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Abstract. Pine Island Glacier, Antarctica, has been un- resistance to flow and creating a positive feedback. It is thus
dergoing several related changes for at least two decadesnportant to determine precisely how thinning and acceler-
these include acceleration, thinning and grounding line re-ation are linked, how they propagate upstream, and whether
treat. During the first major ground-based study betweerthere is any indication that PIG is stabilising.

2006 and 2008, GPS receivers were used to monitor ice flow Hitherto, observations of velocity change on PIG have
from 55km to 171 km inland, along the central flowline. At been derived from satellite remote sensing data. In particular,
four sites both acceleration and thinning rates over the lastnterferometric Synthetic Aperture Radar (INSAR) data have
two years exceeded rates observed at any other time oveshown 10% acceleration between 1996 and 2000 extending
the last two decades. At the downstream site acceleratiod00 km inland (Rignot et al., 2002; Joughin et al., 2003). Ve-
was 6.4% over 2007 and thinning was &5 ma . Ac- locity has increased since the 1990s, with the highest rate
celeration and thinning have spread rapidly inland with theof acceleration recorded in 2007 (Rignot, 2008). However,
acceleration 171 km inland at 4.1% over 2007, greater tharthe temporal resolution of INSAR is limited by satellite orbit
any measured annual flow increase along the whole glacierepeat cycles. Short-term modulations of velocity, such as
prior to 2006. Increases in surface slope, and hence gravitahose caused by semi-diurnal, diurnal and fortnightly oceanic
tional driving stress, correlate well with the acceleration andtides (e.g. Anandakrishnan et al., 2003; Bindschadler et al.,
no sustained change in longitudinal stress gradient is neede2003; Gudmundsson, 2007), cannot always be resolved, and
to explain the force balance. There is no indication that thethere is a risk that some of these components may introduce
glacier is approaching a new steady state. bias. Also there are limited INSAR data availabl&00 km
inland, therefore it has been difficult to assess the extent of
the recent acceleration. Data from GPS receivers can com-
plement remote sensing data, giving greater temporal resolu-
tion and extending the measurements further inland. In this

In recent decades Pine Island Glacier (PIG) has shown se\paper we show the first GPS measurements of velocity and

eral changes including grounding line retreat, acceIeratioris‘cce'er"’ltlon on Pine Islgnd Glacier. We also use the GPS
and thinning (Rignot, 1998; Shepherd et al., 2002; Rignot etmeasurements, along with ICESat data (Zwally et al., 2007),

al., 2002). The PIG basin, which comprises 10% of the WestIO exafni”e recent ele_vatio_n_ changes. The relation_ship be-
Antarctic Ice Sheet, is getting increasingly out of balance,tween inland changes in driving stress and acceleration is ex-

with an estimated rate of net mass loss of 46 Gtia 2007 amined, testing the hypothesis that recent inland acceleration

(Rignot, 2008), the greatest imbalance of any ice stream ifnay be the result of a diffusive process, where changes in

the world. These changes may indicate the start of a perio&urface slc_>pe are needed to transm_it an initial perturbation
of major retreat. This could occur if the thinning causes un_along the ice stream over decadal timescales (Payne et al.,

grounding of the weakly grounded “ice plain” at the down- 2004).
stream end of PIG (Payne et al., 2004), reducing the basal
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Table 1. Velocities and rates of acceleration measured at the GPS
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stations.

Station Mean velocity Mean acceleration Mean acceleration Mean acceleration
u (2007/2008  between seasons during 2006/2007  during 2007/2008
season) (2006/2007 and season season

2007/2008)

PC55  207%2ma !l 115+2ma? 137420 ma 2 131420 ma 2

(26 Dec-15 Jan) (21 Nov—31 Jan)
PC111 90Z&2mal 415:2ma? 49+10 ma 2 51:+10 ma 2

(14 Dec-5 Feb) (11 Nov—4 Feb)
PC171 32%2mal 12.742ma? 11.6+2 ma 2 No value

(19 Dec-3 Feb) (30 Nov—20 Dec)
PS169 3192mal Not deployed No value

(1 Dec—30 Dec)

Fig. 1. Map of Pine Island Glacier. Flowlines in red and purple;
grounding line (2000) in black. Background is velocity magnitude
from ERS-1/-2 data overlaid on a RADARSAT-1 mosaic (Rignot,
2006).

2 Observations

Between early-December 2006 and early-February 2007

three GPS receivers were sited close to the central flowline

of PIG (Fig. 1) at sites 55, 111, and 171 km upstream from
the grounding line (the 2000 flexing limit determined from
INSAR, E. Rignot, personal communication, 2007). The
same geographic sites (hereafter PC55, PC111 and PC1
respectively), were reoccupied between mid-November 200
and early-February 2008, and a further GPS station, PS16

was placed on a tributary to PIG, 169 km upstream from the

grounding line (Fig. 1).
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GPS data were recorded at 10s intervals and processed
to give kinematic precise point position solutions every 30s.
This processing used the Bernese software and was the same
as that used by Gudmundsson (2007). With this method
it is possible to detect variations in horizontal position to
around 0.01 m. A more detailed analysis of this processing
method and the associated uncertainties is given by Dach et
al. (2009).

At the beginning and end of the 2007/2008 season, further
GPS measurements were made to derive the strain rates in a
1km radius around each site. The surface profile along the
central flowline was also measured by kinematic GPS, along
with net snow accumulation at PC55 and PC111.

3 Mean velocity and acceleration

The mean velocity for the austral summer season, 2007/2008,
is given in Table 1, for all GPS sites; along with mean accel-
eration over both seasons (2006/2007 and 2007/2008) and
over the between-season period. The measurement period at
PS169 was too short to provide an accurate estimate of accel-
eration. All accelerations have been corrected for the effect
of spatial gradients in the velocity field by using the local
strain rate estimates. Velocities and accelerations shown in
Table 1 were calculated by fitting a quadratic function of time
to in-line displacements for each measurement period. The
ncertainty in the quadratic fit is the largest error in the cal-
culation of the acceleration, these errors are given in Table 1.
Acceleration was nearly constant, although some residuals
between measured and fitted displacements indicate short-

u

./t rm changes of velocity. The greatest of these changes are

Iscussed later. Table 1 shows that the acceleration at PC55

as>130ma? in both seasons, with a mean acceleration

etween the seasons of about 115 /aTherefore the sum-
mer acceleration appears slightly higher than the annual ac-
celeration, although this difference is within the error limits
(Table 1).
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We can only compare the GPS velocity directly with a re- b

cent INSAR measurement at PCS5, where an INSAR veloc- | | sers 19912001 I
ity estimate is available 124 days before the midpoint of the ® ICESat 2003-2007

2006/2007 GPS occupation (E. Rignot, personal communi- g >° | 828 becember 2005 [ J(
cation, 2007). The GPS velocity can be corrected for the time 31 = CFS Narerbel 2o T

difference between these measurements, using the accele
ation measured by the GPS. This gives a velocity of 2.7%
greater than the InSAR velocity. INSAR velocities can have
errors up to 3% in areas of high slope, which tend to can-

Elevation Change (m/a)
N

cel out when comparing several INSAR data sets with simi- o5 -.gm | o8 | | B | 8 | |.
lar imaging geometry (I. Joughin, personal communication, 0 ‘ ‘
2007). This error and changes in acceleration could account PC171 PC111 PC55 PS169

for the difference between the GPS and InSAR.

For all GPS sites, velocity estimates for the year 1996rjg, 2. Rates of elevation change from GPS measurements, laser
are available from InSAR (Joughin et al., 2003). Comparedaitimetry (Appendix A) and radar altimetry (Shepherd et al., 2002).
to these earlier estimates, velocities have increased signif-

icantly. The increases over the 12-year period from early
1996 to mid-season 2007/2008 at PCS5, PC111, PC171 anflhese accumulation measurements agree closely with mean

PS169 are 42%, 36%, 34% and 26% respectively, approXya|yes from five 20 m ice cores taken at PC111, PC171 and

imately a 2 to 3% annual increase. The velocity increasessites in between during the 2006/2007 and 2007/2008 sea-
at PC55, PC111 and PC171 during 2007 were 6.4, 4.8 andgns. From these cores we calculate a standard deviation in

4.1% respectively. Thus, over the entire length of PIG, ac-the annual accumulation rate ¢£0%.
celeration during 2007 was considerably larger than over the There is a decrease in surface elevation during both sea-

12%/1ear pler|9d from 1996 tfo4220098. 12 PCE5 | sons at all the GPS sites. This can be compared with ele-
. eve ocity increase o =70 OVer years at PCS5 isya4iqn change derived for the same sites using satellite laser
identical to that reported by Rignot (2008), from INSAR mea- altimetry, calculated by us from ICESat data (Appendix A),

suremznts sloge, for the afrea close to tr?e groundingflinqor the period 2003-2007 (Fig. 2). For the ICESat elevation
(arloun_ A40km owns]Eream rom PCSS)'hT §2()|Q7r]rlat(:]p hac'changes we have calculated errors due to the measurements
celeration at PC55, o 6.'4 over 12 months, is slightly hig € hot being at the same location as the GPS stations, using the
than that reported by Rignot (2008), of 8% over 16 months'standard deviation in the ICESat estimates over a 10 km ra-

but_ this is likely to be due to the difference in time period. dius. Taking ICESat elevation change values along a 10 km
This demonstrates that where the GPS measurements and IBFofiIe, perpendicular to, and crossing, the ice stream cen-

SAR overlap they are in good agreement despite the dlﬁer'terline shows that there is no significant elevation change

ence in spa‘FiaI.scaIes. However, the GPS results also demo'?)"las due to the GPS points being located along this center-
sttrate vglocny increases further upstream_than has been POfne. We compare these ICESat elevation changes to those
sible using the available InSAR data, Wh'Ch,’ apart from N derived from satellite radar altimetry for the period 1991—
1996, do not have the spatial coverage to give velocity estivno1 (Shepherd et al., 2002) (Fig. 2). Figure 2 shows that
mates further than around 100 km inland on PIG. the thinning is increasing, and that it is strongest close to
the grounding line. Our analysis of ICESat data is consis-
4 Elevation change tent with the e_arlier ICESat result_s presenteq by Thomas et
al. (2004b) which showed that during 2004 thinning was ap-
At each GPS site, we calculated a thinning raé) for the proximately double that of the 1990s. Current rates .Of thin-
continuous measurement periods, from the speed in the diping (late 2006 to early 2008) from GPS are even higher at
rection of flow ¢), the vertical speedx), the surface gradi- around three times greater than in the 1990s.
entin the direction of flowd, ~) and the rate of accumulation
(a) using the kinematic boundary condition

O+ udh —w = a. 1) 5 Relationship between thinning and acceleration

Contributions to uncertainty in the calculated thinning ratesThe thinning rates (Fig. 2) demonstrate that PIG is steepen-
arise from GPS measurementsuwodndw (+£1%); the stan-  ing at an increasing rate. The rate of slope increase over the
dard error in the surface gradient measurement (from thecentral region of PIG between PC55 and PC171 was found
GPS profilest7-9%) and the variation in the accumulation to be approximately constant at 2:060°a~! during the
rate. Accumulation was measured against snow stakes @006/2007 season and 2:280~° a1 for 2007/2008. To ex-

PC55 and PC111, giving 0.99 and 1.06Thaespectively.  amine the first order relationship between the steepening and
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acceleration we use a force balance for the glacier where the

centerline velocity«) is given by (van der Veen, 1999)  GPS 2007/2008
e 60 4 Gps 2006/2007
n+1 o 50 4| ® ICESat 2003-2007
u = nz—;—AlH (‘fd)n (%) y (2) lg . 05&32)1991-2001 (Shepherd et al.,
~
where,H is ice thicknessW is ice-stream width, and and = %7
n are material properties describing ice flow. Heig,is the © 20
effective driving stress which is a combination of the gravi- 10
tational driving stressy,, the basal dragy,, and the gradient . ‘ ’ ‘ ‘ ‘
in longitudinal stress. Implicitly, we have assumed that basal 0 00005 0001 00015 0002 00025
shear stress is independent of width and that horizontal stres: % 7 _7
gradients are small compared to both side and basal drag u ’5tOL (m ‘g *3 )

These assumptions are made to provide a first order analy:

sis and are a starting point for evaluating the potential effects

of slt_)pe changes_on centerline velocity. A similar modelwas,:ig_ 3. Graph of d,u againstu?/33,«. Average slope changes

applied by Joughin et al. (2003) and by Thomas et al. (2004ajor 1991-2001 from Shepherd et al. (2002) and for 2003-2007

for estimation of basal stress. from ICESat (Appendix A). With December 2006—February 2007
We apply Eqg. (2) to the average geometry over the 116-and November 2007—February 2008 calculated from GPS measure-

km central flowline of PIG between PC55 and PC171, calcu-ments. The black line is the best fit to the data.

lating the gravitational driving stress from the surface slope

(¢=—0.00135), ice densitys=917 kg nT3), gravitational ac-

celeration ¢=9.81 ms2) and ice thickness{=1860m) us-  Where the constant,

Ing 1

b_ 2A n w n+1 5
7y = —pgH sina, 3) =" n+1 (08) <?) ' ©)

to give, 7y=22.6 kPa. From our strain rate measurementsThe average rate of slope increasaxj between the same
at PC55 and PC171 we calculate the longitudinal stressegoints for 1991-2001 was 0.0 °a! (from satellite
giving a net stress due to longitudinal stress gradients ofadar altimetry: Shepherd et al., 2002) and for 2003—-2007
—1.5kPa for this region, approximately 7% of the magnitudewas 1.15¢10-° a1 (calculated by us from ICESat laser al-
of the gravitational driving stress and acting in the oppositetimetry data). For the periods over which we have GPS mea-
direction. We use:=3 andA=2.9x10"®s 1kPa3, corre-  surements, the directly calculated values,af andx can be
sponding to a depth-averaged temperature 85°C (Pater-  used. For earlier periods the average rate of velocity increase
son, 1994), and estimate an average44km. From the (9,u4) can be estimated for the central point (PC111). This is
speed at PC111, approximately the midpoint of this sectiordone by subtracting the annual percentage accelerations esti-
of flowline, accounting for the additional resistance from the mated by INSAR (Joughin et al., 2003; Rignot, 2006), and ac-
longitudinal stress gradient, from Eq. (2) we calculate a basatounting for the fact that PC111 has had a lower percentage
drag of 3.6 kPa. This is low compared to the driving stressincrease, at 6% less than PC55 over the 12-year period from
and therefore our use of Eq. (2) as a first order model is fur-1996. Figure 3 shows the data, paired value$,of plot-
ther justified. ted againsu?/33,«. The best fit givesD=25400 (m&)1/3

With an initial assumption that basal drag and longitudinal with an R? coefficient of determination of 0.99. When calcu-
stress gradients do not change, we analyse the sensitivity dated using the estimated values for ice stream width and the
velocity to changes in gravitational driving stress alone. Wematerial parameters given aboves27 600 (ma)*/3. How-
also assume ice thicknesH ) to be constant. This approxi- ever, this small difference is within the uncertainties in the
mation works because changes in absolute thickness have grmrameters and could be achieved simply by changing
order of magnitude less effect on the driving stress than thdrom 44 km to 41km in Egs. (4) and (5). The strength of
surface slope changes over this period. These assumptioribe correlation with the acceleration (Fig. 3) is entirely due to
are made only in order to assess whether these changes ihe slope changes, and hence changes in gravitational driving
driving stress are sufficient to account for the rates of accelstress, this is becaus&/ increases by only 19% over this
eration observed over this portion of the ice stream. Substitime period, which would not give a significant correlation,
tuting Egs. (3) into (2), differentiating with respect to time, whilst d;« increases by 271%. We conclude that available

and noting thatv<«1, we find observations over the past 18 years conform to this simple
model and relate the surface slope increases directly to ac-
du = D.u VM (3,0), (4)  celeration along this section of PIG. To a first order we do
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not need additional force balance changes from longitudi-
nal stress gradients or basal drag. However, we cannot ne
glect the effect of perturbations in these stresses, particularly
from the downstream end of PIG, which models have shown
may initiate the related velocity changes and inland thinning
(Payne et al., 2004; Thomas et al., 2004a).

0.03

—PC111
0.024 PC55

0.014 /\"\\\

~ O\

6 Short term variations -0.014

Tidal analysis of horizontal and vertical displacements was
performed using the softwareitle (Pawlowicz et al., 2002)
but, despite 2-3 months high-precision GPS records,nomea 003 -0 o s o 100
surable tidally-induced variation in flow could be detected at Days from 5th November 2007
any of the sites, including nearest to the grounding line at
PC55. The lack of tidal velocity modulation gives more con- Fig. 4. Horizontal inline flow-direction positions for PC55 and
fidence in velocities estimated from INSAR processing andPC111 de-trended by a quadratic (constant acceleration component
increases confidence that comparison of INSAR and GPS veremoved) and normalized by dividing by the total distance travelled
locities is reasonable. in one day at each location.

For the 2006/2007 season the accelerations at all sites were
approximately constant; that is, after removing a constant ac-
celeration component from the flow-direction displacements7 Discussion
the residual displacements were around GPS error levels.

However, for the 2007/2008 season, after removing a ConThe GPS measurements reveal that the rates of acceleration
stant acceleration component, significant residuals rema'ne@xperienced in 2007, which are higher than any previous
at PC55 and PC111. Residuals at PC171 and PS169 wefgaasurements have shown on PIG, extend far inland. At
smaller than those at PC111 by a factor of 5, and than thosg,e gownstream end of PIG, the acceleration reached at least
at PC55 by a factor of 15. These residuals were thereforgy 404 g1 in 2007, but it was also 4.8 and 4.1%laat dis-
close to noise level, and along with the shorter observationgnces of 111 and 171 km, from the grounding line, respec-
periods at PC171, and PS169, meant that analysis was N@ely. This upstream acceleration is at a greater percentage
possible. For easy comparison between PC55 and PC11}gte'than any estimates prior to 2006 for the downstream end
the residuals have been normalized by the total horizontay the glacier (Rignot, 2006). The current high acceleration
displacement at each station and are displayed in Fig. 4. yhase of PIG may have started in 2002, there is little accel-
The short term changes at PCS5 and PC111 are closelyation from 2001 to 2002 followed by very high accelera-
matched (Fig. 4). We cannot identify a phase-shift between;q, from 2002 onwards (Rignot, 2006). But even if it started
the two curves due to GPS noise, hence the response effeground 1996 (Joughin et al., 2003) and the perturbation caus-
tively appears instantaneous. However, we estimate an Unpq this acceleration originated at the downstream end of the
certainty of two days. These short-term acceleratlor_w Change@lacier it is likely that it has been transmitted rapidly up-
observed at PC55 and PC111 were not accompanied by aifream, by a diffusion process, faster than the 10 years per
fluctuations in the vertical positions of the stations, signify- 100 km suggested by the model of Payne et al. (2004). The
ing no coincident quctuationg in gravitationgl driving stress. raquction in the percentage velocity increases, with distance
However, there were fluctuations in the strain rate, and hencﬁpstream, suggests that the perturbation could originate at

changes in the longitudinal stress gradient between the tW@ne qownstream end of the glacier, but modelling is needed
stations, with the same time period as the fluctuations in acyq yerify this.

celeration observed individually at each station. Therefore

: X . ; Current rates of thinning are higher than over the previ-

these changes in acceleration have been transmitted instan- . : .
N : ous two decades. If the exceptionally high thinning rates
taneously by longitudinal stresses. The perturbations may

originate from the grounding line, ice shelf or from Changescontlnue they could contribute to ungrounding of the weakly

in the basal conditions, including the movement of sub Iacialgrounded ice plain and further acceleration (Thomas et al.,
' gthe + 07 sUbg 2004a; Payne et al., 2004). The section of PIG, 55to 171 km
water. However, these fluctuations in the longitudinal stress . ) ; . . .
. . inland, is steepening at a rate which provides an increase in
gradient are at a lower order of magnitude than the longer, .. ey .
. o driving stress of sufficient magnitude to produce the observed

term increases in driving stress.

acceleration. There does not necessarily need to have been
a sustained increase in longitudinal stress gradient or reduc-
tion in basal drag over this region of the glacier to explain

the current force imbalance. However, we have measured

-0.024

Normalized detrended inline position
o
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changes in the longitudinal stress gradients that are transmitAl Methods
ted rapidly along the glacier causing fluctuations in the ac- .
celeration over short periods at sites 56 km apart. It is likelyAl.1 Interpolation

that perturbations transmitted initially by longitudinal stress

gradients cause the acceleration inland (Payne et al., 200§Ve used ICESat GLA12 Release 28 data (Zwally et al.,
Thomas et al., 2004a). 2007) (at the highest calibration level 4), for all available

years from 2003 up to November 2007. To quantify elevation

change, we began by grouping ICESat height measurements
8 Conclusions into two-year epochs (2003-2004, 2004-2005, 2005-2006

or 2006-2007). We interpolated surfaces between all ele-
The GPS measurements on PIG augment those obtained froftion measurements in an epoch that have two neighbours
remote sensing. They demonstrate that rates of thinning anfjing within 300 m distance, using triangular irregular net-
acceleration are both increasing and that this extends at leagforks (TINs). This ensures an interpolation distance never
171 km inland. Acceleration is hlgh|y correlated to Slope in- greater than 260 m, typically much shorter. For compari-
crease and no sustained increase in longitudinal stress gradion, crossover analysis interpolates over72m and uses
ent, or decrease in basal drag, is needed to explain the forq®ur points rather than our three. Our scheme produces long,
balance. Transmission of the acceleration inland has beeﬂbbon-"ke, |inear|y-interpo|ated surfaces between C|Ose|y-
exceptionally fast at around 200 km per decade, or possiblypaced, near-parallel tracks representing surface height for
even quicker. The results are consistent with the hypothesigach epoch. To account for the difference in timing of the
that changes in PIG result from changes at the downstreareasurements, we performed the same interpolation on ac-
end, including the grounding area and floating ice shelf. Itquisition date.
appears that PIG is not only out of balance but continues to \Where these ribbon TINs were crossed by ground-track
move further out of balance. If there is a feedback prOCQSSfootprints from a later or earlier epoch, we extracted the
where downstream thinning causes further ungrounding anéhterpolated elevation and acquisition date from the TIN at
acceleration, then this could result in a major retreat of thethe new sample-point. This yields comparable elevation
ice stream. measurements: one interpolated, one measured precisely
(crossover analysis compares pairs of interpolated heights),
from which we calculated\i/At. We repeated this for all
possible date combinations forwards and backwards in time.
The interval, At, ranges from 1 to 4.5 years, mean 728 days
over Antarctica. Within a given epoch, this approach as-

We use a 10 km radius around the GPS location to calculat§UMes linear elevation change both spatially between adja-
the errors in the ICESat elevation change presented in this p£€Nt Points, and through time. It sacrifices temporal resolu-
per. This in every case incorporates several hundred ICES4ON 1o gain spatial coverage.

elevation change values over the period 2003—-2007 to give an
average rate of change for this period. It makes the ICESat

measurements more comparable with the previous ERS eleyr Aj/A; measurements are derived from height mea-
vation change measurements, which have a much lower sp&,rements largely corrected for pointing and saturation

tial resolution. Over this spatial range there is no bias caused;ors  \We believe the residual uncertainty (1-sigma)
by moving away from the glacier centerline. Therefore thejs _g 1 m ttp:/nsidc.org/datalicesat/detaildisclaimer.

errors are also valid when comparing the 'ICESat Measurenm4satCorrNote We assume forward scattering error to
ment to the current GPS measurements which are taken alongg temporally uncorrelated, affecting either the earlier or

the centerline. later data in a&Ah/At measurement, and so becomes random
We used ICESat GLA12 Release 28 data (Zwally et al.,i sign. We filter outAh/Ar measurements that are anoma-

2007) from 2003 up to November 2007. We fitted planar sur-j,s rejative to a large neighbourhood and assume a remain-
faces to parallel tracks of point height and date measuremenriﬁg forward-scattering uncertainty of 0.1m (1-sigma). Our

that are close in space (300m) and time (2 years). We then /A, measurements come from combinations of typically

differenced the height and date of later point measurements .o 14 orbit periods assumed independent in error. From
that overlap these interpolated surfaces, givingUUBAr. s hudget, we estimate the combingé/Ar uncertainty in

We repeated this process for all possible_combingtiops of ingur measurements to BeD.07 mat at the 1-sigma level.
terpolated and overlapping tracks that fit our criteria. We

estimate the uncertainty in ouxi/Ar to be+0.07 mal at
the 1-sigma level.

Appendix A

Brief summary of ICESat processing

1.2 Uncertainty estimate

The Cryosphere, 3, 12531, 2009 www.the-cryosphere.net/3/125/2009/
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