosics et al., 2016]. 

5. Discussion 

5.1 Earth model 

 We chose to use an elastic half-space Earth model for two reasons: 1) our goal here is to 

demonstrate the utility of inverting cGPS-measured crustal motions to create meaningful load 
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variation time series to compliment traditional mass balance measurements and 2) through our 

preliminary investigations, described below, we conclude that determining the parameters for a 

more realistic spherical layered Earth model will require an extensive study in its own right. 

 5.1.1 Half-Space Models 

For this work, we’ve chosen to use a half-space model tuned to fit our corrected data set. 

As stated previously, had we chosen instead to fit the uncorrected amplitudes, we would have 

chosen a half-space model with Young’s modulus of 45 GPa, ~10% less than our current 

preferred model. Both values are well within the range of Young’s moduli of 30-130 GPa 

previously reported for half-space GIA modeling studies in Iceland [Grapenthin et al., 2006; 

Pinel et al., 2007; Árnadóttir et al., 2009; Auriac et al., 2013; 2014; Zhao et al., 2014]. Although 

we tune our Earth model to fit the corrected data set (Figure 4), we find that the inversion results 

using the uncorrected and corrected data sets are not significantly different at any point within 

the 10 years from 2004-2014 (Figure 7). It follows that given our present methods our inversion 

may be less sensitive to the magnitude of annual motion than to the pattern of spatial variability 

across the cGPS network – that is, the relative displacement between cGPS sites at any given 

epoch.  

5.1.2 Spherical Layered Earth Model Tests 

 In an attempt to fit our observations with a spherical layered Earth model, we computed 

displacements due to average winter loading (Table 3) over a 32-layer over fluid core PREM 

reference Earth model using REAR [Melini et al., 2014] and found, as did Drouin et al. [2016], 

that the results required scaling of more than double to match amplitudes of  seasonal motion – 

both corrected and uncorrected – observed by cGPS. We also found that two different scaling 

factors, one for vertical and one for horizontal, resulted in the best fit to our observations. We 
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have chosen to present inversion results using Green’s functions computed with an elastic half-

space, but the scaled PREM results tell the same story: we tune the Earth model to match the 

amplitudes but are nevertheless able to recover the interannual variability of the ice loads.   

We also attempted to fit our observations by adjusting the spherical layered Earth model 

parameters rather than simply scaling the PREM values. We ran several tests in which we 

modified the PREM model by systematically reducing the values for the elastic parameters in the 

upper 200 km and including a 10 km thick low-velocity zone at either 10 or 40 km depth 

following receiver function studies that interpret a mid-crustal low-velocity zone [Darbyshire et 

al., 2000] and Rayleigh wave inversions that find a low-velocity layer at the base of the crust [Li 

and Detrick, 2006]. We computed Love numbers for these modified PREM models to degree 

32,768 with the VE-CL0V3RS v3.5.3 (Visco-Elastic Compressible LOVe numbER Solver) 

[Barletta and Bordoni, in preparation] for use by REAR. Decreasing the elastic parameters and 

including low-velocity zones led to progressively larger displacement amplitudes, but even in the 

best-fitting case, modeled displacements under-predicted observations by a factor of about two.  

5.2 cGPS corrections 

We acknowledge an inconsistency introduced by correcting the cGPS time series as we 

have done for this work – that the ATML, CWS, and OBP displacements are computed using a 

different Earth model than that used for the rest of the analyses. Previous work evaluating ice 

cap-induced seasonal motion in Iceland did not consider ATML, CWS, or OBP loading 

[Grapenthin et al., 2006; Pinel et al., 2007] so we see our work as an incremental improvement, 

but utilizing more detailed regional models of non-ice cap environmental loads or inverting for 

those loads simultaneously along with ice cap loading such as done by Drouin et al. [2016] may 

improve our inversion results. 
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 We do note, however, that correcting our cGPS time series for the effects non-ice 

environmental loads results in a change in the ratio of horizontal to vertical displacement 

amplitudes. The relationship between horizontal and vertical responses to loading is complex 

and, as noted by Pinel et al. [2007], such a ratio will change depending both on the Earth 

structure as well as distance from the load. If we are able to accurately estimate and remove non-

ice cap related signals from the cGPS time series both in the vertical and horizontal components, 

future work may be able to use information about displacement ratios to better constrain a proper 

Earth model for Iceland.  

5.3 Potential implications for volcanic processes and feedbacks 

 Tephra deposition following volcanic eruptions can have measureable impacts on glacial 

melt rates over many years. Reduction in surface albedo results as ash layers are incorporated 

into the ice caps and then re-exposed during the summer melt season [Möller et al., 2014] and as 

ash is re-suspended and deposited onto ice during subsequent dust storms [Arnalds et al., 2016]. 

Möller et al. [2014] found reduced surface albedo values for the tephra-influenced areas of 

Vatnajökull through the end of their study period in 2008 due to the Grímsvötn eruption in 2004. 

Conversely, localized insulation by tephra deposits may result in glacial advance [Kirkbride and 

Dugmore, 2003]. 

 These effects of volcanism on ice melt rates can in turn impact volcanic processes 

themselves, thus creating the potential for positive feedbacks between glacial melting and 

volcanism. Short-term surface load changes – such as an increased melting rate induced by 

changes in surface albedo – can perturb the stress conditions of shallow magma chambers and 

increase the likelihood of volcanic eruptions [Albino et al., 2010]. Previous studies have 

demonstrated a seasonal pattern of the eruptive behavior of the Katla volcanic system in Iceland, 
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noting that many eruptions begin during times of surface ice melting in the spring to fall [Larsen, 

2000]. It follows, then, that the possible additive effects of reduced albedo due to tephra 

deposition could enhance this seasonal effect and increase the probability of volcanic activity. 

Detecting the timing and magnitude of these short-term surface load changes, as we have 

demonstrated here by inverting cGPS displacement time series, will prove useful in enhancing 

our understanding of the changing pressure conditions of shallow magma chambers and thus our 

ability to identify when eruptive activity is more likely. 

 Future studies of the relationship between ice cap load variations and magma generation 

should include the potential feedback effects introduced by tephra deposition and changes in ice 

surface albedo. Many studies have demonstrated the link between deglaciation, surface uplift, 

and magma generation [e.g. Jull and McKenzie, 1996; Pagli and Sigmundsson, 2008; Schmidt et 

al., 2013], however, no such study has yet included the potential effects of accelerated ice melt 

due to climate warming [Compton et al., 2015] or the feedback processes introduced by volcanic 

tephra deposition.  

6. Conclusions 

In Iceland, glaciers cover approximately 11% of the land surface and comprise the 

country’s largest reservoir of freshwater [Björnsson and Pálsson, 2008], but coupled climate-

mass balance models predict dramatic losses in ice volume over the next two centuries 

[Aðalgeirsdóttir et al., 2006; 2011]. Understanding the seasonal patterns of this ice loss may 

provide important insights into the impact of a changing climate. Mass variation time series 

derived from cGPS crustal motion observations present a low-cost compliment to traditional 

mass balance measurements. Although, as it exists now, the cGPS network configuration results 

in load variation estimates for the Hofsjökull and Langjökull ice caps with errors of the same 
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magnitude as their respective average annual winter balance, time series for the Vatnajökull and 

Mýrdalsjökull/Eyjafjallajökull ice caps allow for an examination of the timing and impact of 

seasonal snows, spring melting, and volcanic eruptions at a higher temporal resolution than 

allowed by any other method. We are able to resolve the annual and interannual variability of ice 

cap loading due to variations in precipitation and possibly also to changes in ice cap albedo and 

insulation due to tephra deposition following volcanic eruptions.   
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8. Figures 

 
 
Figure 1: Locations of GPS stations used in this study. Parties supplying the GPS hardware 

are indicated by the symbol colors. Installation and operation of the sites used in this study were 

led by the Icelandic Meteorological Office (IMO), University of Iceland, University of Arizona, 

Penn State, ETH, Landmælingar Íslands, Landsvirkjun, Université de Savoie, Bayerische 

Akademie der Wissenschaften and KAUST. REYK and HOFN are International GNSS Service 

(IGS) stations. V=Vatnajökull, H=Hofsjökull, L=Langjökull, M=Mýrdalsjökull, 

E=Eyjafjallajökull. Station information is listed by site in Table 1.   
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Figure 2: Time series filtering. Before inversion, we remove the secular velocity and 

acceleration as well as computed displacements due to atmospheric pressure (ATML), 

continental water storage (CWS), and non-tidal ocean loading (OBP) from the cGPS 

displacement time series. Here we show the effects of these corrections on the vertical 

component of motion for site SKRO located in central Iceland between the Vatnajökull and 

Hofsjökull ice caps. 60-day running means are plotted on top of the raw ATML and OBP time 

series to highlight the displacement amplitudes and periodicity. Prior to correction the vertical 

seasonal amplitude for site SKRO is 19.4 ± 2.4 mm.  
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Figure 3: Seasonal Amplitudes. Amplitudes of cGPS-measured seasonal peak-to-peak ground 

motion in the vertical and horizontal components before and after removing seasonal 

displacements due to loading by ocean bottom pressure, atmospheric pressure, and continental 

water storage (values reported in Table 2).  
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Figure 4: Preferred Earth model and GPS residuals. RELAX-computed responses to loading 

by the average winter mass balances (Table 3) and resulting misfit for the (un)corrected cGPS-

measured peak-to-peak amplitudes presented in Figure 3. Note that we’ve tuned our half-space 

model to fit the corrected cGPS amplitudes, so those residual values are much smaller, while the 

uncorrected cGPS amplitudes are almost all under estimated by the predicted displacements. 
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Figure 5: Elastic and viscoelastic responses to seasonal loading. Responses to periodic 

loading over an elastic half-space model (black squares) do not differ measurably in magnitude 

and phase from those responses computed with a layer over viscoelastic half-space model. 
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Figure 6: Number of GPS stations with data for each day between 2004 and 2014. Days for 

which there were fewer than 15 GPS stations online (below red line) were not included in the 

inversion. Note the dramatic increase in available data starting in mid-2006 coincides with the 

reduction in uncertainties for the Hofsjökull and Langjökull ice histories (Figure 7). 
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Figure 7: Ice cap loading inversion results. 1! uncertainties shaded for inversions using 

(un)corrected cGPS data sets. Vatnajökull results match seasonal stake measurements 

(diamonds) [Björnsson et al., 2013]. The weighed average annual winter balance from 

Grapenthin et al. [2006] is plotted for the sum load variation time series for all ice caps but is so 

similar to the amplitude derived from GRACE that it is hidden.  
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9. Tables 

Table 1. cGPS station information 

Site ID Longitude 
(deg) 

Latitude 
(deg) 

Start 
Date Na 

AKUR 341.878 65.685 2001.6 3194 
ARHO 342.891 66.193 2002.6 3495 
BALD 344.251 64.924 2008 1598 
BRUJ 343.912 64.829 2005.7 1139 
BUDH 340.675 64.240 2006.6 2577 
DYNC 342.634 64.791 2008.7 1804 
FITC 340.408 64.337 2007.6 1178 
FJOC 341.994 64.875 2007.7 2156 
FTEY 342.152 66.160 2007.8 1911 
GAKE 343.235 66.078 2006.9 2198 
GLER 340.198 64.023 2006.9 1806 
GMEY 341.981 66.539 2007.5 1476 
GOLA 340.678 63.660 2006.2 2088 
GRAN 342.421 65.919 2006.7 2204 
GRVA 340.616 64.464 2011.4 644 
HAHV 344.191 64.949 2008.5 1589 
HAMR 340.014 63.622 2000.5 1170 
HAUC 341.655 64.711 2007.7 2002 
HAUD 340.036 63.969 2006.9 1965 
HEDI 342.691 66.081 2007.2 2214 
HEID 345.459 65.381 2006.6 966 
HEKR 340.342 64.012 2007.8 1640 
HESA 340.439 64.047 2006.9 1340 
HLFJ 339.864 64.277 2006.6 1951 
HLID 338.610 63.921 2000.5 4221 
HOFN  344.802 64.267 1997.5 5833 
HOTJ 342.756 66.162 2007.2 1925 
HVEL 340.439 64.873 2006.6 1442 
HVOL 341.152 63.526 2000.5 4038 
INSK 340.466 64.683 2008.6 806 
INTA 344.217 64.940 2008.3 2010 
ISAF 336.881 66.074 2009.6 791 
ISAK 340.253 64.119 2002 3915 
JOKU 341.760 64.310 2001.4 557 
KALT 339.344 63.897 2007.1 2007 
KARV 344.160 64.933 2005.7 1469 
KIDC 342.058 65.019 2007.7 2015 
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KIDJ 339.225 63.997 2001.1 4061 
KOSK 343.557 66.303 2006.9 1671 
KVIS 342.728 66.101 2007.2 1519 
LFEL 340.241 64.526 2006.6 1845 
MJSK 340.328 63.933 2006.9 1457 
MYVA 343.109 65.642 2006.7 1025 
NORS 340.283 64.035 2006.8 1631 
NYLA 337.262 63.974 2006.6 2478 
REYK 338.045 64.139 1996.1 6109 
REYZ 338.045 64.139 2001 2430 
RHOF 344.053 66.461 2001.6 3126 
SARP 338.734 64.467 2008.7 1224 
SAUD 344.116 64.898 2004.8 2205 
SAUR 339.575 63.984 2007.1 2177 
SAVI 342.624 65.993 2007.7 1682 
SELF 338.968 63.929 2002.1 3511 
SIFJ 341.101 66.138 2007.5 2047 

SKDA 339.334 64.377 2008.7 1354 
SKRO 341.622 64.557 2000.7 4003 
SNAE 341.368 63.736 2007.2 1029 
SOHO 340.753 63.552 2000.5 3611 
STKA 341.178 64.439 2006.6 2451 
STOR 339.788 63.753 2005.1 2621 
THEY 340.357 63.561 2000.5 3792 
VMEY 339.706 63.427 2000.6 4122 

 

aBecause we allow gaps to remain in the data, N provides a measure of data density for each 
cGPS site when considered in combination with the site start date.  
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Table 2. Time averaged cGPS-observed seasonal amplitudes 

 

Uncorrected cGPS Seasonal Amplitudes 
(mm)a 

Corrected cGPS Seasonal Amplitudes 
(mm) 

Site ID Vertical North East Vertical North East 
AKUR 9.8 ± 1.0 1.6 ± 0.3 1.3 ± 0.7 6.7 ± 1.0 2.0 ± 0.3 2.2 ± 0.7 
ARHO 8.0 ± 1.2 3.1 ± 0.4 0.6 ± 0.5 5.5 ± 1.0 3.2 ± 0.4 1.4 ± 0.4 
BALD 16.1 ± 2.0 2.7 ± 1.5 0.7 ± 1.0 12.6 ± 2.0 2.7 ± 1.2 1.5 ± 0.8 
BRUJ 16.7 ± 3.2 2.1 ± 0.6 3.2 ± 0.5 13.9 ± 2.9 4.2 ± 4.2 0.3 ± 0.6 
BUDH 13.3 ± 2.9 1.2 ± 0.9 0.8 ± 0.5 9.8 ± 2.4 9.1 ± 3.1 1.9 ± 0.6 
DYNC 22.8 ± 2.7 1.3 ± 1.0 3.5 ± 0.4 18.9 ± 2.2 1.8 ± 0.9 2.9 ± 0.5 
FITC 17.1 ± 1.9 1.2 ± 1.4 0.9 ± 0.6 12.0 ± 1.8 0.9 ± 1.3 1.3 ± 0.5 
FJOC 16.0 ± 2.8 1.9 ± 1.1 0.5 ± 0.4 12.3 ± 2.4 2.4 ± 1.0 0.7 ± 0.4 
FTEY 9.2 ± 1.4 3.2 ± 0.5 2.6 ± 0.4 6.7 ± 1.3 3.3 ± 0.5 3.2 ± 0.4 
GAKE 6.4 ± 1.9 2.7 ± 0.5 1.8 ± 0.4 3.8 ± 1.7 2.6 ± 0.5 1.7 ± 0.4  
GLER 10.4 ± 1.5 0.2 ± 0.5 0.5 ± 0.3 7.8 ± 1.5 0.6 ± 0.5 1.0 ± 0.3 
GMEY 6.5 ± 1.5 0.7 ± 0.4 1.6 ± 0.4 4.8 ± 1.6 1.0 ± 0.4 2.7 ± 0.4 
GOLA 15.7 ± 1.4 2.7 ± 0.6 4.6 ± 0.8 12.6 ± 1.3 3.4 ± 0.5 4.6 ± 0.8 
GRAN 8.9 ± 2.4 2.4 ± 0.5 0.7 ± 0.7 5.6 ± 2.2 2.3 ± 0.5 1.3 ± 0.7 
GRVA 16.3 ± 2.5 3.1 ± 0.8 2.7 ± 0.9 11.1 ± 1.7 3.8 ± 0.8 3.0 ± 0.9 
HAHV 6.3 ± 3.8 5.9 ± 1.9 0.9 ± 0.9 4.3 ± 3.2 6.4 ± 1.8 0.7 ± 0.8 
HAMR 7.4 ± 2.4 1.1 ± 0.5 0.3 ± 0.7 5.1 ± 2.0 1.5 ± 0.6 0.8 ± 0.7 
HAUC 17.7 ± 2.4 1.4 ± 0.9 0.4 ± 1.0 14.2 ± 2.1 1.7 ± 0.8 1.2 ± 0.9 
HAUD 10.3 ± 2.5 0.6 ± 1.4 0.9 ± 0.8 6.6 ± 2.2 0.6 ± 1.2 1.4 ± 0.8 
HEDI 5.9 ± 2.4 2.6 ± 0.6 1.6 ± 0.8 3.2 ± 2.6 2.8 ± 0.5 2.0 ± 0.8 
HEID 8.0 ± 1.5 1.3 ± 0.9 2.0 ± 0.5 5.6 ± 1.8 1.6 ± 1.0 1.7 ± 0.4 
HEKR 13.5 ± 1.8 2.7 ± 0.6 1.6 ± 0.5 10.0 ± 1.7 3.3 ± 0.6 1.9 ± 0.5 
HESA 13.1 ± 1.9 0.2 ± 0.8 0.3 ± 0.5 8.3 ± 2.1 1.0 ± 0.8 1.3 ± 0.5 
HLFJ 9.5 ± 0.8 1.4 ± 0.4 1.3 ± 0.5 7.1 ± 0.8 1.9 ± 0.4 1.4 ± 0.5 
HLID 7.4 ± 1.0 0.6 ± 0.9 1.0 ± 0.8 4.9 ± 0.9 0.6 ± 1.0 0.3 ± 0.7 
HOFN  11.1 ± 2.2 1.2 ± 0.5 3.2 ± 0.6 8.6 ± 2.1 0.4 ± 0.4 2.7 ± 0.6 
HOTJ 10.0 ± 2.4 2.3 ± 0.5 1.3 ± 0.5 7.3 ± 2.6 2.3 ± 0.5 0.8 ± 0.5 
HVEL 11.4 ± 2.3 1.0 ± 0.6 0.7 ± 0.4 7.6 ± 1.8 1.5 ± 0.6 1.2 ± 0.4 
HVOL 12.9 ± 1.5 2.2 ± 0.5 0.4 ± 0.3 10.7 ± 1.2 1.3 ± 0.5 1.3 ± 0.4 
INSK 15.0 ± 1.8 0.8 ± 0.6 1.1 ± 0.5 12.7 ± 1.3 0.4 ± 0.6 1.1 ± 0.5 
INTA 11.1 ± 2.0 5.3 ± 0.5 1.5 ± 0.7 9.7 ± 1.6 5.8 ± 0.5 1.1 ± 0.5 
ISAF 9.2 ± 2.0 2.4 ± 0.9 0.7 ± 0.5 7.1 ± 1.6 1.9 ± 0.7 1.7 ± 0.5 
ISAK 12.0 ± 1.2 0.7 ± 0.8 0.6 ± 0.6 8.8 ± 1.0 0.8 ± 0.9 1.1 ± 0.6 
JOKU 17.3 ± 4.2 1.4± 0.7 4.5 ± 1.3 12.8 ± 3.8 0.7 ± 0.7 3.9 ± 1.2 
KALT 6.3 ± 1.2 0.5 ± 0.5 1.2 ± 0.6 5.3 ± 1.4 1.1 ± 0.4 1.9 ± 0.6 
KARV 10.7 ± 2.5 4.2 ± 0.8 1.0 ± 0.8 9.6 ± 2.5 4.7 ± 0.8 2.0 ± 0.8 
KIDC 16.9 ± 2.4 2.0 ± 0.4 0.6 ± 0.5 13.5 ± 1.8 2.5 ± 0.4 0.9 ± 0.5 
KIDJ 7.4 ± 1.3 0.5 ± 0.6 0.1 ± 0.8 5.4 ± 1.1 1.1 ± 0.5 0.8 ± 0.8 

KOSK 7.6 ± 1.7 1.8 ± 0.5 1.6 ± 0.5 5.3 ± 1.7 2.0 ± 0.4 2.0 ± 0.5 
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KVIS 7.6 ± 2.0 2.3 ± 0.6 1.3 ± 0.8 5.1 ± 1.8 2.5 ± 0.6 1.4 ± 0.7 
LFEL 13.0 ± 2.3 0.1 ± 0.8 1.0 ± 0.7 8.6 ± 1.9 0.9 ± 0.7 2.0 ± 0.7 
MJSK 14.4 ± 3.1 1.5 ± 1.6 1.5 ± 0.7 11.4 ± 2.5 0.8 ± 1.3 2.0 ± 0.6 
MYVA 9.0 ± 2.5 1.8 ± 0.5 0.9 ± 0.4 6.0 ± 2.2 1.9 ± 0.5 1.6 ± 0.4 
NORS 9.6± 2.6 1.3 ± 1.2 0.7 ± 0.5 5.3 ± 2.2 0.4 ± 1.1 1.1 ± 0.5 
NYLA 4.9 ± 2.0 0.5 ± 0.8 0.7 ± 0.5 3.7 ± 2.2 1.0 ± 0.8 1.4. ± 0.5 
REYK 7.6 ± 1.2 1.2 ± 0.7 2.3± 0.8 5.6 ± 0.9 1.6 ± 0.6 1.5 ± 0.7 
REYZ 4.6 ± 1.1 0.3 ± 0.4 2.4 ± 0.5 2.3 ± 1.4 0.7 ± 0.5 1.7 ± 0.6 
RHOF 6.2 ± 1.0 1.6 ± 0.4 1.0 ± 0.3 4.9 ± 0.7 1.8 ± 0.4 1.6 ± 0.3 
SARP 8.3 ± 1.7 0.9 ± 0.7 0.5 ± 0.5 5.0 ± 1.3 1.1 ± 0.6 1.2 ± 0.6 
SAUD 13.0 ± 1.6 1.6 ± 0.5 3.2 ± 0.6 12.1 ± 1.4 1.5 ± 0.5 3.5 ± 0.5 
SAUR 8.6 ± 1.3 1.4 ± 0.3 0.9 ± 0.4 5.8 ± 1.5 1.4 ± 0.3 1.9 ± 0.4 
SAVI 8.8 ± 2.1 1.2 ± 0.4 0.5 ± 0.8 6.2 ± 2.0 1.3 ± 0.4 0.5 ± 0.7 
SELF 8.6 ± 2.0 0.3 ± 0.4 0.7 ± 0.5 6.5 ± 1.5 0.9 ± 0.4 0.2 ± 0.4 
SIFJ 8.7 ± 1.4 2.1 ± 0.4 1.0 ± 0.5 5.9 ± 1.5 2.2 ± 0.4 1.8 ± 0.5 

SKDA 10.9 ± 1.8 1.4 ± 0.7 1.3 ± 0.7 8.2 ± 1.6 1.6. ± 0.7 2.0 ± 0.8 
SKRO 19.4 ± 2.4 1.2 ± 0.6 1.7 ± 0.9 16.5 ± 2.1 1.8 ± 0.6 0.9 ± 0.9 
SNAE 12.9 ± 1.6 1.8 ± 0.8 2.2 ± 0.5 10.2 ± 1.7 1.1 ± 0.7 2.7 ± 0.5 
SOHO 13.1 ± 1.6 2.8 ± 0.5 0.4 ± 0.4 11.3 ± 1.4 1.9 ± 0.5 1.1 ± 0.4 
STKA 15.9 ± 3.4 0.8 ± 0.7 0.7 ± 0.9 12.5 ± 2.8 0.4 ± 0.6 1.8 ± 0.9 
STOR 8.5 ± 1.0 0.6 ± 0.3 0.7 ± 0.4 7.1 ± 1.0 1.0 ± 0.3 1.5 ± 0.4 
THEY 10.1 ± 1.0 1.5 ± 0.9 0.6 ± 0.6 8.5 ± 1.1 0.6 ± 0.9 1.4 ± 0.6 
VMEY 6.3 ± 0.8 0.7 ± 0.3 0.4 ± 0.4 4.8 ± 0.7 0.2 ± 0.4 1.3 ± 0.4 

 
aSeasonal amplitudes are reported as peak-to-peak (full amplitude) displacements. 
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Table 3. Ice cap data 
Glacier Groupa Area (km2) bw (mwe)b 

Vatnajökull, Tungnafellsjökull, Thrándarjökull, and 
Hofsjökull in Lón 8520 1.5 
Mýrdalsjökull, Eyjafjallajökull, Torfajökull, and 
Tindfjallajökull 836 2.5 
Hofsjökull 976 1.25 
Langjökull, Eiríksjökull, Thórisjökull, and Hrútfell 1100 1.65 
Total ice cap area 11,432 

 Weighed average winter mass accumulation 
 

1.57 
 

aGlacier groupings and ice cap area used throughout this work follow that of Schmidt et al., 2013 
and include the five largest ice caps in central Iceland and associated nearby glaciers. 
Throughout this work, these groups are referred to by their dominant ice cap name.  
bAverage winter mass accumulation, bw, in meters water equivalent compiled by Grapenthin et 
al., 2006. These values are used as the maximum loads in modeling peak-to-peak ground 
displacement and computing the best-fit elastic half-space model. 
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APPENDIX C: TOWARD ICE CAP THINNING RATES CONSTRAINED BY UPLIFT 
OBSERVATIONS AND A VISCOELASTIC EARTH MODEL, INSIGHTS FROM THE 
CGPS NETWORK IN ICELAND  
 

Abstract  

Continuously operating Global Positioning System (cGPS) stations in Iceland record 

rapid uplift and uplift accelerations as high as 2 mm/yr2, which are assumed to be the response to 

thinning of the local ice caps. cGPS records both the instantaneous elastic response to changes in 

ice mass and also the time-cumulative viscoelastic response. Previous studies have used the 

known relationship between changes in ice cap mass and surface motion to probe the range of 

likely mantle viscosities in Iceland by employing independently derived ice cap thinning rates 

and comparing model results to GPS uplift measurements. Here, we explore the utility of cGPS-

measured displacements in estimating ice cap thinning rates and mantle viscosities using a 

simple weighted least squares inversion scheme. We compute time-averaged velocities and 

accelerations for each cGPS site and use those estimates to create a down-sampled uniform time 

series from 2004-2014 and 1985-2014 for each of the 62 cGPS sites in our analysis and discuss 

the impact of the estimation time window on our results. We compute Green’s functions from the 

viscoelastic responses to a unit change in thickness for each of our four ice cap groups assuming 

a Maxwell viscoelastic half-space and test elastic layer thicknesses of 10 and 40 km and 

viscosities from 8 x 1017 to 1 x 1020 Pa·s. Our thinning rate estimates for viscosities from 2-6 x 

1018 Pa·s fit independently derived Vatnajökull thinning rates while Hofsjökull and Langjökull 

thinning rates are fit by viscosities less than 1 x 1019 Pa·s.  
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1. Introduction 

GPS-measured displacements have been shown to be a powerful tool for evaluating 

environmental loading processes, namely changes in liquid and frozen water mass [e.g. Elósegui 

et al., 2003; Ouellette et al., 2013; Argus et al., 2014; Borsa et al., 2014; Chanard et al., 2014; 

Chew and Small, 2014; Fu et al., 2015]. While many studies have focused on the short-term 

variations of continental water storage [Argus et al., 2014; Chanard et al., 2014; Fu et al., 2015], 

snow cover [Ouellette et al., 2013], and glacial ice [Appendix B], other works have used similar 

techniques to evaluate multi-year changes such as the effect of drought in the Western United 

States [Borsa et al., 2014]. To date, each of these studies have focused only on the Earth’s elastic 

response to loading. While an elastic approximation is appropriate for studies of processes 

operating over short timescales, using GPS to evaluate environmental changes over years to 

decades may need to consider the contribution of viscoelastic relaxation to observed surface 

displacements. This is especially true for places on Earth like Iceland where mantle viscosities 

are low. 

Post-Younger-Dryas isostatic rebound in Iceland is assumed to have concluded by 9,000 

BP [Sigmundsson, 1991], so rebound rates observed today are thought to be the response to more 

recent changes in ice cap mass [e.g. Árnadóttir et al., 2009; Schmidt et al., 2012]. Increases in 

summer temperatures since the mid-1980s have led to rapid mass loss from the Icelandic ice caps 

of 9.5-11.4 Gt/yr [Wouters et al., 2008; Jacob et al., 2012; Björnsson et al., 2013; Zhao et al., 

2014] (Table 1). The rapid uplift resulting from this mass loss has been recorded by both 

campaign and continuously operating GPS stations [Árnadóttir et al., 2009; Geirsson et al., 

2010] and uplift accelerations of as much as 2 mm/yr2 in the Central Highlands region have been 
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shown to be consistent with increases in ice cap melting rates since the mid-1980s [Compton et 

al., 2015]. 

The relationship between mass loss and uplift rates is modulated by Earth’s rheological 

properties. Previous studies of glacial isostatic adjustment (GIA) in Iceland, assuming either 

Maxwell viscoelastic or Newtonian viscous mantle rheology, have found upper mantle 

viscosities between 4 x 1018 and 4 x 1019 Pa·s fit the observed patterns of Icelandic uplift best 

[Sigmundsson, 1991; Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et al., 2009; Schmidt et al., 

2012; Auriac et al., 2013; Schmidt et al., 2013]. However, no such study has yet considered the 

effect that uplift accelerations may have on estimates of upper mantle viscosity. Furthermore, 

each aforementioned study prescribed ice cap thinning rates and used uplift observations to 

constrain a best-fit viscosity and did not consider a range of possible thinning rates. An inverse 

modeling scheme which does not prescribe a thinning rate for each ice cap, but rather solves for 

it, could be used to evaluate not only the rheology of Iceland but also as a tool to independently 

determine ice cap thinning rates for comparison with those determined by other methods. 

Here, we present the results from a simple elastic inversion as well as an inversion that 

considers viscoelastic responses to ice cap unloading over a 10-year test period from 2004-2014.  

We also consider the effects of melting during an extended period of 1985-2014 to assess the 

effects of melting that occurred prior to the proliferation of cGPS throughout Iceland. Our goal is 

to better understand the relationships and tradeoffs between ice cap thinning rates, cGPS-

measured uplift and uplift accelerations, and mantle viscosity. For this work, we only consider 

the vertical component of cGPS-measured motion, as tectonic processes dominate in the 

horizontal, and assume that observed uplift is the response to ice cap melting. We show that 

ignoring viscous effects can lead to a gross overestimation of ice cap thinning rates.  
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2. cGPS Data 

We employed the same raw data from 62 cGPS stations in Iceland (Figure 1) and 

processing workflow reported in Appendix B. After visually inspecting each time series to 

identify breaks and to remove data from time periods overly contaminated by volcanic signals, 

we solved for time-averaged velocity and acceleration terms and used the resulting smooth 

parabolas to interpolate, extrapolate, and down-sample each time series to create a decade-long 

data set from 2004-2014 with four position estimates per year (Figure 1). In doing so, we filter 

noise from our time series and ignore the annual periodicity of motion due to seasonal snows, but 

also remove the interannual variability such that we are only able to resolve long-term melting 

rates with our inversion. Through this method we lose the ability to resolve short-time scale 

changes in melt rates from year to year like those measured by annual field-based mass balance 

methods [e.g. Björnsson et al., 2013], however these short term variations should be insensitive 

to the longer-term viscous response of the Earth and are typically treated separately using a 

purely elastic model [e.g. Grapenthin et al., 2006; Appendix B]. 

Uncertainties assigned to our smoothed and down-sampled time series are governed by 

the modeled velocity and acceleration uncertainties and also take into account the presence of 

breaks and gaps as well as extrapolation error. Uncertainties are smallest – sub millimeter – for 

those epochs located in the center of the time series with greatest distance from gaps and breaks 

(Figure 2). Uncertainties for epochs missing data, either within the time series as a data gap, or at 

the ends of the time series from which we extrapolate, are larger by an order of magnitude or 

more and increase as the time gap between the extrapolated position estimate and the nearest 

observed position estimate increases. cGPS sites such as ISAF, located in the far northwest of 

Iceland, and GRVA, located between the Langjökull and Hofsjökull ice caps, for which there are 
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no position estimates prior to 2009.6 and 2011.4 respectively, and site REYZ located in 

Reykjavík for which there are no position estimates after 2007.7, require extrapolation of over 

five years and are assigned very large uncertainties accordingly (Figure 2). 

3. Inversion method 

We preform a weighted least squares inversion for each epoch, where the load on each 

ice cap is determined by the cGPS position estimates for that epoch and the Green’s functions 

described below weighted by the data variance matrix. We solve for loads in meters water-

equivalent for four ice cap groupings (Table 1). Schmidt et al., [2013] demonstrated that thinning 

of small glaciers in central Iceland contributes measurably to the uplift signal, so we follow their 

method and include small glaciers in our analyses – assigning each to a grouping designated by 

the nearest large ice cap. 

3.1 Elastic Parameters 

Previous studies of GIA in Iceland reported upper mantle viscosity estimates between 4 x 

1018 and 4 x 1019 Pa·s [Sigmundsson, 1991; Pagli et al., 2007; Pinel et al., 2007; Árnadóttir et 

al., 2009; Schmidt et al., 2012; Auriac et al., 2013; Schmidt et al., 2013]. At these values, the 

viscous response to unloading over decadal time scales comprises an important and measurable 

component to of the cGPS-recorded uplift. An elastic inversion scheme that attributes the vertical 

position at each epoch to the contemporaneous ice loss at that epoch will over-predict mass loss 

because the cumulative viscous effects of ice loss from past times are not properly accounted for. 

We do, however, start our analysis with a purely elastic inversion and utilize the best-fit elastic 

parameters reported in Appendix B to quantify the disparity between the elastic thinning rate 

estimations and those derived by our estimates incorporating viscoelastic responses. For this 

comparison, as in Appendix B, we employ an elastic half-space model using the GIC-supported 
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code, RELAX [Gurnis et al., 2004; Barbot and Fialko, 2010b; Barbot, 2011] and prescribe a 

Young’s modulus of 50 GPa and density of 2800 kg/m3 (Poisson’s ratio = 0.25; shear modulus 

(!) =  Lamé’s constant (!) = 20 GPa). We keep these values constant through all subsequent 

modeling. We then compute the vertical displacement responses to removal of a 1 mwe load over 

each ice cap individually and used the computed elastic response values as the Green’s functions 

for this stage of our analysis. 

We’ve designed our elastic calibration scheme such that ice cap loads for every epoch are 

computed simultaneously, but because for this part of our analysis, the load at each epoch only 

depends upon the elastic response at that same epoch, we effectively estimate values at each 

epoch independently. The results of the elastic inversion are described below and demonstrate 

the importance of including viscoelastic effects over a decade-long estimation. 

3.2 Viscoelastic Green’s Functions 

To compute the viscoelastic Green’s functions, we again calculated the vertical 

displacement responses to the removal of a 1 mwe load over each ice cap individually assuming 

an elastic layer over a Maxwell viscoelastic half-space following previous Earth-model 

approximations for GIA studies of Iceland [Fleming et al., 2007; Pagli et al., 2007; Árnadóttir et 

al., 2009; Schmidt et al., 2012; Auriac et al., 2013; Schmidt et al., 2013]. We test two elastic 

layer thicknesses – 10 and 40 km – in order to encompass the range of elastic layer thicknesses 

estimated for Iceland (10 km: [Árnadóttir et al., 2009], 20 km: [Fleming et al., 2007; Auriac et 

al., 2013], 30 km: [Fleming et al., 2007; Schmidt et al., 2012]). Although the preferred 3-layer 

Earth model reported by Árnadóttir et al. [2009] includes a 10 km elastic layer overlying a 30 

km thick high-viscosity viscoelastic layer underlain by a viscoelastic half-space, when modeling 

vertical uplift rates with a 2-layer model, Árnadóttir et al. [2009] find a 40 km elastic layer 
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thickness fits the GPS observations best. We then solve for displacement time series assuming a 

range of half-space viscosities between 8 x 1017 and 1 x 1020 Pa·s, again employing RELAX 

[Barbot and Fialko, 2010a; Barbot, 2011]. The elastic parameters from our elastic half-space 

inversion are carried forward to our layer over viscoelastic half-space model. 

Again, we constructed our estimation scheme to solve for all loads at all times 

simultaneously. However, unlike in our elastic inversion, the ice cap load at each epoch depends 

not only on the instantaneous elastic response but also on the viscous responses from all previous 

epochs. By solving for all loads at all times simultaneously, we are able to use the vertical 

positions at later times to help constrain the loads at previous epochs – thus the load estimate at 

the first epoch is informed by the position estimates at all subsequent times. 

3.3 Assessing the effects of elastic thickness, viscoelasticity, and data uncertainty 

To examine the impact of the assumed Earth structure and data uncertainties on our 

inversion results, we conducted two simple sensitivity tests. We created a synthetic data set by 

computing the vertical displacements due a thinning rate of 1 mwe/yr over each ice cap for 10 

years using an Earth model with a 40 km elastic layer and half-space viscosity of 1 x 1019 Pa·s, 

the same model with which we created one of our Green’s functions sets. We then estimated a 

load variation time series using each of our sets of Green’s functions, both elastic and 

viscoelastic and including both elastic thicknesses, and estimated thinning rates both with and 

without weighting by the inverse data variance matrix. Our test results are presented in Figures 3 

and 4. 

In estimating thinning rates using a least squares inversion wherein each position estimate 

is weighted equally, we find we are able to reproduce the prescribed thinning rate with our 1 x 

1019 Pa·s Green’s functions for a 40 km elastic thickness Earth model, but the inversion results 
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from our other Green’s functions sets vary widely. Varying viscosity has the largest impact on 

the total inferred mass loss over the 10-year test period. A sum load variation time series 

weighted by each ice caps’ surface area shows that estimated time-averaged thinning rates range 

from 0.3 to 1.3 mwe/yr as we progress from low to high viscosities and over both elastic 

thicknesses (Figure2; Table 1). Total thinning ranges from 3.2 mwe to 13.1 mwe from 8 x 1017 to 1 

x 1020 Pa·s respectively, which translates to a difference of 113 Gt over 10 years. 

Thinning rates estimated assuming an elastic model approximate those inferred assuming 

a viscosity of 1 x 1020 Pa·s, the highest value of viscosity we tested. We also note that those 

Earth models with viscosities higher than 1 x 1019 Pa·s and 40 km elastic thickness produce an 

accelerated thinning rate estimate while those lower than 1 x 1019 Pa·s result in thinning rate 

estimates with a small deceleration, especially in the early part of the time series. Though field-

based mass balance measurements have shown that the Icelandic ice caps have been thinning at 

an accelerating rate [Björnsson et al., 2013], and previous work has demonstrated that an 

accelerated thinning rate is consistent with cGPS-observed uplift accelerations [Compton et al., 

2015], our analysis here shows that it may be difficult to distinguish the difference between 

accelerations of ice cap thinning and a viscosity mismatch without independent constraints. 

Sensitivity to elastic layer thickness varies by individual ice cap. Vatnajökull and 

Hofsjökull thinning rate estimates are relatively unaffected, with the most pronounced 

differences in thinning rates at low viscosities. Hofsjökull thinning rate estimates for a viscosity 

of 8 x 1017 Pa·s differ by 0.038 mwe/yr between the 40 km and 10 km elastic layer thickness 

cases. The Mýrdalsjökull/Eyjafjallajökull and Langjökull thinning rate estimates appear much 

more sensitive to elastic layer thickness. A 10 km elastic thickness results in systematically 

smaller thinning rate estimates for Mýrdalsjökull/Eyjafjallajökull, while decreasing elastic layer 
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thickness has the opposite effect on thinning rate estimates for Langjökull. These findings 

highlight the effect of ice cap size on the rheological depth sensitivity and the potential 

importance of local rheology to individual ice cap thinning rates, which we discuss below. 

Sensitivity to viscosity also varies by individual ice cap and has a larger impact on 

thinning rate estimate ranges than does elastic layer thickness. Herein we will report thinning 

rate ranges over both elastic thicknesses tested to present the full range of variability. 

Vatnajökull comprises ~75% of the total ice cap surface area in Iceland, so the patterns in the 

weighted sum time series largely follow those of Vatnajökull for which time-averaged thinning 

rates range from 0.31 to 1.31 mwe/yr from the lowest to highest viscosity tested and over both 

elastic layer thicknesses. Those viscosities lower than 1 x 1019 Pa·s – the viscosity used to 

compute synthetic uplift time series – predict thinning rates less than the prescribed thinning rate 

of 1 mwe/yr, while viscosities larger than 1 x 1019 Pa·s as well as the elastic test case over-predict 

thinning relative to the prescribed rate. We also find a very similar range of thinning rate values 

for the Langjökull ice cap, where time-averaged thinning rates over the 10-year test period range 

from 0.39 to 1.34 mwe/yr from the lowest to highest viscosity case. On the other hand, the 

Hofsjökull inversion results appear slightly more sensitive to changes in viscosity with thinning 

rates ranging from 0.19 to 1.38 mwe/yr. Furthermore, inversion results for the two lowest 

viscosities tested (8 x 1017 and 1 x 1018 Pa·s) indicate small mass gains for Hofsjökull in the final 

year of the 10-year test case. The Mýrdalsjökull/Eyjafjallajökull inversion results, conversely, 

appear slightly less sensitive to variations in viscosity. Time-averaged thinning rates range from 

0.32 to 1.13 mwe/yr from the lowest to highest viscosity case. These test results indicate that 

cGPS estimated thinning rates may be a useful tool in constraining the mass loss of the 

Mýrdalsjökull and Eyjafjallajökull ice caps, for which current mass loss estimates vary 
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considerably. Due in part to the steep terrain, there are very few in-situ mass balance 

measurements for these ice caps [Ágústsson et al., 2013]. 

We find that including data uncertainties results in what could otherwise be 

misinterpreted as interannual variability in ice cap thinning rates, especially for estimates 

computed for low viscosities (Figure 4). However, the overall patterns in our estimation results, 

including time-averaged thinning rates and the range of estimated thinning rates with varying 

viscosity are largely unchanged. Uncertainties in the thinning time series estimates are reflective 

of the spatial configuration of the cGPS network (Figure 5), as well as the history of 

observations. The Vatnajökull and Mýrdalsjökull/Eyjafjallajökull time series are relatively well 

constrained with estimate uncertainties often less then 0.05 mwe while the Hofsjökull and 

Langjökull have much larger estimate uncertainties by a factor of 2-4. Uncertainties for the 

Hofsjökull and Langjökull load estimate time series show a steady decline between 2006-2009 

reflecting the increase in cGPS station density in the Central Highlands during this time 

[Geirsson et al., 2010]. 

4. Estimation results, 2004-2014 

We employed the same weighted least squares method described above to our smoothed, 

extrapolated and down-sampled cGPS data for Iceland. Our decade-long estimation results 

provide us with an opportunity to evaluate our thinning rate estimates against other methods 

(Figure 6; Table 1) and to assess a range of preferred viscosities. Because including uncertainties 

in the data results in variable thinning rates on interannual time scales (discussed above), here we 

do not interpret interannual changes within the estimated load time series. Rather, we focus on 

the time-averaged thinning rates and total thinning over the 10-year period from 2004-2014. As 

we predicted, our elastic inversion results represent the largest thinning rates of all Earth models 
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tested and emphasize the need to account for viscoelastic effects when estimating thinning rates 

over time periods of multiple years to decades. As with the sensitivity test results, thinning rate 

ranges are reported such that they encompass the full range of rates over both elastic thicknesses 

tested. 

4.1 Vatnajökull 

Our time-averaged thinning-rate estimates for Vatnajökull range from 0.39 to 1.78 mwe/yr 

from lowest to highest viscosity and the four lowest viscosity cases (8 x 1017 to 4 x 1018 Pa·s) fall 

within the range of thinning rates estimated by other methods [Björnsson and Pálsson, 2008; 

Zhao et al., 2014]. These viscosity estimates for Vatnajökull are on order of, or lower, than the 

lowest previous estimate of Iceland asthenospheric viscosity of 4 x 1018 Pa·s [Schmidt et al., 

2012; Auriac et al., 2013]. However, Schmidt et al. [2012] estimate an Iceland hotspot (the 

current location of which is beneath the Vatnajökull ice cap) conduit viscosity of 3 x 1018 Pa·s, 

consistent with our findings, and early studies of the viscosity structure in northeast Iceland 

estimate an upper mantle viscosity of the same value [Pollitz and Sacks, 1996]. Additionally, our 

results correspond to estimates by Fleming et al. [2007] of viscosities of 1-2 x 1018 Pa·s beneath 

Vatnajökull, as well as the lower bound of viscosities inferred from lake tilting in the region 

[Sigmundsson and Einarsson, 1992]. Weighted sum thinning rate results follow a similar pattern 

as Vatnajökull with time-averaged thinning rates ranging between 0.55 and 2.23 mwe/yr. Our 

inversion results using Green’s functions for a viscosity of 2 x 1018 Pa·s fall within the range of 

thinning rates for Iceland as a whole estimated from GRACE, InSAR, and field mass balance 

measurements [Wouters et al., 2008; Jacob et al., 2012; Björnsson et al., 2013; Zhao et al., 

2014]. 
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4.2 Mýrdalsjökull/Eyjafjallajökull 

As with the resolution test results, we find that the inversion results for the Mýrdalsjökull 

and Eyjafjallajökull ice caps span the smallest range of thinning rates. From lowest to highest 

viscosity case, we find time-averaged thinning rates range between 0.3 to 1.6 mwe/yr, Because 

thinning rate estimates for these ice caps are the least well constrained of all the large ice caps in 

central Iceland, all of our inversion results fall within the thinning rate range defined by other 

methods with the exception of the final year of mass variation estimates for the two lowest 

viscosity cases with an elastic thickness of 10 km. The majority of our results fall between rates 

of 0.9 and 1.55 mwe/yr computed for Eyjafjallajökull by lidar- and SAR-derived DEM 

differencing [Gudmundsson et al., 2011; Jóhannesson et al., 2013]. 

4.3 Hofsjökull 

We find that only the two lowest viscosity cases with an elastic layer thickness of 10 km 

fall within the range of thinning rates derived from a variety of methods [Björnsson and Pálsson, 

2008; Jóhannesson et al., 2013; Zhao et al., 2014]. Under a 40 km elastic layer thickness regime, 

even the lowest viscosity case results in a thinning rate of 2.2 mwe/yr, 0.7 mwe/yr higher than rates 

derived from surface mass balance measurements [Björnsson et al., 2013]. Thinning rate 

estimates for all viscosities predict rapid thinning before 2006 and a distinct change to slower 

thinning after that time. Stake mass-balance measurements for Hofsjökull do not corroborate this 

distinct kink in thinning rates and we instead attribute this feature to the lack of station coverage 

in the vicinity of the Hofsjökull ice cap prior to 2006. 

4.4 Langjökull 

Our thinning rate estimates for the Langjökull ice cap vary widely throughout the 10-year 

period and are the only estimates that predict mass gain relative to the zero position at 2004. 
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Time-averaged thinning rates range from 0.16 to 2.2 mwe/yr, and thinning rate estimates vary 

substantially between the two elastic layer thicknesses tested. This difference is largest at low 

viscosities, where time-averaged thinning rates for a viscosity of 8 x 1017 Pa·s differ by 0.8 

mwe/yr resulting in total estimated mass loss of 1.6 mwe (40 km elastic thickness) or 10.4 mwe (10 

km elastic thickness). 

4.5 Hofsjökull and Langjökull correlation 

The Hofsjökull and Langjökull ice caps are the least well constrained of the four ice cap 

groupings for which we estimate thinning rates. Prior to 2006, few stations had been installed in 

the Central Highlands region and even now, there are no cGPS sites located directly north or 

northwest of those ice caps. This limited spatial coverage is likely the main contributor to the 

very rapid thinning rates we estimate for Hofsjökull and the dramatic interannual variability we 

estimate for Langjökull. 

The load estimate correlations for Hofsjökull and Langjökull resulting from the inversion 

for all viscosities tested (as well as the purely elastic inversion) are negatively correlated with an 

average correlation of -0.58 (Figure 7) such that we may be better able to resolve the sum of the 

two ice cap thinning rates rather than each one individually. We take advantage of this 

relationship – as well as the fact that the Hofsjökull and Langjökull ice caps are similar in size 

(976 and 1100 km2 respectively) and that independent measures of ice cap thinning rates 

estimate similar rates for both (Table 1) – to justify imposing an additional constraint in our 

estimation scheme. We minimize the difference between thinning rates for these two ice caps 

and explore the impact that an increasingly strict constraint has on the thinning rate estimates in 

Figure 8. If we impose a strict constraint such that the difference between the load time series of 

each ice cap is effectively zero, we find that we are able to approximately match thinning rates 
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derived by independent methods with the two lowest viscosities, 8 x 1017 and 1 x 1018 Pa·s, 

which brings the Hofsjökull and Langjökull preferred viscosity estimates into alignment with 

Vatnajökull (Figure 9). We also find that this constraint results in subtle changes in the 

Vatnajökull and Mýrdalsjökull/Eyjafjallajökull thinning rate estimates. Vatnajökull thinning rate 

estimates shift slightly higher and range between 0.4 and 1.9 mwe/yr whereas the 

Mýrdalsjökull/Eyjafjallajökull thinning rates cover a narrower range from 0.35 to 1.4 mwe/yr (10 

km elastic thickness) and 0.7 to 1.4 mwe/yr (40 km elastic thickness). Furthermore, if we use the 

preferred viscosities estimated for Hofsjökull, Langjökull, and Vatnajökull, we may further 

constrain the range of likely thinning rates for Mýrdalsjökull/Eyjafjallajökull. For viscosities 

from 8 x 1017 to 4 x 1018 Pa·s, time-averaged thinning rates range from 0.35 to 0.9 mwe/yr (10 

km) and 0.7 to 1.1 mwe/yr (40 km). 

5. Multi-decadal viscoelastic relaxation effects. Estimation results, 1985-2014  

 An implicit assumption in analyses that employ surface ground motion observations to 

infer changes in water mass by way of an inversion estimation [e.g. Elósegui et al., 2003; 

Ouellette et al., 2013; Argus et al., 2014; Borsa et al., 2014; Chanard et al., 2014] – whether 

viscoelastic effects are considered or not – is that ground motion during the period of interest 

results from mass variations during that same time period. Unless otherwise corrected for, these 

inversion-based estimation schemes do not consider the cumulative effect of viscoelastic 

responses to prior mass variations. To examine the potential effect of ice loss prior to the 

proliferation of cGPS in Iceland on our inversion results we computed the 125 years of surface 

response at each cGPS site location to the removal of 1 mwe over all of the Icelandic ice caps 

simultaneously to approximate the 11.4 Gt of modern-day mass loss rate reported by Wouters et 

al. [2008] (Figure 10). Maxwell relaxation times for each cGPS site location, computed as the 
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time at which the annual relaxation response equals 1/e of the viscous response the year 

immediately following unloading, range between 20 and >100 years for a viscosity of 1 x 1019 

Pa·s and are highest in central Iceland. Increasing elastic layer thickness acts to dampen high 

frequency spatial variation in relaxation time estimates (Figure 10). This analysis also highlights 

the importance of not only considering relaxation time when assessing time-cumulative 

viscoelastic contributions to uplift, but also the magnitude of said contribution. At high 

viscosities, responses decay very slowly but are small, even for those years immediately 

following unloading. For a viscosity of 1 x 1020 Pa·s, although relaxation times are an order of 

magnitude longer than those for 1 x 1019 Pa·s, annual relaxation responses are less than 0.1 mm 

throughout the entire time period such that more than a decade of rapid ice cap thinning would 

be required to produce 1 mm of vertical surface motion by cumulative relaxation response alone. 

The average uplift rate uncertainty reported by Compton et al. [2015] for Icelandic cGPS sites is 

1.4 mm. Thus, high viscosity viscoelastic responses to rapid mass variations may not be 

observable within the current resolution of GPS.  

Conversely, for low viscosities, relaxation responses to unloading contribute significantly 

to uplift in the first few decades following unloading but decay rapidly over time. For a viscosity 

of 1 x 1018 Pa·s the viscoelastic relaxation contribution to uplift at some GPS site locations is 

over 1 mm in the first year, but for the majority of GPS site locations, responses decay to less 

than 0.1 mm after 30-40 years and are largely less than 0.5 mm after the first 10 years. 

Responses at intermediate viscosities, like those shown in Figure 10 for a viscosity of 1 x 1019 

Pa·s, span a wider range of values for a longer period of time and highlight the potential 

contribution of historical mass changes to estimates of modern-day uplift. Annual viscoelastic 

relaxation responses to the removal of a 1 mwe load are less than 1 mm across the entire GPS 
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network at a viscosity of 1 x 1019 Pa·s so it may be difficult to resolve short-term mass variations. 

However, longer-term sustained periods of mass loss, such as the glacial recession in the 1930s 

[Björnsson and Pálsson, 2008] could still contribute to uplift at some GPS stations. We find that 

following the removal 1 mwe from the Icelandic ice caps, annual relaxation responses for 40 of 

the 62 GPS station locations are less than 0.1 mm after 80 years and responses are less than 0.5 

mm for the 22 remaining GPS site locations. It is worth noting that glacial retreat in Iceland 

slowed between 1940 and 1960 and glacial advance was recorded for some glaciers between 

1970 and 1995  [Björnsson and Pálsson, 2008; Björnsson et al., 2013]. Viscoelastic relaxation 

responses to glacial loading during this time period would act to dampen uplift responses to prior 

times of retreat. 

 The viscoelastic relaxation responses to unloading as shown in Figure 10 demonstrate the 

impact that sustained periods of mass loss can have on modern-day uplift rates, and that such 

impacts are most prominent in the first ~30 years following unloading, especially for low 

viscosities. It follows that viscoelastic relaxation responses to ice mass loss since 1985 could 

comprise a measureable portion of observed uplift today, and that our estimation results for 

2004-2014, which presuppose at all uplift during that time period is a result of mass loss during 

that same time, may be biased toward higher thinning rates. We therefore extended the time 

period of interest to 1985-2014 and performed our weighted least squares estimation to assess the 

effect of increasing summer air temperatures and ice mass loss between 1985 and 2004 

[Björnsson and Pálsson, 2008; Björnsson et al., 2013] on our estimates of thinning rate and 

preferred viscosities. We extend our smoothed and down-sampled cGPS data set back to 1985 

assuming that our estimates of acceleration are constant through time. We do not include data 

uncertainties in this estimation for two reasons: 1. our aim is to focus on the impact of widening 
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the estimation timespan and 2. we found that uncertainties for some GPS sites become so large 

so as to exclude information from those sites entirely, resulting in hard-to-interpret estimation 

results based solely on a small portion of the cGPS network. Since we infer surface motions for a 

decade or more for each cGPS site, we are hesitant to place more weight on some estimates over 

others. As before, we impose a constraint to minimize the difference between the load time series 

of the Hofsjökull and Langjökull ice caps.  

 We find that expanding the estimation time span has little effect on the range of thinning 

rate estimates for the time period of 2004-2014 (Figure 11). Time-averaged thinning rates for all 

of Iceland computed by a weighted sum for the time period 2004-2014 range between 0.36 and 

2.34 mwe/yr, compared to a range of 0.55 to 2.23 mwe/yr reported above. Similarly, 2004-2014 

thinning rate ranges for each individual icecap grouping show relatively small changes from 

those estimated with a narrower time window, though in most cases, the range shows a subtle 

shift toward slower thinning rates. 2004-2014 thinning rates for Mýrdalsjökull/Eyjafjallajökull 

range from 0.2-1.25 mwe/yr (compared to 0.35-1.4 mwe/yr, Figure 9), and both the Hofsjökull and 

Langjökull thinning rates range from 0.89-3.52 mwe/yr (compared to 1.06-4.54 mwe/yr, Figure 9). 

Thinning rate estimates for Vatnajökull span a wider range of values from 0.12-2.16 mwe/yr 

compared to 0.4-1.9 mwe/yr reported above.  

 Although the range of thinning rates for 2004-2014 are largely the same when we expand 

the estimation time window – indicating, perhaps, the relative insensitivity of very high and very 

low viscosities to mass variations in the proceeding decades – we do find that the range of 

preferred viscosities shifts upward for the Vatnajökull, Hofsjökull and Langjökull ice caps. 

Using the range of thinning rates derived by independent methods reported in Table 1, we find 

preferred viscosities between 2-6 x 1018 Pa·s for Vatnajökull, less than 1 x 1019 Pa·s for 
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Hofsjökull, and between 6 x 1018 and 1 x 1019 Pa·s for Langjökull. Additionally, for each of the 

three ice caps for which Björnsson et al. [2013] report mass balance time series, we find that the 

trend of each mass balance curve matches most closely with our thinning estimates derived with 

a viscosity of 6 x 1018 Pa·s, and the same viscosity results in a time averaged thinning rate of ~1 

mwe/yr for the weighted sum over all of Iceland (Figure 11). Thus, although we find that the 

decade-long estimation results reported above may capture the full range of possible thinning 

rates over the range of viscosities tested, estimations of viscosity using this method over a 

relatively short time period should be considered minimum values, as thinning rates estimated 

for intermediate viscosities will be biased toward higher values. Expanding the estimation time 

window to include the most recent transition to sustained mass loss over Iceland results in 

preferred viscosity values that fall within the range of asthenosphere viscosities reported by other 

works. However, this method requires that we make assumptions about a decade or more of 

surface motion for which we have no cGPS observations. Compton et al. [2015] showed that for 

those GPS site locations in central Iceland, for which statistically significant positive uplift rates 

and accelerations were observed, projecting surface motion trends back in time resulted in zero-

velocity estimates that correspond in time with the initiation between 1985-1995 of modern-day 

mass loss. Here, we draw on this previous work as a justification for back-projecting modern day 

trends, but future works estimating mass variations based on surface motions over a viscoelastic 

Earth will need to evaluate the potential trade-offs between the increased uncertainty in 

projecting surface motion data back in time and biases potentially introduced by an estimation 

time window that is too narrow.  
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6. Discussion 

6.1 Uplift accelerations and estimates of viscosity 

In evaluating our thinning rate estimates for all of Iceland, we find that our preferred 

viscosities are lower than those found by some other recent GIA modeling studies. Although, as 

shown above, best-fit viscosities are dependent upon the time span included in the estimation, we 

also attribute this disparity, in part, to the difference between the cGPS data set used for this 

analysis and those data sets employed in previous works. Specifically, the results of studies that 

do not account for uplift accelerations, and the effect of those accelerations on uplift rates over 

time, will be biased toward higher viscosities. For example, work by Árnadóttir et al. [2009] and 

Schmidt et al. [2012, 2013] were based upon GPS uplift rates determined by nationwide GPS 

campaigns in 1993 and 2004 which measured time-averaged vertical uplift with a maximum rate 

in the Central Highlands region of approximately 23 mm/yr at site SKRO [Árnadóttir et al., 

2009]. For comparison, using a cGPS data set through 2014.7, Compton et al. [2015] report an 

uplift velocity at site SKRO of 36.7 ± 0.6 mm/yr for the epoch 2014.5. We do not argue that 

these two uplift estimates are in conflict. In fact, if one considers the uplift acceleration of 1.3 ± 

0.1 mm/yr2 [Compton et al., 2015], then the two uplift rates are in alignment and reflect the 

respective uplift rates in 2004 and again in 2014.5. What we do argue, however, is that 

evaluating GIA processes in Iceland using unchanging uplift rates ignores the full spatial and 

temporal patterns of uplift there. It is impossible to compute an uplift acceleration from only two 

GPS field campaigns, but now that there is a dense network of continuously operating GPS 

stations, many of which have nearly a decade of data, we propose that all future works make use 

of these more complete observations of uplift. 
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6.2 Lateral and vertical variations in rheology 

The spatial distribution of ice caps with respect to the active rift zone and Icelandic 

hotspot and the variation in ice cap size provides a natural test bed for future investigations of the 

impacts of laterally and vertically varying rheological structure on Iceland GIA. The spatial 

patterns of the range of best-fit viscosities derived by the 1985-2014 estimation for each ice cap 

indicates the potential importance of employing laterally varying viscosities in future GIA 

studies. Vatnajökull, which overlies both the active Eastern Volcanic Zone (EVZ) as well as the 

present-day location of the Iceland hotspot is best fit by viscosities ranging from 2-6 x 1018 Pa·s, 

which includes the low viscosity of 3 x 1018 Pa·s Schmidt et al. [2012] estimate for the Icelandic 

hotspot conduit. Conversely, the Langjökull ice cap, for which thinning rate estimates are fit best 

by higher viscosities between 6 x 1018 and 1 x 1019 Pa·s, is located at greatest distance from the 

EVZ. 

Furthermore, the variable sizes of each ice cap may allow for a better estimation of the 

rheological stratification at depth. For example, computing vertical displacement responses to 

loading demonstrates depth sensitivity dependence on load size. We computed vertical 

displacement responses from the surface to 1200 km depth at the approximate center of each 

individual ice cap grouping using the preferred elastic parameters described above and find that 

vertical responses decrease to less than 10% of the computed surface response at depths of just 

over 300 km for the largest ice cap, Vatnajökull (Figure 12). The smaller Langjökull, Hofsjökull, 

and Mýrdalsjökull/Eyjafjallajökull ice caps show sensitivity to elastic structure over a much 

shallower depth range with responses decreasing to less than 10% of the computed surface 

response at depths less than 150 km. Similarly, the depth sensitivity of viscoelastic responses 

depends upon load size as well as elastic layer thickness and viscosity (Figure 13). Again, we 
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computed vertical displacement responses at the approximate center of each individual ice cap 

grouping using the preferred elastic parameters and show in Figure 13 the cumulative 

viscoelastic vertical response 1 year after loading for viscosities of 1 x 1018, 1 x 1019, and 1 x 

1020 Pa·s. Responses at depth highlight the importance of elastic layer thickness in controlling 

shallow (<100 km) viscous responses to surface loads. This range of depth sensitivity 

information could be leveraged in future works to determine a more complete depth-dependent 

rheological structure for Iceland [e.g. Yamasaki and Houseman, 2012].  

Similarly, as viscoelastic relaxation time and magnitude of viscoelastic response depends 

upon elastic structure as well as viscosity, future works may investigate the contributions and 

trade-offs introduced by an Earth model with layered, rather than homogeneous, elastic 

parameters. For example, doubling Young’s Modulus from 50 GPa to 100 GPa (such that ! = !  

= 40 GPa) for the RELAX model half-space leads to an approximate doubling of relaxation time 

estimates and viscoelastic responses reduced by ~half in the early years following unloading for 

those cGPS site locations in central Iceland (Figure 14). Viscoelastic relaxation times for a 

viscosity of 6 x 1018 Pa·s range from 10 to 80 years for a half-space with Young’s modulus of 50 

GPa and from 20 to >100 years for a Young’s modulus of 100 GPa. Like increasing elastic layer 

thickness, increasing the values of the elastic parameters themselves acts to dampen high 

frequency spatial variation in relaxation time estimates. In this work, we have employed a 

Maxwell half-space with elastic parameters consistent with those found by previous works for a 

half-space [Grapenthin et al., 2006; Pinel et al., 2007] and those defining the crustal layer in 

some GIA studies [Árnadóttir et al., 2009; Schmidt et al., 2013]. Previous GIA studies have 

prescribed higher Young’s modulus values of 90-210 GPa for lower lithospheric and 

asthenospheric layers [Árnadóttir et al., 2009; Auriac et al., 2013; Schmidt et al., 2013]. 
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Increasing elastic parameter values at depth could act to change the spatial pattern of relaxation 

times and dampen the magnitude of surface responses to load variations, thus affecting the 

relative importance of elastic and viscoelastic relaxation responses in estimating mass variations 

by an inversion estimation scheme. Employing a vertically, or laterally, uniform viscosity and 

elastic layer thickness across all of Iceland for modeling ice-melt induced uplift could bias 

estimates of ice cap melt rates, and the trade-offs between elastic and viscous structure should be 

considered in future works. 

6.3 Potential impacts of non-ice mass variation 

In this work, as is standard in GIA modeling studies for Iceland [e.g. Pagli et al., 2007; 

Pinel et al., 2007; Árnadóttir et al., 2009; Schmidt et al., 2012; Auriac et al., 2013; Schmidt et 

al., 2013], we assume that ice mass variations dominate the cGPS-recorded uplift signal. This 

assumes that other potential long-term hydrologic variations, like changes in soil moisture and 

water table depth, have little effect on decadal uplift rates. A transition to rapid ice mass loss 

since 1985 has been attributed to increasing summer temperatures. During this same time, no 

significant changes in precipitation have been observed [Björnsson and Pálsson, 2008] and there 

is no correlation between rates of winter precipitation and ice cap mass variation [Björnsson et 

al., 2013]. However, increasing summer temperatures could affect rates of evaporation over non-

glaciated regions in Iceland, leading to long-term hydrologic mass loss. If so, ignoring those 

changes and assuming all uplift is the response to ice cap mass loss could bias ice cap thinning 

rate estimates toward higher values. 

6.4 Multi-year mass variation estimations constrained by ground motion data 

The last several years have seen a great increase in the number of studies using 

observations of ground motion to infer changes in water mass. Studies have largely focused on 



 

 116 

the utility of GPS technology [e.g. Elósegui et al., 2003; Ouellette et al., 2013; Argus et al., 

2014; Borsa et al., 2014; Chanard et al., 2014; Chew and Small, 2014; Fu et al., 2015], but 

similar studies have also been performed using InSAR observations [e.g. Liu et al., 2012; Zhao 

et al., 2014]. Although, ground motion observations are clearly a valuable tool for assessing 

changing environmental loads, we have shown that ignoring viscoelastic effects can have a 

sizeable impact on mass variation estimates. Whereas in Iceland, there are many independent 

measures of ice mass variability with which to compare our cGPS derived thinning rates, thus 

making Iceland a prime location to test our inversion method, in other locations where such 

observations are less robust, ground motion-derived mass variation estimates will need to 

demonstrate confidence in the Earth model used and properly account for viscoelastic relaxation. 

This is particularly true where loads have large spatial extent, since the effective relaxation time 

may vary depending on the characteristic load dimension [e.g. Peltier, 1974; Cathles, 1975]. 

Studies that do not account for viscoelastic responses to loads over large areas and instead 

assume a purely elastic Earth model [e.g. Argus et al., 2014; Borsa et al., 2014; Fu et al., 2015] 

could overestimate mass variations. This, in addition to accounting for accelerating, or otherwise 

time-variable, uplift rates could have significant impacts on interpretations that could affect 

water resource management and hazards identification. 

7. Conclusions 

The viscoelastic response to ice cap thinning accounts for an appreciable proportion of 

cGPS-observed uplift in Iceland. As shown here with our elastic estimation, if viscoelastic 

responses are unaccounted for, estimates of ice cap thinning rates will vastly over-estimate true 

values. Although our goal here was not to determine a best-fit Earth model, but rather to 

introduce a method by which decade-long cGPS observations may be used to estimate mass 
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variations and to asses the effects of viscosity on inferences of ice cap thinning rates, we do find 

through comparison with other independently derived thinning rates, a range of preferred 

viscosities. We are best able to match independently determined estimates of ice cap thinning 

with viscosities between 2 and 6 x 1018 Pa·s for both elastic layer thicknesses of 10 and 40 km 

for the Vatnajökull and less than 1 x 1019 Pa·s for the Hofsjökull and Langjökull ice caps. Our 

preferred viscosities may be less than previous estimates based on geodetic measurements due in 

part to our use of more current uplift rates and the inclusion of uplift acceleration in our analysis. 

Accounting for the viscoelastic responses to changes environmental loading, as well as possible 

non-secular variations in loads, while especially important in places like Iceland where mantle 

viscosities are low, will become increasingly important in all regions as long-running cGPS time 

series from dense networks become more commonplace. 
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9. Figures 

 

 
 
Figure 1: GPS site locations and example time series down-sampling/extrapolation. 

Installation and operation of the sites used in this study were led by the Icelandic Meteorological 

Office (IMO), University of Iceland, University of Arizona, Penn State, ETH, Landmælingar 

Íslands, Landsvirkjun, Université de Savoie, Bayerische Akademie der Wissenschaften and 

KAUST. Example raw vertical displacement time series are shown overlain by the quarterly 

down-sampled and extrapolated time series used in the viscoelastic inversion. V=Vatnajökull, 

H=Hofsjökull, L=Langjökull, M=Mýrdalsjökull, E=Eyjafjallajökull. 
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Figure 2: Data Uncertainties. Data uncertainties used in our analysis account for breaks and 

gaps in the cGPS time series as well as extrapolation. Inset (denoted by dashed box) shows that 

uncertainties for epochs for which there are cGPS position estimates are often less than 1 mm. 

Time series for sites GRVA, ISAF, and REYZ, each of which required extrapolation for over 5 

years, are assigned large uncertainties and are thus unweighted in our ice cap thinning rate 

estimations. 
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Figure 3: Effects of viscoelasticity. Inversion attempts to reproduce a synthetic data with 

thinning rate over each ice cap of 1 mwe/yr for 10 years and a half-space viscosity of 1 x 1019 

Pa·s. Green’s functions for a half-space viscosity of 1 x 1019 Pa·s reproduce the 1 mwe/yr thinning 

rates while lower viscosities under-predict and higher viscosities over-predict thinning rates over 

the 10-year inversion period. Elastic inversion results are similar to the highest viscosity tested. 
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Figure 4: Effects of data uncertainty. Same as Figure 3, but here we employ the inverse of the 

data variance matrix, which accounts for increased uncertainties due to breaks and gaps within 

the cGPS position time series as well as extrapolation, in our estimation scheme. 
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Figure 5: Thinning rate uncertainties. Uncertainties are derived from the diagonal elements of 

the computed model variance-covariance matrix obtained from the inversion. 
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Figure 6: Cumulative thinning estimates comparison 2004-2014. Elastic (bold dashed) and 

viscoelastic (colored) estimation results for each ice cap as well as the weighted sum of 

Vatnajökull, Hofsjökull, and Langjökull, and a sum of all 5 ice caps weighted by surface area. 

Shaded regions include the melt rates reported in Table 1. Note the change in scale for the 

Hofsjökull, and Langjökull y-axes relative to the other plots. 
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Figure 7: Hofsjökull/Langjökull correlation time series. Average correlation from 2004-2014 

is -0.58. 
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Figure 8: Effects of increasing constraint on Hofsjökull and Langjökull thinning time 

series. As the difference between the Hofsjökull and Langjökull thinning rates is minimized, 

thinning rate estimates for our low viscosity tests fit previously reported thinning rates best. 

Shaded regions include the melt rates reported in Table 1. 
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Figure 9: Changes in thinning rate estimates for all ice caps when Hofsjökull and 

Langjökull are constrained. Under the strictest constraint scenario pictured in Figure 7, 

wherein the Hofsjökull and Langjökull ice caps thinning rates are effectively the same, we note 

subtle changes in the thinning rate estimates for Vatnajökull and Mýrdalsjökull/Eyjafjallajökull 

as well. Preferred viscosities for Vatnajökull, Hofsjökull, and Langjökull correspond and are 

low. 
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Figure 10: Viscoelastic relaxation response to loading. Annual relaxation contribution to 

vertical surface position following the removal of 1 mwe from all Icelandic ice caps computed at 

each of the 63 cGPS station locations. At high viscosities, contribution to uplift is relatively 

constant over multiple decades, but is small. Responses at low viscosities decay to less than 0.1 

mm after ~30 years. Inset maps show the spatial distribution of relaxation times.   
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Figure 11: Cumulative thinning estimates comparison 1985-2014. As in Figure 9, the 

Hofsjökull and Langjökull ice caps thinning rates are constrained to be effectively the same. 

Thinning rate estimates using Green’s functions computed with a viscosity of 6 x 1018 Pa·s 

correspond well with rates reported from stake mass balance observations. Similarly, weighted 

sum results show an approximate thinning rate estimate of 1 mwe/yr from 2004-2014 for viscosity 

6 x 1018 Pa·s.  
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Figure 12: Depth sensitivity. Normalized vertical elastic responses computed for the 

approximate center of each individual glacier grouping (noted in inset) demonstrates depth 

sensitivity dependence on load size. Vertical responses decrease to less than 10% of the 

computed surface response at depths less than 150 km for the smaller Langjökull, Hofsjökull, 

and Mýrdalsjökull/Eyjafjallajökull ice caps, while responses to Vatnajökull loading extend to 

depths of approximately 300 km.  
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Figure 13: Viscoelastic depth sensitivity. Cumulative vertical responses 1 year after loading. 

Values are normalized relative to the instantaneous elastic surface response to loading.  
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Figure 14: Viscoelastic relaxation dependence on elastic parameters. Viscoelastic relaxation 

times for a viscosity of 6 x 1018 Pa·s range from 10 to 80 years for a half-space with Young’s 

modulus of 50 GPa (upper panel) and from 20 to >100 years for a Young’s modulus of 100 GPa 

(middle panel). Annual relaxation contribution to vertical surface position following the removal 

of 1 mwe from all Icelandic ice caps computed at each of the 62 cGPS station locations (bottom 

panel) shows that increasing Young’s modulus from 50 to 100 GPa results in a decrease in 

response magnitude by approximately half in the early years following unloading for those cGPS 

site locations in central Iceland. Red line indicates 0.1 mm. 
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10. Tables 

Table 1. Ice Cap Thinning Rates 
     

  

Mass Loss 
Rate (Gt/yr) 

Thinning Rate 
(mwe/yr)b Method Time Period Reference 

Vatnajökull, Tungnafellsjökull, Thrándarjökull, and Hofsjökull in Lón (8520 km2)a 

     
0.3 Surface Mass Balance 1991-2005 Grapenthin et al., 2006 

     
0.45 Surface Mass Balance 1991-2007 Björnsson and Pálsson, 2008 

    
6.8!!.!!!.! 0.8!!.!"!!.!" InSAR Inversion 1995-2009 Zhao et al., 2014 

Hofsjökull (976 km2) 

     
0.53 Surface Mass Balance 1987-2006 Björnsson and Pálsson, 2008 

    
0.9 0.92 InSAR Inversion 1995-2009 Zhao et al., 2014 

     
1.0 Surface Mass Balance 1996-2002 Grapenthin et al., 2006 

     
1.08 ± 0.2 Lidar DEM 2004-2008 Jóhannesson et al., 2013 

     
1.5 Surface Mass Balance 1995-2010 Björnsson et al., 2013 

Langjökull, Eiríksjökull, Thórisjökull, and Hrútfell (1100 km2) 

     
1.26 ± 0.15 Surface Mass Balance 1997-2009 Pálsson et al., 2012 

     
1.3 Surface Mass Balance 1996-2008 Björnsson and Pálsson, 2008 

     
1.3 Surface Mass Balance 1996-2005 Grapenthin et al., 2006 

     
1.5 Surface Mass Balance 1997-2009 Björnsson et al., 2013 

Mýrdalsjökull, Eyjafjallajökull, Torfajökull, and Tindfjallajökull (836 km2) 

     
0.5c estimation n/a Grapenthin et al., 2006 

     
0.9 ± 0 .15d Lidar DEM 2004-2010 Jóhannesson et al., 2013 

     
1.55 ± 0.15d SAR/ SPOT 5 1998-2004 Gudmundsson et al., 2011 

    
1.7 2.03c InSAR Inversion 1995-2009 Zhao et al., 2014 

All (11,432km2) 
      

    
9.5 ± 1.5 0.83 ± 0.13 Surface Mass Balance 1995-2010 Björnsson et al., 2013 

    
10.3 ± 1 0.90 ± 0.09 InSAR Inversion 1995-2009 Zhao et al., 2014 

    
11 ± 1.5 0.96 ± 0.13 Surface Mass Balance 2003-2010 Björnsson et al., 2013 

    
11 ± 2 0.96 ± 0.17 GRACE 2003-2010 Jacob et al., 2012 

    
11.4 ± 3 1.0 ± 0.26 GRACE 2003-2008 Wouters et al., 2008 
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aGlacier groupings and ice cap area used throughout this work follow that of Schmidt et al. [2013] and include the five largest ice caps 
in central Iceland and associated nearby glaciers. Throughout this work, these groups are referred to by their dominant ice cap name. 
bThinning rates computed from mass loss rates are done so relative to the surface area reported in the table for each ice cap group. 
This surface area may be different than that use to compute a thinning rate reported in the original text. 
cThining rate estimate for Mýrdalsjökull 
dThinning rate estimates for Eyjafjallajökull 
 


