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[1] We analyze 2006–2009 data from four continuous Global Positioning System (GPS)
receivers located between 5 and 150 km from the glacier Jakobshavn Isbræ, West
Greenland. The GPS stations were established on bedrock to determine the vertical crustal
motion due to the unloading of ice from Jakobshavn Isbræ. All stations experienced
uplift, but the uplift rate at Kangia North, only 5 km from the glacier front, was about
10 mm yr−1 larger than the rate at Ilulissat, located only ∼45 km further away. This
suggests that most of the uplift is due to the unloading of the Earth’s surface as Jakobshavn
thins and loses mass. Our estimate of Jakobshavn’s contribution to uplift rates at Kangia
North and Ilulissat are 14.6 ± 1.7 mm yr−1 and 4.9 ± 1.1 mm yr−1, respectively. The
observed rates are consistent with a glacier thinning model based on repeat altimeter
surveys from NASA’s Airborne Topographic Mapper (ATM), which shows that
Jakobshavn lost mass at an average rate of 22 ± 2 km3 yr−1 between 2006 and 2009. At
Kangia North and Ilulissat, the predicted uplift rates computed using thinning estimates
from the ATM laser altimetry are 12.1 ± 0.9 mm yr−1 and 3.2 ± 0.3 mm yr−1,
respectively. The observed rates are slightly larger than the predicted rates. The fact that
the GPS uplift rates are much larger closer to Jakobshavn than further away, and are
consistent with rates inferred using the ATM‐based glacier thinning model, shows
that GPS measurements of crustal motion are a potentially useful method for assessing
ice‐mass change models.
Citation: Khan, S. A., L. Liu, J. Wahr, I. Howat, I. Joughin, T. van Dam, and K. Fleming (2010), GPS measurements of crustal
uplift near Jakobshavn Isbræ due to glacial ice mass loss, J. Geophys. Res., 115, B09405, doi:10.1029/2010JB007490.

1. Introduction
[2] Greenland’s main outlet glaciers have more than
doubled their contribution to global sea‐level rise over the
past decade [Rignot and Kanagaratnam, 2006; Rignot et al.,
2008]. Jakobshavn Isbræ in West Greenland is Greenland’s
largest outlet glacier in terms of drainage area, draining
∼6.5% of the ice sheet [Krabill et al., 2000]. Using synthetic
aperture radar data, Joughin et al. [2004] found that the
velocity of Jakobshavn Isbræ doubled between 1992 and
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2003. More recent measurements have shown that there has
been a steady increase in the flow rate over the glacier’s
faster‐moving region of ∼5% yr−1 [Joughin et al., 2008a,
2008b]. Airborne laser altimeter surveys of Jakobshavn Isbræ
have revealed dynamic thinning of up to 10 m yr−1 between
1997 and 2003 [Krabill et al., 2004], while repeat surveys
between 2002 and 2006 have found that thinning rates have
increased, with the thinning zone migrating inland [Joughin
et al., 2008b].
[3] Jakobshavn Isbræ’s acceleration has been attributed to
the collapse of much of its floating tongue [Joughin et al.,
2004; Thomas, 2004; Dietrich et al., 2007; Joughin et al.,
2008a; Thomas et al., 2009]. This collapse might have
been due to enhanced sub‐ice shelf melting driven by an
influx of warm water [Holland et al., 2008], and to increased
calving caused by sea ice reduction in the fjord [Joughin
et al., 2008b; Amundson et al., 2010]. The current episode of accelerated flow and thinning might now be self‐
sustaining due to a landward‐deepening bed slope [Clarke
and Echelmeyer, 1996], and could continue for centuries
to come [Joughin et al., 2008b].
[4] Glacial thinning reduces the load on the Earth’s surface
and thus causes crustal uplift. Earlier studies, e.g., Larsen
et al. [2004, 2005], measured rapid crustal uplift in southeast
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Figure 1. West‐central Greenland (outlined by the red box in the inset map) and the GPS locations (red
dots, with coordinates listed in Table 1). The large red box marks the area shown in Figure 5a. The
coastline data are obtained from the NOAA National Geophysical Data Center, based on World Vector
Shoreline database [Soluri and Woodson, 1990].

Alaska using continuous Global Positioning System (GPS)
measurements. They observed present‐day uplift rates up of
to 32 mm/yr caused by post‐Little Ice Age glacial retreat
and present‐day ongoing ice mass loss. Other studies have
used GPS measurements of crustal uplift to place constraints on the present‐day ice mass loss of glaciers in
coastal Alaska [Sauber and Molnia, 2004], Svalbard [Sato
et al., 2006], southeast Greenland [Khan et al., 2007], and
Patagonia [Dietrich et al., 2010]. The amplitude of the
uplift depends on the amount of mass lost from the glacier
in question, and on the distance between the load and the
observation point.
[5] Here, we use GPS measurements from 2006–2009 to
study vertical crustal motion near Jakobshavn Isbræ. We use
data from four continuously operating GPS receivers located
on bedrock between 5 and 150 km of Jakobshavn Isbræ to
assess a glacial surface elevation change map constructed
using repeat laser altimetry surveys from NASA’s Airborne
Topographic Mapper (ATM) [Krabill et al., 2004]. The goal
of our GPS analysis is to isolate the part of the loading
signal caused by mass changes of Jakobshavn Isbræ and its
catchment. We also use glacial‐loading models, including
the ICE‐5G/VM2 postglacial rebound model from Peltier
[2004] and a Greenland ice mass loss model from Velicogna
[2009], to assess and minimize the contamination of our
GPS signal from other geophysical processes and areas of
mass change. Note that because we have only a few years of
GPS data, and because mass loss rates and the associated
crustal response are likely to be evolving with time, our
results should not be interpreted as long‐term trends.
[6] Here, we do not study horizontal motion due to the
difficulty of quantitatively and unambiguously assessing

uncertainties in horizontal motions caused by possible errors
in ATM and postglacial rebound model.

2. GPS Network
[7] In December 2005, the Danish Technical University
(DTU Space) established the GPS station QEQE at Qeqertarsuaq (Figure 1), ∼150 km from Jakobshavn Isbræ’s
2007 summer calving front. Two additional stations, AASI
(Aasiaat) and ILUL (Ilulissat) were established in September
2005 by DTU Space and the University of Luxembourg,
∼130 km (AASI) and ∼45 km (ILUL) from the calving
front. In May 2006, the University of New Hampshire, the
University of Alaska Fairbanks, and UNAVCO (University NAVSTAR Consortium) established a station, KAGA
(Kangia North), on the north side of Jakobshavn Isbræ,
∼5 km upstream from the 2007 summer calving front. All
stations are set on bedrock and operate continuously, with
data downloaded daily via telemetry. ILUL and AASI consist
of an LEIAT504 antenna with radome, while QEQE consists
of an ASH701945E_M antenna with radome. The original
antenna at KAGA, a TRM41249.00, was replaced on August
2, 2007, by a TRM29659.00 antenna with radome. No
antenna replacements were carried out at the other three sites.
We use all data spanning the time when each station was
established through September 2009.

3. GPS Data Analysis and Results
[8] To estimate site coordinates, we use the GIPSY OASIS
5.0 software package [Zumberge et al., 1997] developed at
the Jet Propulsion Laboratory (JPL). The orbit products we
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Service (IGS) antenna correction file (the igs051525.atx
Antex file). Receiver clock parameters are modeled, and the
atmospheric delay parameters are modeled using the Global
Mapping Function (GMF) [Boehm et al., 2006a], with an
elevation cut‐off angle of 5°. The impact of the minimum
elevation angle and the type of mapping function on the
inferred uplift rates is described in section 3.2. Corrections
are applied to remove the solid earth tide and ocean tidal
loading. The amplitudes and phases of the main ocean tidal
loading terms are calculated using the online program provided by H.‐G. Scherneck and M. S. Bos (available at http://
www.oso.chalmers.se/∼loading) applied to the GOT00.2
[Ray, 1999] ocean tide model. Site coordinates for each day
are obtained using the GIPSY OASIS 5.0 Precise Point
Positioning (PPP) strategy. The site coordinates are computed
in the non‐fiducial frame and transformed to the IGS2005
frame [Altamimi et al., 2007]. The transformation parameters
(x‐files) from the free‐network estimates to the IGS2005
reference frame for a particular day are provided by JPL (ftp://
sideshow.jpl.nasa.gov/pub/JPL_GPS_Products/Final/).

Figure 2. (a–d) Daily values of vertical positions at the
four stations before (red dots) and after (blue dots) regional
filtering. The time series of daily vertical positions before
and after filtering are shifted by an offset, for clarity. (e) Daily
values of the regional signal (see section 3.1).

use were released in 2009 by JPL and include satellite orbits,
satellite clock parameters, and earth orientation parameters.
The new orbit products take the satellite antenna phase
center offsets into account. We correct for the antenna phase
center offsets of the transmitters (satellites) and receivers
(ground stations) using the absolute International GNSS

3.1. Regional Filtering of the GPS Data
[9] Several methods have been designed to reduce spatially‐correlated noise in GPS data. Earlier studies such as
Wdowinski et al. [1997] used a stacking method based on
computing a daily common mode to improve the signal‐to‐
noise ratio. Johansson et al. [2002] investigated the use of
Empirical Orthogonal Function (EOF) analysis for the same
purpose. In analyzing the time series of the horizontal
position estimates, Davis et al. [2006] used a statistical
approach that allowed for the estimation of nuisance parameters (mainly seasonal variations) when changes in velocity
occur over the length of the time series. Here, we apply a
‘regional filter’ [Khan et al., 2008] to the GPS data to reduce
spatially correlated errors (or regional common modes) due to
e.g., tropospheric modeling errors and satellite orbit errors.
[10] We apply this regional filter only to remove common
modes at periods shorter than 90 days. Spatially correlated
annual and inter‐annual variations are thus not removed. We
smooth the GPS time series using a moving average (averaging over 90 days), and we subtract these smoothed results
from the original data to obtain a high‐frequency time series.
We then fit a temporal model consisting of an offset (only
for KAGA, to correct for the August, 2007 antenna change),
linear, and annually varying terms and remove the modeled
values from each high‐frequency time series to obtain
residual time series. The residual time series at the four GPS
stations are then averaged together to obtain a regional‐
averaged high‐frequency time series, which is removed from
the original set of daily values at each station.
[11] The effects of regional filtering are illustrated in
Figure 2, which shows the daily values of vertical position at
each of the GPS stations before and after the regional filtering is applied (Figures 2a–2d), denoted by the red and
blue dots, respectively. The time series are separated by an
offset simply for clarity. Figure 2e shows the regional signal.
There is a clear reduction in the scatter after applying the
regional filter, while the secular, annual, and inter‐annual
signals are unchanged.
[12] In addition to spatially‐correlated errors, GPS time
series have error sources that produce temporal correlations
in the data. Various methods have been employed to take
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Figure 3. Autocorrelation functions of residuals (the residuals are obtained by removing an offset (only at KAGA),
annual, and linear terms from the regionally filtered daily
solutions) at (a) KAGA, (b) ILUL, (c) QEQE, and (d) AASI.
The time lag is given in days and the autocorrelation is normalized to 1 at time lag = 0. The dashed horizontal lines
denote the 95% confidence band centered at zero.

temporally correlated (non‐Gaussian) noise into account
when analyzing GPS data. Williams et al. [2004], for
example, analyzed GPS data for noise content using Maximum Likelihood Estimation (discussed further in section 4).
Here, we use a method of determining linear rates in GPS time
series in the presence of correlated noise described by Khan
et al. [2008]. By computing autocorrelations of the residual
GPS vertical solutions after regional filtering, we find an
error de‐correlation time for each station. Figure 3 shows the
autocorrelation functions for each site using the regionally‐
filtered daily residuals. The residuals in this case are obtained
by removing an offset (only at KAGA), annual, and linear
terms from the regionally filtered vertical solutions.
[13] The time lag, t, is given in days, and the autocorrelation is normalized to 1 at t = 0 [Wahr et al., 2001]. The
two horizontal lines (dashed lines) denote the 95% confidence band centered at zero; i.e., if the residuals are randomly distributed, all the autocorrelations fall within the
95% confidence limits. Thus, the 95% confidence band can
be used to test for randomness and to find the de‐correlation
time. Figure 3 shows that the autocorrelation functions reach
the 95% confidence band when the time lag reaches about
30 days. However, the autocorrelation functions do show

peaks slightly beyond the 95% confidence band e.g.,
between time lags of 300–400 days for ILUL (Figure 3b).
This is most likely due to inter‐annual variations in the
annual term, which for this work we assume to be constant.
[14] We construct 30‐day averages of the daily vertical
solutions shown in Figure 2 to take the temporally correlated
(non‐Gaussian) noise into account. We use the root mean
square (rms) of those averages to represent their uncertainties.
The rms values are typically about 3 mm. However, for data
between August 30, 2006 and March 14, 2007, we obtain
rms values of 15–30 mm at KAGA (mainly because the GPS
receiver collected data for only 1 hour instead of 24 hours
each day during this period). Using the 30‐day averages and
their assigned uncertainties, we simultaneously fit an offset
(for KAGA), and annual and linear terms to all time series.
Our best‐fitting uplift rates when taking the temporally correlated (non‐Gaussian) noise into account are 17.1 ± 1.4 mm
yr−1 (KAGA), 8.5 ± 0.6 mm yr−1 (ILUL), 6.6 ± 0.5 mm yr−1
(QEQE), and 5.8 ± 0.5 mm yr−1 (AASI). The relatively large
uncertainty at KAGA is caused by the 2007 antenna replacement (which causes an offset of 1.2 ± 2.3 mm) and by data
gaps and noisy data between August 2006 and May 2007, as
mentioned above. The fitted uplift rates, annual amplitude
and phase values are listed in Table 1.
[15] Figures 4a–4d show the 30‐day averages of the GPS
vertical solutions and their rms errors. The solid lines show
our best‐fitting trends, corresponding to the values given in
Table 1. Figures 4e–4h show convergence plots for the GPS
uplift rates. In these examples, each estimate of the uplift
rate is obtained by fitting the same terms discussed previously to the first 300 days of data, then adding the next
30 days and repeating the fit and so forth. Each estimate of
the linear term is plotted as a dot and the vertical lines
describe the estimated uncertainties of the uplift, with the
horizontal dashed lines marking the uplift rates listed in
Table 1. None of the convergence plots display annual
variations and each station’s uplift rate has converged to
within the errors bars well before the end of the data span.
We conclude that the annual and linear terms are well
separated using the existing length of the time series, and
that the fitted trends are insensitive to inter‐annual, seasonal
and other short‐term variations, such as those related to
snow accumulation and melting.
[16] These uplift rates could include contributions from
changes in loading outside of the Jakobshavn Isbræ drainage
basin (discussed in section 6), and from unmodeled errors in
the orbit, the reference frame, and tropospheric delay estimates. Additionally, long‐period orbit and reference frame
errors are possible, and would not be entirely removed by
the regional filter. This is discussed further in section 6.

Table 1. Observed Uplift Rates and Annual Amplitude and Phase
Values (Phase Defined Relative to Jan 1) for the 4 GPS Sites,
When Using a 5° Cut‐Off Angle and the GMF Mapping Function
and 30‐Day Averages of the Vertical Solutions
Rate (mm yr−1)
KAGA
ILUL
QEQE
AASI

4 of 13

17.1 ± 1.4
8.5 ± 0.6
6.6 ± 0.5
5.8 ± 0.5

Amplitude (mm)
8.3
5.2
4.3
4.8

±
±
±
±

1.4
0.8
0.7
0.7

Phase (deg)
50
31
19
20

±
±
±
±

12
4
5
6

B09405

B09405

KHAN ET AL.: JAKOBSHAVN ISBRÆ ICE MASS LOSS

Figure 4. (a–d) The 30‐day averages (blue dots) and the linear fit at each station. The vertical bars show
the uncertainties in the 30‐day values. (e–h) Convergence plots of uplift rates at KAGA, ILUL, QEQE,
and AASI. Obtained by fitting an offset (only at KAGA), annual, and linear terms to the first 300 days of
data; adding the next 30 days and repeating the fit; etc. Each solution for the linear term is plotted as a dot
and the vertical lines describe the estimated uncertainties of the secular uplift. The horizontal dashed lines
display the uplift rates listed in Table 1.
3.2. Influence of the Elevation Cut‐Off Angle
and Mapping Function on the Uplift Rates
[17] The GPS time series used in section 3.1 were obtained
using the Global Mapping Function (GMF) [Boehm et al.,
2006a] to represent the elevation‐dependence of the tropospheric delay, and an elevation cut‐off angle of 5°. However, a priori zenith hydrostatic delay errors project into
GPS height estimates. These errors depend on the elevation cut‐off angle and on the elevation angle‐dependent
data weighting. The associated errors in the estimated
station heights are hence latitude dependent because sites at
higher latitudes have a greater proportion of low‐elevation

observations [Boehm et al., 2006b; Tregoning and Herring,
2006; Vey et al., 2006].
[18] To study the influence of the choice of mapping
function and elevation cut‐off angle on the uplift rates, we
construct four time series for each station, using combinations of a 5° or 15° cut‐off angle, and the GMF mapping
function or the Niell Mapping Function (NMF) [Niell,
1996], which was used by Khan et al. [2008]. All other
analysis models and numerical parameters used in the GPS
processing are unchanged. Following the same procedure
outlined in section 3.1, our best‐fitting uplift rates are listed in
Table 2. The difference between the highest and lowest uplift

Table 2. Observed Uplift Rates When Using Combinations of Elevation Cut‐Off Angles (5° and 15°) and Different Mapping Functions
(NMF and GMF)a

KAGA
ILUL
QEQE
AASI

5° Cut‐Off and Niell

5° Cut‐Off and GMF

15° Cut‐Off and Niell

15° Cut‐Off and GMF

17.3 ± 1.4
8.6 ± 0.6
6.6 ± 0.5
5.3 ± 0.5

17.1 ± 1.4
8.5 ± 0.6
6.6 ± 0.5
5.8 ± 0.5

16.5 ± 1.5
8.4 ± 0.6
6.3 ± 0.5
4.8 ± 0.5

16.9 ± 1.4
8.3 ± 0.6
6.5 ± 0.5
5.5 ± 0.5

The values in the third column are the same as those in the second column of Table 1 and are listed here for better comparison. Uplift rates are in mm yr−1.

a
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Table 3. Difference in Uplift Rates Between Using 5° and 15° as
the Elevation Cut‐Off Angle, With the GMF Mapping Function;
Using 5° and 15° as the Elevation Cut‐Off Angle, With the
NMF Mapping Function; Using NMF and GMF as the Mapping
Function, With an Elevation Cut‐Off Angle of 5°; and Using
NMF and GMF as the Mapping Function, With an Elevation
Cut‐Off Angle of 15°a

KAGA
ILUL
QEQE
AASI
Mean
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GMF Diff
(5°–15°)

Niell Diff
(5°–15°)

5° Cut‐Off Diff
(GMF ‐ Niell)

15° Cut‐Off Diff
(GMF ‐ Niell)

0.2
0.2
0.1
0.3
0.2

0.8
0.2
0.3
0.5
0.5

0.2
0.1
0.0
0.5
0.2

0.4
0.1
0.2
0.7
0.4

a
The uncertainty of the differences is 0.1 mm yr−1. Uplift rates are in
mm yr−1.

rates at KAGA, ILUL, QEQE, and AASI are 0.8 mm yr−1,
0.3 mm yr−1, 0.3 mm yr−1, and 1.0 mm yr−1, respectively.
[19] We obtain the highest uplift rates (except for AASI)
using the NMF mapping function and an elevation cut‐off
angle of 5°, and the lowest uplift rates using the NMF
mapping function and an elevation cut‐off angle of 15°. To
determine which combination of elevation cut‐off angle and
mapping function gives the most consistent results, we
calculate and compare differences among the four sets of
uplift rates. The second column in Table 3 presents the
differences in uplift rates calculated using elevation cut‐off
angles of 5° and 15° and the GMF mapping function,
resulting in a mean difference of 0.2 mm yr−1. The third
column in Table 3 shows the differences in uplift rates
calculated using the two elevation cut‐off angles, but with
the NMF mapping function. Here, we obtain a mean difference of 0.5 mm yr−1. It is clear that the GMF mapping
function gives more consistent results than the NMF mapping function for different elevation cut‐off angles. Similarly, the fourth column in Table 3 shows differences in
uplift rates between using NMF and GMF as mapping
functions with an elevation cut‐off angle of 5°, resulting in a
mean difference of 0.2 mm yr−1. Finally, the fifth column in
Table 3 shows the differences in uplift rates between using
NMF and GMF as mapping function, but for an elevation
cut‐off angle of 15°. The mean difference for this case is
0.4 mm yr−1, suggesting that the elevation cut‐off angle of
5° gives slightly more consistent results than using an elevation cut‐off angle of 15°. Thus, uplift rates obtained using
an elevation cut‐off angle of 5° and the GMF mapping
function are used in the rest of this work.

3.3. Long‐Period GPS Errors
[20] We note that long‐period GPS errors, i.e., unmodeled
orbit errors and reference frame errors, would tend to be
correlated over long distances, and so would have essentially the same effect at each GPS station. To consider
possible orbit errors that might contaminate the estimated
vertical displacements, we process the GPS data using orbits,
earth orientation parameters, and clock products provided
by the Massachusetts Institute of Technology (MIT), and
compare the GPS solutions calculated with those using the
JPL orbit products as described in section 3. MIT and JPL
estimate their products independently from one another and
use different approaches. Table 4 (sixth column) presents
the uplift rates obtained with MIT products, using an elevation cut‐off angle of 5° with the GMF mapping function.
The MIT uplift rates are all 0.8 mm yr−1 smaller than the
JPL rates (Table 4, fifth column) [see also Khan et al.,
2010], suggesting that orbit errors have the same effect at
each GPS station. That is certainly also true of reference
frame errors.

4. Estimating GPS Uplift Rates and Uncertainties
Using the MLE Technique
[21] In this section, we use an independent method
to estimate uplift rates from the GPS data and their
corresponding uncertainties. As discussed in section 3.1,
errors in GPS positions are non‐Gaussian distributed and
are statistically correlated with one another. GPS time series
have error sources that introduce temporal correlations into
the data. To take the temporally correlated, non‐Gaussian
noise into account, we analyze the GPS data for white noise
plus flicker noise using Maximum Likelihood Estimation
(MLE) [Williams et al., 2004]. GPS time series can be
described as a power law process [Mandelbrot, 1983; Agnew,
1992], or one with a time‐domain behavior that has a power
spectrum of the form (adopted from Williams et al. [2004])
Px ðf Þ ¼ P0

 
f
f0

ð1Þ

where Px is the power density of the uplift time series, f is
the temporal frequency, P0 and f0 are normalizing constants,
and  is the spectral index [Mandelbrot and van Ness, 1968;
Williams et al., 2004]. Classical white noise is obtained for
 = 0, while  ≠ 0 refers to colored noise. The special case
of  = −1 is called ‘flicker’ noise. Stationary processes with
−1 <  < 1 are called ‘fractional Gaussian’ processes.
Williams et al. [2004] found that the noise in GPS solutions

Table 4. Uplift Rates and Their Related Uncertainties Calculated Assuming Various Stochastic Models When Using a Cut‐Off Angle of
5° and the GMF Mapping Function and JPL Orbits and Clock Productsa

KAGA*
KAGA
ILUL
QEQE
AASI

White Noise Only ( = 0)

Flicker Noise ( = −1)

Fractional Gaussian ( = −0.65)

Fit to Means

MIT

17.3 ± 0.2
17.4 ± 0.3
8.7 ± 0.2
6.4 ± 0.1
5.7 ± 0.1

18.4 ± 1.6
18.6 ± 2.2
8.4 ± 1.5
6.4 ± 1.1
5.1 ± 1.3

17.5 ± 0.8
17.7 ± 1.0
8.5 ± 0.6
6.4 ± 0.5
5.4 ± 0.5

17.2 ± 0.9
17.1 ± 1.4
8.5 ± 0.6
6.6 ± 0.5
5.8 ± 0.5

16.4 ± 0.9
16.3 ± 1.5
7.7 ± 0.6
5.8 ± 0.6
5.0 ± 0.5

a
The sixth column shows uplift rates obtained using MIT orbits and clock products. We simultaneously fit an offset (for KAGA), and annual and linear
terms to all time series. Asterisk indicates that data between August 30, 2006 and March 14, 2007 are removed.
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Figure 5. (a) Gridded Jakobshavn Isbræ thinning elevation rates between 2006 and 2009 interpolated
from ATM measurements. (b) Close‐up of the thinning rates, with contours over the area near the glacier
trunk, outlined by the black box in Figure 5a. The thick black line is the grounding line determined from a
post‐2003 summer Radarsat image. The red cross shows the KAGA GPS site. Background images are
shaded topography.
can best be described as a combination of white noise and
flicker noise. However, in regional solutions, where a spatially correlated signal has been removed, they obtained a
slightly lower mean spectral index. Other studies, e.g.,
Teferle et al. [2008], concluded that the noise in GPS height
time series was best described as a combination of white
noise and fractional noise. For a network of European Sea
Level Service (ESEAS) CGPS network sites, Teferle et al.
[2008] found that the noise was characterized by a fractal
noise process with a spectral index of about −0.7.
[22] Table 4 (second through fifth columns) lists the uplift
rates and their uncertainties for the KAGA, ILUL, QEQE,
and AASI time series calculated assuming various stochastic
models. The results denoted by KAGA were found using all
available data, while those denoted as KAGA* using a time
series where values from the noisy period of August 30,
2006 to March 14, 2007 have been removed. The fifth
column of Table 4 shows uplift rates and their uncertainties
estimated as described in section 3 and listed in Tables 2
and 3. For simplicity we denote this method as fitting to
means (FTM). Using MLE, and taking into account different
spectral indexes, we calculate the uplift rates and uncertainties using the filtered time series shown in Figure 2.
We note that the uplift rates are more or less the same when
using various stochastic models. However, the related uncertainties are different. For example, if a white noise process is assumed ( = 0), the uncertainties are 0.1 mm yr−1
for QEQE and AASI, and 0.2 mm yr−1 for ILUL. For
KAGA, we obtain an uncertainty of 0.3 mm yr−1 when using
all data and 0.2 mm yr−1 when excluding the noisy data
(KAGA*). These uncertainties are 5–6 times smaller than
the uncertainties obtained using the FTM method. If a
flicker noise process is assumed ( = −1), the uncertainties
become much larger, where for example for KAGA and
KAGA*, we obtain uncertainties of 2.2 and 1.6 mm yr−1,

respectively. The noisy data from between August 2006 and
March 2007 for KAGA therefore increases the uncertainty
by almost a factor of two, although the uplift rate remains
the same.
[23] If the noise is characterized by a fractal noise process
with a spectral index of −0.65 (this value best matches the
spectrum of our uplift time series), the uncertainties become
almost the same as when using the FTM method. However,
we note that the uncertainty at KAGA when using  = −0.65
is slightly less than that obtained using the FTM method.
This is mainly due to the fact that, compared to the MLE
technique which uses equal weights, FTM downweights the
noisy data between August 30, 2006 and March 14, 2007
since they have larger uncertainties. When the noisy data are
removed and all individual daily solutions have more or less
the same uncertainty, the FTM and Fractional Gaussian
methods (with  = −0.65) produce almost identical results.

5. Estimated Crustal Uplift due to Mass Loss
From Jakobshavn Isbræ
[24] Joughin et al. [2008b] constructed several glacial
surface elevation change maps between 1997–2002,
2002–2005, and 2005–2006, using ATM observations of
Jakobshavn Isbræ. In this study, we use a more recent
2006–2009 elevation change map, based on ATM observations made during May 27–30, 2006 and April 27–28, 2009.
This map thus covers roughly the same time span as the
GPS data. Figure 5 shows the thinning rates between 2006
and 2009 over the grounded portion of Jakobshavn Isbræ,
using a grid spacing of 1 km. The grounding line (the black
line in Figure 5b) is determined from a post‐2003 summer
Radarsat image. Compared with the map of thinning rates
during 2005–2006 [Joughin et al., 2008b], we observe a
decrease in thinning rates near the ice front as well as a
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Table 5. Adjusted and Predicted Elastic Uplift Rates due to
Unloading on Jakobshavn Isbræa

KAGA
ILUL
QEQE
AASI

Adjusted
at JI

Unloading
on JI

Unloading
Outside JI

14.6 ± 1.7
4.9 ± 1.1
2.0 ± 1.0
1.4

12.1 ± 0.9
3.2 ± 0.3
1.2 ± 0.1
1.4 ± 0.1

2.3
2.2
2.0
1.9

±
±
±
±

0.4
0.4
0.4
0.4

±
±
±
±

0.3 mm yr−1 (ILUL), 1.2 ± 0.1 mm yr−1 (QEQE), and 1.4 ±
0.1 mm yr−1 (AASI).

6. Constraining the Observed GPS Uplift

PGR
−4.0
−2.8
−1.6
−1.7

B09405

0.5
0.5
0.5
0.5

a
The adjusted uplift rates are obtained after subtracting the PGR signal
and the elastic signal due to ice loss outside Jakobshavn Isbræ, and
subtracting an uplift rate of 4.2 mm yr −1 from each station. Since by
subtracting 4.2 mm yr−1, we constrain the observed uplift rate at AASI
to the predicted rate, we map the uncertainties at AASI to those at the
other sites. Predicted uplift rates in mm yr −1 due to the melting or
unloading of Jakobshavn Isbræ (JI), unloading outside JI, and PGR
(PGR uncertainties are not listed here but are discussed in section 7).
Uplift rates are in mm yr−1.

propagation of thinning towards the interior. These two
changes are consistent with one another, since inland
acceleration decreases the rate of stretching and thinning at
the front, as is observed.
[25] By assuming that the thinning is due to the loss of ice
with a density of 910 kg m−3, the same value used by
Joughin et al. [2008b], we transform the ATM elevation
changes into gridded mass loss values. Following Joughin
et al.’s [2008b] error budget, we assign the same uncertainty value (±0.21 m yr−1) to the thinning rate at all grid
points (1 km spacing). This uncertainty originates from
two sources: errors in ATM altimetry measurements (∼±10 cm
for each individual elevation measurement) and errors in the
assumed density caused by inter‐annual surface mass variability [Joughin et al., 2008b; Howat et al., 2008]. We use
the value of 0.56 m yr−1, given by Joughin et al. [2008b] and
based on the work of van de Wal et al. [2005], to represent
the inter‐annual variation of surface mass balance (SMB).
Scaling this SMB uncertainty by the ratio of ice and water
density, as well as by the time interval between two ATM
measurements (three years in this case), we calculate the
uncertainty in the thinning rate due to the inter‐annual variability of the SMB. We add the altimetry measurement
uncertainty and the SMB uncertainties in quadrature to
obtain a value of 0.21 m yr−1 for the uncertainty in the ATM
thinning rates for 2006–2009.
[26] Using the same grounded area reported by Joughin
et al. [2008b] for previous years, we estimate a net
2006–2009 ice loss of 22 ± 2 km3 yr−1, which is about the
same as the 2005–2006 rate [Joughin et al., 2008b]. This
could be an under‐estimation of the total loss over the
catchment, as the area of dynamic thinning may have spread
some distance inland of the ATM survey grid. Also note that
the uncertainty in the net ice loss estimate is smaller than
that obtained using equation (1) of Joughin et al. [2008b],
because the uncertainty in their study is attributed to the
components of dynamic thinning only, while in our work it
is attributed to the total loss of ice mass.
[27] We convolve the gridded thinning rates and their
uncertainties with Farrell’s [1972] vertical‐displacement
Green’s function, to calculate crustal uplift at the GPS sites
in response to Jakobshavn Isbræ ice mass loss. The predicted
uplift rates are (Table 5): 12.1 ± 0.9 mm yr−1 (KAGA), 3.2 ±

6.1. Other Contributions to Crustal Uplift
[28] To compare GPS results with the predicted rates
based on ATM estimates (given in section 5), we must
isolate the part of the loading signal caused by mass changes
in Jakobshavn Isbræ and its catchment. That requires minimizing contamination from other contributions.
[29] We use the global ice‐change model ICE‐5G of
Peltier [2004] to predict post‐glacial rebound (PGR) caused
by the Earth’s viscoelastic response to past ice mass variability. ICE‐5G predicts PGR uplift rates of −4.0 mm yr−1
(KAGA), −2.8 mm yr−1 (ILUL), −1.6 mm yr−1 (QEQE), and
−1.7 mm yr−1 (AASI) (also listed in Table 5), which are
subtracted from the GPS rates. They are all negative (indicating subsidence) largely because ICE‐5G includes a late
Holocene re‐advance of the west Greenland ice‐sheet margin into this region over the last 7500 years (PGR rates and
their errors are discussed further in section 7), as well as the
effect of the ongoing collapse of the forebuldge that surrounded the former Laurentide ice sheet.
[30] The GPS results could also include contributions from
loading outside the Jakobshavn Isbræ drainage basin. There
has, for example, been recent thinning in other Greenland
glacial drainage basins [e.g., Krabill et al., 1999, 2004;
Stearns and Hamilton, 2007; Howat et al., 2008; Velicogna,
2009], and deformation caused by these mass variations
could be affecting our GPS trend solutions. To assess the
contributions from these loading signals, we note that
because the loads are distant from the four GPS stations,
their effects would likely be about the same at each station.
For example, by convolving Farrell’s [1972] Green’s
function with Velicogna’s [2009] mass loss estimate for
Greenland (excluding the Jakobshavn Isbræ basin) between
2007–2009 of 286 ± 50 Gt yr−1, we obtain loading signals at
our sites of 2.3 ± 0.4 mm yr−1 (KAGA), 2.2 ± 0.4 mm yr−1
(ILUL), 2.0 ± 0.4 mm yr−1 (QEQE), and 1.9 ± 0.4 mm yr−1
(AASI) (listed in Table 5). We use a slightly larger uncertainty than Velicogna [2009] because of the different time
span of the GPS data (2006–2009). Figure 6 shows the mass
loss rates used to calculate the elastic loading signal.
[31] In contrast to the contributions from distant loads and
from the long‐period GPS errors, the loading signals from
Jakobshavn Isbræ (second column in Table 5) differ significantly between the four stations, as is evident from the
estimates presented in section 4. Figure 5 shows that
Jakobshavn Isbræ is thinning mainly near the calving front.
The predicted 12.1 ± 0.9 mm yr−1 uplift at KAGA is mostly
due to this nearby thinning. The estimated uplift decreases
rapidly to only 3.2 ± 0.3 mm yr−1 at ILUL. The even smaller
predicted rates of 1.2 ± 0.1 mm yr−1 and 1.4 ± 0.1 mm yr−1
at QEQE and AASI would not be affected much if the
modeled thinning near the front were incorrect.
6.2. Uplift Relative to AASI
[32] To interpret these GPS results, this study focuses on
uplift at KAGA, ILUL, and QEQE relative to AASI. By
considering relative displacements rather than absolute geocentric displacements, we effectively remove contributions
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the GPS rate estimates and in the estimated elastic rates due
to ice loss outside of Jakobshavn Isbræ) to the uncertainties
in the rates at KAGA, ILUL, and QEQE. We also quadratically add our estimated errors in the PGR gradients (see
below) to the uncertainties at these three sites. Similarly, we
quadratically add the uncertainties in the predicted rate at
AASI to the uncertainties in the predicted rates at the other
three sites. We note that within the uncertainty levels, the
GPS‐observed uplift rates at KAGA, ILUL, and QEQE
agree with the predictions based on the ATM measurements.

7. Estimating PGR Uncertainties

Figure 6. Greenland ice mass loss rates used to calculate
the elastic loading signal due to mass loss outside of the
Jakobshavn Isbræ drainage basin.

from frame uncertainty and frame drift. Additionally, troposphere error, unmodeled orbit errors, ice load errors from
outside the Jakobshavn Isbræ catchment, and PGR errors are
reduced when relative displacements over short distances
are considered.
[33] The GPS measurements at AASI suggest an absolute
uplift rate of 5.8 ± 0.5 mm yr−1. The sum of the predicted
uplift rates due to PGR (−1.7 mm yr−1), from the thinning of
Jakobshavn Isbræ (1.4 mm yr−1), and from unloading outside of the Jakobshavn Isbræ drainage basin (1.9 mm yr−1)
is 1.6 mm yr−1, resulting in a difference between the observed
and predicted absolute uplift rates of 5.8 − 1.6 = 4.2 mm yr−1,
which is presumably due to a combination of unmodeled
orbit errors, reference frame errors, ice load errors, and PGR
errors (see section 7).
[34] We subtract a uniform uplift rate of 4.2 mm yr−1 from
each station’s data. The orbit and reference frame errors, as
well as errors in our estimates of loading from outside the
Jakobshavn Isbræ catchment, are likely to be essentially the
same at each GPS station. Thus, by subtracting the AASI
rate, we effectively remove those errors from the rates of all
the stations. This subtraction also removes, from every
station, the error in our estimates of Jakobshavn Isbræ
loading at AASI. Therefore, in effect we are implicitly
assuming that the AASI uplift rate due to Jakobshavn Isbræ
is well predicted by the surface elevation change map based
on ATM observations.
[35] The second column in Table 5 lists the adjusted uplift
rates at KAGA, ILUL, QEQE, and AASI computed after
subtracting the PGR signal and the elastic signal due to ice‐
mass loss outside of Jakobshavn Isbræ, and removing an
uplift rate of 4.2 mm yr−1 from each station’s data to constrain the observed GPS uplift to the estimated AASI uplift,
leaving the contribution from the Jakobshavn Isbræ. Thus,
the second and third columns in Table 5 present the observed
and predicted uplift rates due to unloading on Jakobshavn
Isbræ and its catchment, respectively. Because we constrain
the GPS‐observed elastic rate at AASI to the predicted value
based on ATM measurements, we quadratically add the
uncertainties in the observed rate at AASI (due to errors in

[36] In this section, we estimate the uncertainties associated with the ICE‐5G PGR rates at the four GPS sites (see
Table 5 and section 6), and discuss the impact that PGR
errors might have on our estimates of the elastic uplift rates
caused by the thinning of Jakobshavn Isbræ. The present‐
day PGR deformation depends on the global deglaciation
history and the Earth’s viscoelastic structure. Errors in either
of those would therefore introduce errors into the predicted
PGR rates. In the following subsections, we assess the PGR
uncertainties from these two sources separately.
[37] To estimate the PGR corrections given in Table 5, we
spatially interpolated results for the ICE‐5G ice history and
VM2 viscosity profile, as computed by W.R. Peltier and
available publicly at http://www.sbl.statkart.no/projects/pgs/
displacements. To estimate the uncertainties in those results,
we use a simpler glacial‐rebound model than was employed
by Peltier [2004]. Specifically, we assume an incompressible Earth, consisting of a homogeneous elastic lithosphere,
a Maxwell viscoelastic mantle divided into two homogeneous layers (upper and lower mantles), and a homogeneous
inviscid core, and we ignore ocean loading and rotational
feedback. We obtain reference uplift rates by running our
simplified model using the ICE‐5G deglaciation history and
a two‐layer approximation to the VM2 viscosity profile
[Peltier, 2004]. We obtain other uplift rates by running our
model with a variety of alternative deglaciation histories and
viscosity profiles, and use the differences between these
other values and our reference values to obtain an estimate
of the uncertainties in the original ICE‐5G/VM2 results.
Our underlying assumption is that the numerical effects of
changing the ice history or viscosity profile for our simplified model are roughly the same as changing them for a
more complete PGR model.
7.1. PGR Uncertainties due to Errors in the Earth’s
Viscoelastic Structure
[38] To assess PGR uncertainties due to possible errors in
the VM2 viscoelastic structure, we use our simplified model
to calculate and compare present‐day PGR rates caused by
the global ICE‐5G ice model [Peltier, 2004] for the range of
viscosity profiles listed in Table 6. Our reference viscoelastic model (Model Ref, Table 6), is a two‐layer approximation to Peltier’s [1996] VM2 model, except that our
lithospheric thickness is only 90 km [see Peltier, 2004].
Model 1 is another two‐layer approximation for VM2, with
a thicker lithosphere (120 km) and a thinner upper mantle
than Model Ref. Model 2 is a two‐layer approximation for
the M1 model described by Peltier [1996]. We construct
models 3–5 to represent a range of feasible mantle viscos-
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[39] Table 7 lists our present‐day uplift rates at the four
GPS sites, computed using these viscoelastic models. We
compare the Model Ref results with the other five sets of
rates from two perspectives: the difference at AASI, and
the differences in the spatial gradients (i.e., differences
between stations, not differences per unit distance) between
the other sites (KAGA, ILUL, and QEQE) and AASI (listed
in parentheses in Table 7). The errors in these spatial gradients that are most pertinent to the GPS results shown in
Table 5, since the error in the AASI PGR rate has been
implicitly removed from those results. First, relative to the
rate based on Model Ref, the difference in AASI’s rate (last
row in Table 7) ranges from −3.5 mm yr−1 to −0.7 mm yr−1.
Therefore, if we assume that one of the other models besides
Model Ref is correct, we would add a value of between
−3.5 mm yr−1 and −0.7 mm yr−1 to the AASI PGR rate
shown in Table 5. This range of values is not symmetric
about 0, and suggests that we view this contribution to the
AASI uncertainty as a possible bias of up to 3.5 mm/yr.
Second, different viscoelastic structures cause relatively
small changes in the PGR gradients. For example, relative to
the KAGA‐AASI gradient based on Model Ref, the differences in this gradient range from −0.4 mm yr−1 to
0.3 mm yr−1. Therefore, the correction to the KAGA‐AASI
PGR gradient is about ±0.4 mm yr−1, which can be treated
as a formal error. Based on the range of the corrections to
the PGR gradients, we assign ±0.5 mm yr−1 as the uncertainty in the PGR gradients.

Table 6. Viscoelastic Models We Use to Estimate the Corrections
to PGR Rates due to Possible Errors in the ICE‐5G Viscoelastic
Structurea
Outer Radius
(km)

Shear Wave
Speed (km/s)

Density
(g/cm3)

Viscosity
(×1021 Pa‐sec)

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5201.
6281.
6371.

Model Ref
0.0
6.687
4.676
4.676

12.200
4.963
3.515
3.515

‐
3.6
0.9
‐

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5201.
6250.
6371.

Model 1
0.0
7.000
5.400
3.700

12.200
4.963
4.000
3.000

‐
3.5
0.87
‐

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5701.
6251.
6371.

Model 2
0.0
6.687
4.676
4.676

12.200
4.963
3.515
3.515

‐
2.0
1.0
‐

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5701.
6251.
6371.

Model 3
0.0
6.687
4.676
4.676

12.200
4.963
3.515
3.515

‐
4.0
0.6
‐

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5701.
6251.
6371.

Model 4
0.0
6.687
4.676
4.676

12.200
4.963
3.515
3.515

‐
10.0
1.0
‐

Core
Lower mantle
Upper mantle
Lithosphere

3485.
5701.
6251.
6371.

Model 5
0.0
6.687
4.676
4.676

12.200
4.963
3.515
3.515

‐
50.0
1.0
‐

7.2. PGR Uncertainties due to Errors in the Ice History
Model
[40] PGR deformation at our Greenland GPS sites is caused
by Pleistocene/Holocene ice variability both from within
Greenland and from without (e.g., North America and
Scandinavia). The contributions from both regions are
important. However, it is likely that errors in the Greenland
component of the deglaciation model would have a greater
impact on our results than errors in the North American
or Scandinavian components, as the Greenland Ice Sheet is
obviously much closer to our GPS sites than the other ice
masses. Furthermore, the Greenland Ice Sheet apparently
underwent dramatic changes much more recently than the
other ice sheets. This implies that the PGR estimates for our
GPS sites are probably much more dependent on the spatial
and temporal details of Greenland’s glacial history than
of North America or Scandinavia, and so they are probably
more susceptible to errors in Greenland’s deglaciation model.
[41] To assess the errors in the computed PGR rates due to
possible errors in ICE‐5G’s Greenland deglaciation component, we use three Greenland ice histories: (1) the ICE‐5G
Greenland ice history (as our default model), (2) ICE‐5G
but with no Greenland ice variations after 7500 years before

a
See section 7.1. For each model we assume an inviscid core and an
elastic lithosphere.

ities. Model 3 represents an example of low viscosities in
both the upper and lower mantle; Model 5 represents high
viscosities in the lower mantle. Strictly speaking, it is
inconsistent to combine the ICE‐5G ice model with a viscosity profile that was not used in its development, since the
ice model was originally constructed so that, when used
with that viscosity profile, it would predict PGR observables
(e.g., relative sea level variations). Hence there is some
dependence between the ice‐sheet history and the viscoelastic model. There is no guarantee that the model would
successfully predict those observations with another viscosity profile. Still, the comparisons described here do
provide some insight into the sensitivity of the uplift to the
Earth’s structure.

Table 7. Present‐Day PGR Uplift Rates, Computed for Different Viscoelastic Modelsa
Model Ref
KAGA
ILUL
QEQE
AASI

−0.1 (−0.3)
0.1 (−0.1)
0.5 (0.3)
0.2 (—)

Model 1
−0.9
−0.7
−0.5
−0.5

(−0.4)
(−0.2)
(0.0)
(—)

Model 2
−1.4
−1.4
−1.4
−1.3

(−0.1)
(−0.1)
(−0.1)
(—)

Model 3
−4.0
−3.8
−3.1
−3.3

(−0.7)
(−0.5)
(0.2)
(—)

Model 4
−1.3
−1.3
−1.2
−1.1

(−0.2)
(−0.2)
(−0.1)
(—)

Model 5
−0.8
−0.8
−1.0
−0.8

(0.0)
(0.0)
(−0.2)
(—)

Range of Correction
(−0.4) ∼ (0.3)
(−0.4) ∼ (0.1)
(−0.5) ∼ (−0.1)
−3.5 ∼ −0.7

a
The gradients (differences between PGR rates) between KAGA/ILUL/QEQE and AASI are listed in parentheses. The eighth column lists the range of
corrections to the PGR gradients and to the AASI rates, all relative to the Model Ref results. Uplift rates are in mm yr−1.
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Table 8. Present‐Day PGR Uplift Rates Caused by Ice Variability
on the Greenland Ice Sheet Alone, Computed Using Different
Greenland Ice History Modelsa

KAGA
ILUL
QEQE
AASI

ICE‐5G*

ICE‐5G**

1.7
2.0
2.4
2.4

7.9
7.6
6.1
7.0

(−0.7)
(−0.4)
(0.0)
(—)

(0.9)
(0.6)
(−0.9)
(—)

Fleming and Lambeck
4.3
4.1
3.3
3.9

(0.4)
(0.2)
(−0.4)
(—)

a
ICE‐5G*: ICE‐5G Greenland ice history; ICE‐5G**: ICE‐5G
Greenland ice history, but stopped 7500 years BP; Fleming and
Lambeck: The Greenland ice history without a post‐7500 years BP component i.e. no readvance. The gradients between KAGA/ILUL/QEQE and
AASI are listed in parentheses. Uplift rates are in mm yr−1.

present (BP) (see section 7.2.1), and (3) the independent
Greenland ice model of Fleming and Lambeck [2004]
(hereafter referred to as Fleming and Lambeck). We use
these Greenland ice histories together with the PGR model
described in section 7.1 and the Model Ref viscoelastic
parameters, to compute and compare present‐day PGR rates.
7.2.1. Uncertainties due to Errors in the Late Holocene
Ice History
[42] ICE‐5G predicts present‐day subsidence at the four
GPS sites, largely because of ice sheet re‐advance in western
Greenland during the last 7500 years of the Holocene [Wahr
et al., 2001; Tarasov and Peltier, 2002]. However, details of
this re‐glaciation are still highly uncertain. To determine the
impact this readvance has on our PGR uplift estimates, we
construct a Greenland ice history model (denoted as ICE‐
5G**) that is identical to ICE‐5G before 7500 BP, but
where we omit all ice variability after 7500 years BP (that is,
the readvance is not included). The original Greenland
component of ICE‐5G Greenland, including the modeled
readvance after 7500 years BP, is denoted here as ICE‐5G*.
Table 8 lists the calculated present‐day uplift rates using
ICE‐5G* and ICE‐5G**. The difference represents the total
effects of ICE‐5G’s Holocene readvance, and we interpret
that difference as an upper bound for the errors caused by
possibly mismodeling that readvance.
[43] As before, we study both the change in the PGR rate
at AASI, and the PGR gradients between AASI and the
other three sites. First, Table 8 shows that the ICE‐5G
Greenland re‐advance is responsible for a subsidence of
4.6 mm yr−1 at AASI (2.4 mm yr−1 uplift minus 7.0 mm yr−1
uplift). Thus, if we made the extreme assumption that there
was no readvance during the last 7500 years, we would have
to make a 4.6 mm yr−1 correction to the ICE‐5G AASI PGR
uplift rate. Second, the differences in the PGR gradients are
1.6 mm yr−1 (KAGA minus AASI), 1.0 mm yr−1 (ILUL
minus AASI), and −0.9 mm yr−1 (QEQE minus AASI),
respectively. We interpret these differences as upper bounds
for the uncertainties in the gradients listed in Table 5, due to
errors in the ICE‐5G ice history since the late Holocene.
[44] We emphasize that this comparison almost certainly
overestimates the uncertainties caused by a mismodeled
ice re‐advance, because (1) we use the entire readvance as
the error source, and (2) we stop ICE‐5G’s ice history at
7500 years BP, when the ice volume was smaller than the
present‐day volume and when the west Greenland ice
margin to the south had retreated inland of the present‐day
ice margin by the order of 50 km [e.g., van Tatenhove et al.,
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1996; Wahr et al., 2001]. Because of (2), the ICE‐5G**
model overestimates the deglaciation that would have
occurred prior to 7500 years ago if there had been no later
readvance.
7.2.2. PGR Uncertainties due to Errors in the Ice
History Prior to the Holocene
[45] We also estimate the PGR errors due to errors in the
ice history before the ice sheet re‐advance, by comparing
ICE‐5G** and Fleming and Lambeck’s ice models before
7500 years BP. The calculated PGR rates based on Fleming
and Lambeck are listed in the fourth column of Table 8. At
AASI, Fleming and Lambeck predicts 3.1 mm yr−1 less
uplift than ICE‐5G** (3.9 mm yr−1 minus 7.0 mm yr−1).
The differences in gradients between AASI and the other
three GPS sites due to the errors in ice history before
7500 years are relatively small. For example, using Fleming
and Lambeck as a reference, ice model errors in ICE‐5G
cause an uplift PGR gradient of 0.5 mm yr−1 between
KAGA and AASI.
[46] The preceding ice history uncertainty estimates only
consider errors in the Greenland ice component. To estimate
the uncertainties due to possible errors in the ice components of other regions (e.g., Canada and Scandinavia), we
use a spectral‐finite element method of Martinec [2000] to
calculate present‐day PGR rates using: (1) global ICE‐5G
with the VM2 structure; (2) the global ICE‐5G model but
stopped at 7500 years BP; and (3) the global ice model,
including Greenland, as used by Fleming and Lambeck
[2004], as well as the viscoelastic structure used in that
work (lithosphere thickness of 80 km, upper and lower
mantle viscosities of 5 × 1020 Pas and 1 × 1022 Pas,
respectively). Comparing results for (1) and (2), and for
(2) and (3) (numerical values not given here), we find that
the differences are similar to those obtained by comparing
just the Greenland components, as described above.
7.3. Effects of All PGR Errors on the Estimated Elastic
Uplift
[47] In the paragraphs above, we estimated the uncertainties
in the ICE‐5G PGR rates. When comparing the observed
GPS uplift rates with the elastic uplift rates predicted for ice
unloading from Jakobshavn Isbræ, we first subtracted the
PGR rates, and then removed a common error of 4.2 mm yr−1
(see section 6). This value for the common error was chosen
so that the GPS results at AASI are in perfect agreement
with the predictions for Jakobshavn Isbræ thinning.
[48] The calculations in sections 7.1 and 7.2 suggest the
following: (1) Errors in the viscoelastic structure could
conceivably lead to small errors in the estimated PGR gradients that could have either sign. We assign an uncertainty
of ±0.5 mm yr−1 to the PGR gradients, and add it quadratically to the uncertainties in the GPS‐observed elastic rates
at KAGA, ILUL, and QEQE (Table 5); (2) errors in the ice
history could cause our PGR correction for KAGA‐AASI to
be overestimated by up to 1.6 mm yr−1. As discussed in
section 7.2.1, however, we have almost certainly overestimated these errors, and we do not include them in the
formal uncertainty estimates. We note though, that if we
were to correct the observed GPS gradients for these errors
(i.e. for the differences between the ICE‐5G** and ICE‐5G*
values in Table 8), it would improve the agreement between
the predicted rates and the GPS‐derived elastic uplift rates at
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KAGA and ILUL. The agreement at QEQE would become
worse, but would still lie within the uncertainty limits;
(3) the error in the PGR rate at AASI contributes to the
4.2 mm yr−1 common error we subtracted from the GPS
uplift rates, as do errors associated with orbits, atmospheric
corrections, reference frame, and loading in Greenland’s
interior (section 6). Our PGR results show that the PGR
error at AASI could be up to 4 mm yr−1, either uplift or
subsidence, and so could explain a large portion of the
common error constant.

8. Discussion and Conclusions
[49] We have analyzed data from four continuously
operating GPS receivers located between 5 and 150 km from
the Jakobshavn Isbræ terminus. The GPS uplift rates are
large near the front, but decrease dramatically as the distance from the glacier increases. This spatial dependence
strongly suggests that the differential uplift is caused by
Jakobshavn Isbræ mass loss. The GPS measurements indicate crustal uplift rates caused by the thinning of Jakobshavn
Isbræ and its catchment, of 14.6 ± 1.7 mm yr−1 (KAGA),
4.9 ± 1.1 mm yr−1 (ILUL), 2.1 ± 1.0 mm yr−1 (QEQE),
and 1.4 mm yr−1 (AASI). The rate at KAGA, the station
closest to Jakobshavn Isbræ, is large and supports evidence
from other sources [e.g., Rignot and Kanagaratnam, 2006]
that Jakobshavn Isbræ is losing mass and unloading the crust
at a considerable rate.
[50] We have used these results as independent constraints on the surface mass balance estimates from altimetry
surveys. To isolate the part of the loading signal caused by
mass changes of Jakobshavn Isbræ and its catchment, we
use models, such as the postglacial rebound model ICE‐5G
[Peltier, 2004] and the Greenland ice mass loss model from
Velicogna [2009], to remove contamination from other
processes. When constraining the observed GPS uplift rates
to the elastic uplift rates exclusively due to ice unloading
from Jakobshavn Isbræ, we subtract a common error of
4.2 mm yr−1. The common error is due to a combination of
a spatially‐uniform error in the PGR rate, orbit errors,
atmospheric errors, reference frame errors, and errors in
loading changes from the other parts of Greenland. Based on
our analysis of PGR errors (arising from uncertainties in the
Earth’s viscoelastic structure and assumed ice history
model) we assign an uncertainty of ±0.5 mm yr−1 to the
PGR gradients, and add it quadratically to the uncertainties
in the GPS‐observed elastic rates at KAGA, ILUL, and
QEQE. We also assign an uncertainty of ±0.4 mm yr−1 due
to loading outside the Jakobshavn Isbræ drainage basin and
add it quadratically to the uncertainties in the GPS‐observed
rates.
[51] The observed uplift rates are compared with predicted
rates computed using thinning estimates from ATM laser
altimetry (Table 1). The observations are all slightly larger
than the predictions at KAGA, ILUL, and QEQE. But in
each case, the observations and predictions agree to within
the uncertainty levels. We note that a modeled underestimation at every station could be partially explained by the
fact that the ice thinning map produced using ATM measurements underestimates the total ice mass loss within the
entire Jakobshavn Isbræ catchment since the area of dynamic
thinning has spread inland of the ATM survey grid.
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[52] The GNET project [Bevis, 2009], which is part of the
International Polar Year (IPY) POLENET (Polar Earth
Observation Network) consortium and includes participation
from Denmark, Luxembourg, and the USA, coordinated the
installation of about 40 new permanent bedrock GPS stations
between 2007 and 2009. By using this greatly expanded
network of GPS stations positioned all around the edge of
the Greenland Ice Sheet, it will be possible to use analysis
techniques such as those described here to study the Earth’s
elastic response to mass unloading from the entire Greenland Ice Sheet, and to improve drainage‐basin scale studies
of many individual glaciers, as well as providing additional
constraints for studies dealing with the ongoing adjustment
of the Earth following the last glacial‐interglacial period.
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