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Abstract. ICESat has provided surface elevation measure- We find annual mass loss estimates of the Greenland ice
ments of the ice sheets since the launch in January 2003heetin the range of 19123 Gtyr 1 to 240+ 28 Gtyr 1 for
resulting in a unique dataset for monitoring the changes othe period October 2003 to March 2008. These results are in
the cryosphere. Here, we present a novel method for detergood agreement with several other studies of the Greenland
mining the mass balance of the Greenland ice sheet, deriveite sheet mass balance, based on different remote-sensing
from ICESat altimetry data. techniques.

Three different methods for deriving elevation changes
from the ICESat altimetry dataset are used. This multi-
method approach provides a method to assess the complexity |ntroduction
of deriving elevation changes from this dataset.

The altimetry alone can not provide an estimate of theDifferent satellite based measuring techniques have been
mass balance of the Greenland ice sheet. Firn dynamicgsed to observe the present-day changes of the Greenland
and surface densities are important factors that contributgce sheet (GrlS). Synthetic Aperture Radar (SAR) imaging
to the mass change derived from remote-sensing altimetryteveals an acceleration of a large number of outlet glaciers
The volume change derived from ICESat data is correctedn Greenland Abdalati et al, 2001; Rignot et al, 2004 Rig-
for changes in firn compaction over the observation period,not and Kanagaratnara006 Joughin et al.2010. Gravity
vertical bedrock movement and an intercampaign elevatiorchanges observed by the Gravity Recovery And Climate Ex-
bias in the ICESat data. Subsequently, the corrected volumperiment (GRACE) show a significant mass logslicogna
change is converted into mass change by the application of and Wahy 2005 Luthcke et al. 2006 Wouters et a.2008
simple surface density model, in which some of the ice dy-Sgrensen and Forsbe&p1Q Wu et al, 2010. The local el-
namics are accounted for. The firn compaction and densityevation changes of the GrIS with significant thinning along
models are driven by the HIRHAMS regional climate model, the ice margin are revealed by laser altime®jopbe et al.
forced by the ERA-Interim re-analysis product, at the lateral2008 Howat et al, 2008 Pritchard et a].2009).
boundaries. In this study, a novel mass balance estimate of the GrIS
for the period 2003—-2008 is presented, derived from eleva-
tion measurements from NASA's Ice, Cloud and land Eleva-

tion Satellite (ICESat), firn compaction and surface densit
Correspondence td:. S. Sgrensen modelling ( ) P y
BY (slss@space.dtu.dk) '
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Dlﬁgrent methods have been used to derive secular Surfac‘f"able 1. ICESat data description. Shown is the laser campaign
elevation change esumat(a%ﬂ

S ) of snow- or ice-covered ar-  jgentifier (ID), data release number (RL), and time span of the cam-
eas from ICESat dataF(icker and PadmarR00§ Howat  paigns. N and M are the number of measurements from the GriS
et al, 2008 Slobbe et a|.2008 Pritchard et aI.ZOOE). Here before and after the data culling, respectively.

we use three different methods to der%# and the differ-

ences are investigated. ID RL Time span N M
The total volume ch_ange of the GrIS is fpund by fiting ~ 5o 531 4 Oct 2003-18 Nov 2003 1095647 941052
a smooth surface, which covers the entire ice sheet, to the 128 531 17 Feb 2004-20 Mar 2004 815998 695 242
ICESat derived% estimates. The conversion of the derived L2C 531 18 May 2004-20 Jun 2004 739672 680031
dH - : . L3A 531  30Oct2004-8 Nov 2004 851789 727425
g values to a mass change is based on various elevation oo 530 17 5ol 5005 24 Mar 2005 820689 704680
Change Correct!on terms and a Slmple Sl-.lrface denSlty model. L3C 531 20 May 2005-22 Jun 2005 800876 679827
The firn correction and the surface density models are forced L3D 531 21 Oct 2005-23 Nov 2005 821825 695949
by climate parameters from a regional climate model (RCM). L3E 531 22 Feb 2006-27 Mar 2006 883492 752123
: ; ; L3F 531 24 May 2006-25 Jun 2006 743702 626463
Other studies haye linked cllmgte models and surface mass 3G 531 25 Oct 200627 Nov 2006 809655 698710
balance_z models in order to estimate the mass balance of the | 31y 531 12 Mar 200714 Apr 2007 838647 778350
GrlIS (Li et al,, 2007 van den Broeke et al2009 Zwally L3I 531 2 Oct2007—4 Nov 2007 761576 705639
et al, 2011), but in our approach, we directly use the esti- L3J 531 17 Feb2008-21 Mar 2008 375239 368148
mated?Z values from ICESat to derive the total mass bal- ~Total 10367807 9053639

d
ance inctluding firn dynamics, driven by the HIRHAMS high

resolution RCM (Secb.2).

The first part of this paper is dedicated to the description
of the ICESat data and the methods used for deriving elevaber 2003 to March 2008. The time span and release number
tion and volume changes of the GrIS (Se@do 3). The of the laser campaigns in the dataset are listed in Thble
volume change estimates and their associated uncertainties
are presented in Seet. ICESat data pre-processing

In the second part of this paper, the conversion from vol- ] o
ume to mass is described (Seddo 7). This includes the A procedure of data culling and the application of correc-
changes in the firn compaction and surface density of thdions is necessary to reduce some of the systematic errors in
GrIS. The theoretical treatment of the firn processes is prethe ICESat dataset and to remove problematic measurements
sented in Sects. In Sect.6, additional elevation changes, (Smith et al, 2005. Saturation of the waveform can induce
that do not contribute to the mass balance of the ice sheefT0rs in surface elevation estimatésicker et al, 2003.
are described and quantified. The findings from both obserAPPIying the saturation correction to the relevant measure-
vations and model treatment are combined to derive the totaM€nts, which are flagged in the data files, reduces these er-

mass balance of the GrIS, which is presented in Jeatong ~ ors NSIDC, 2010. We have also used the standard devia-
with an error analysis of the mass balance. tion of the difference between the shape of the return signal

and a Gaussian functional fit (the IceSvar parameter), to eval-

uate the data. Large standard deviations indicate less reliable
2 ICESat data surface elevation estimateSrfith et al, 2009, and mea-

surements for which the misfit is large (IceSwad.04 V)
ICESat carries the Geoscience Laser Altimeter Systerare rejected from the further analysis. Multiple peaks can be
(GLAS) instrument Abshire et al. 2005. Technical prob- caused by reflections from clouds and by topography in the
lems with the GLAS instrument early in the mission have re-illuminated footprint. All measurements that contain more
sulted in a significant reduction in repeated tracks and, hencehan one peak in the return signal are rejected from the anal-
in spatial resolution. As a consequence of this and due to thgsis. Besides these two criteria, we have also used data qual-
inclination of the satellite, the tracks are separated by approxity flags and warnings given with the data to reject problem-

imately 30 km in the southern part of Greenland. atic measurements. We find that these thresholds result in an
The GLAS/ICESat Antarctic and Greenland Ice Sheet Al- overall reduction of crossover errors, see Supplement.
timetry Data product (GLA12)Awally et al, 2010 was Only measurements from the GrIS and the surrounding

downloaded from the National Snow and Ice Data Centerglaciers and ice caps are considered in the elevation change
This level-2 altimetry product provides geolocated and timeanalysis Csatho et a).2009. The total number of ICESat
tagged ice sheet surface elevation estimates, with respect tmeasurements from the ice covered areas is 10367 807. Af-
the TOPEX/Poseidon reference ellipsoid. The satellite laseter rejecting problematic measurements in the data culling
footprint size is 30—70 m and the distance between the footprocedure, the number is reduced by approximately 13% to
print centres is approximately 170 m. This study is based or9 053 639, see Table In the data culling, 78.4% of the re-
the 91-day repeat cycle ICESat data (release 31) from Octojected data are rejected by various quality and warning flags,

The Cryosphere, 5, 17386, 2011 www.the-cryosphere.net/5/173/2011/
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21.1% by the IceSVar parameter and only 0.5% are rejecteavithin each segment and the variances are estimated from
by the number of peaks criterion. the regression analysis. Hence, the variances reflect both the
measurement error and the goodness of the fit.

3 Methods for deriving surface elevation changes 3.1 Method 1

An observed surface elevation difference may include a sean Digital Elevation Model (DEM) can be used to correct
sonal signal and a secular trend, but also components whichy the syrface slope and this approach is used in the first
are not related to the ice sheet mass balance. The se@ieihod (M1). Unfortunately there are no independent, suffi-
sonal variations are caused by variations in accumulationgieny accurate high resolution DEMs available which cover
flow, melt anq atempera.ture dependgnt firn compaction rateye entire GriS. FollowingSlobbe et al(2008, we choose
The compaction of the fim, the vertical bedrock movementihe pEM generated from the first seven campaigns of ICESat
caused by glacial isostatic adjustment (GIA), and presentyaiq DiMarzio et al, 2007). The grid spacing of this DEM

day mass changes all cause elevation changes which are pagt1 km and the elevations are given relative to the WGS84
of the observed elevation difference, but do not contributee"ipsoid_

to the ice sheet mass balance. Furthermore, a potential €l- |, order to subtract the DEM from the ICESat data. the
evation bias between the ICESat laser campaigns must bgg\ js |inearly interpolated to estimate the value at each

considered, since this would also be interpreted as elevatiof ¢4 |ocation. The height of each ICESat measurement above

changes. _ the reference DEM is given by:
The individual ICESat tracks are not precisely repeated
but can be up to several hundred metres apart. Thus, bea gM! — 'CESat_ DEM )

sides the previously described signals, an observed elevation
difference between tracks contains a contribution from thewhereH'“ESatis translated into elevations above the WG S84

terrain. ellipsoid, to be comparable with the DEM elevations
The fact that the ICESat measurements are not exactly retH°=™).
peated, complicates the methods for derivﬁ{é, since any The measurements are categorized according to the ICE-

separation between two measurements introduces a surfa&at track {) and 500 m along-track segment denojed'he
slope component, which can be decomposed into an alongnean of theA HM! values of each ICESat campaign is calcu-
track and a cross-track component. Several methods for ddated in each segment, creating time serieadf™* values
riving % from ICESat data have previously been publishedalong-track.

(Fricker and Padmar2006 Howat et al, 2008 Slobbe et al.

2008 Pritchard et al.2009. We presenffi—’f results obtained Aij
by using three different methods (M1-M3). The methods Agl.'\"lz
have different strengths and weaknesses, which will be dis-
cussed in the following. M1-M3 are all set up to estimate Bij

”ﬁl—ft’ at a 500 m along-track resolution. At track crossover lo- whereA; = ((ii_,;,)ij, B, is the offset between the DEM and

cations, measurements from both tracks are used to derive j ] - )
the 22 values. In all three approaches, we solve for boththe ICESat elevations in the segment, anglthe mean time
t ) !

of a campaign in a given segment. The governing equation,
Eqg. @) is solved using ordinary least squares regression.

Only the long wavelength component of the terrain slope
~ is removed, due to the relative low resolution of the DEM,
H@) = <I)t+s(t)’ @ compared to the spacing of the ICESat along-track measure-
ments. The 1 km resolution is too low to capture the true to-
pography in some areas and this will most likely be reflected
in the elevation changes calculated using this method. Fur-
thermore, since the DEM used here is based on the first seven
ICESat campaigns, the reference epoch will not be the same
with amplitude D = \/a?+ 82, period T (365days), and in each Segrﬁer?t_ P
phasep.

Each of the‘fi—’f estimates from the three methods are as-3.2 Method 2
sociated with a variance from the regression procedure ap-
plied. We do not perform a full analytical error propagation In the second method (M2), data from two ICESat campaigns
through the‘fi—f[’ calculation. We assume that the segmentare used to create a reference surface, which is assumed to
size of 500 m is small enough so that the error on the mearepresent the topography in each segment. The reference sur-
surements (and on the DEM in M1) can be assumed constarftice is represented by a centroid pdiry, yo, Ho) and slopes

(.1, coswt, sinwt ), 4)
Ol,'j

a secular trendﬁl—’;’ and a seasonal signal¢r). Hence, the
time dependent surface elevatidii(r), is parameterized as

where the seasonal signal is given by:

2r :
s(1) =DCOS<?I+¢> = acoqwt) + Bsin(wt), (2)

www.the-cryosphere.net/5/173/2011/ The Cryosphere, 5,11882011
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r 0.5

0.0

Fig. 1. Elevation changes derived from ICESat data using the three different metapiitl, (b) M2 and(c) M3.

(%, @—’3’) and it is found by a least squares fit of these sur-3.3 Method 3
Yy

face parameters to the measurements from two campaigns.

The choice of the two campaigns, which are used to gener. € third method (M3) is similar to the one presented in

ate the reference surface, is based on two criteria. The firdfiowat et al.(2008 and Smith et a!.(Z%O_S). In each along-

criterion is that the two campaigns are separated by one yedf2ck segment, the surface elevatigff® is assumed to vary
in time. This ensures that both the seasonal signal and thin€arly with position(x, y), time () and a sine and cosine
actual change in elevation between the two campaigns arke"™. describing the seasonal signal:

minimized. The second criterion is that the ICESat tracks, Aij

used to generate the reference surface, are the ones that span Bj;

the largest area. These criteria help to ensure that the refer- ojj

ence surface is representative of the surface slope. Henceli'}“: Bij (t,1,coswt, sinwt, (x —xg), (y —yo0))  (7)
this reference surface is considered the reference for all other (%)l_i

ICESat measurements in a given along-track segment, simi- (LH ‘

lar to the use of a DEM in M1: dy Jij

AHM? = y'CESat_ pyref, (5)  whereA;; = (dd—’f)ij, (42) is the along-track slope(,%) is

the cross-track slope, amg}; is an estimate of the topogra-

The height of the ref f t iNty) is gi . . . .
@ height of the reference surface at a painy) Is given phy underlying the elevation changé€sg, yo) is the centroid

by: ; .
y point of the area spanned by all the measurements in the track
dH dH segment. In each segment, a least squares linear regression
ref _ [ &0 _ et _ . . '
ij = ( dx )ij (x —xo0) + ( dy )ij (y =0+ Ho. 6) is performed to estimate all these parameters.
This method is sensitive to the track constellation in a seg-
The approach of solving fot? is similar to Eq. §). ment. If the change in timg<Z) is strongly correlated with

In spite of the criteria used to select the ICESat campaignshe change in position (eg%)), this method will not be
from which the reference surface is generated, method M2 isible to separate the two components.
sensitive to seasonal variations and actual elevation changes
between the two campaigns chosen. 'I%ﬁeestimates will, 3.4 Elevation change results

therefore, be biased. If the surface elevation has changed ) _
significantly, due to a change in mass balance in the timelhe elevation changes obtained by the three methods show

between the two tracks used, this method will underestimatdhat there is good agreement between the patterns of ele-

the 21 values, since some of the elevation change signal ig/ation changes (see Fida—c). A distinct thinning of the
removed. ice sheet is generally found along the southeast and west

coast, while a smaller but consistent thickening is found in
the interior part of the ice sheet, which is in agreement with
other altimetry studiesAbdalati et al, 2001, Thomas et aJ.

The Cryosphere, 5, 17386, 2011 www.the-cryosphere.net/5/173/2011/
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Table 2. The total mass balance of the GrIS estimated from three different methods for dég%ingnd different assumptions in the firn
compaction model. The contributions to the total mass balance from above and below the ELA are specified, along with the mass balance
above an altitude of 2000 m. Note that the mass balance below the ELA is unaffected by firn model processes and is, therefore, the same fo
with and without firn compaction correction firn assumptions.

Applying p Applying p
ICESat Above Above Below Above Above
\olume Total ELA 2000m ELA Total ELA 2000m

km3yr=1] | [Gtyr 1] [Gtyr~1] [Gtyr~1] [Gtyr 1] | [Gtyr™1] [Gtyr~1] [Gtyr—1]

With firn correction

M1 —231+24 | —233+27 —101 -8 —-132 —-174 -30 +7
M2  —-187+21 | —191+23 —-80 -7 —-111 —141 -30 +6
M3  —239+26 | —240+28 —105 -9 —136 -179 —44 +6

Without firn correction

M1 —231 —268 —136 -29 —132 —-192 —60 —4
M2 —187 —226 —116 —28 —-111 —160 —49 -4
M3 —236 —276 —141 -30 —136 —198 —62 -5

2008 2009 Slobbe et al.2008 Pritchard et al.2009. On 4.2 Bootstrapping
a more local scale, the thickening of Flade Isblink.@81N,

15.1°W) and Storstrgmmen (71’ N, 226° W) are identi- | the hootstrap method, data is repeatedly re-sampled to cre-
fied by all three methods. ate numerous artificial dataseBayison and Hinkley2006).

The original dataset consists af tracks of% estimates.
For each method, 1000 new bootstrapped datasets are cre-
ated by randomly drawing: tracks with replacements from
In order to estimate the total annual volume change, a smootfhe tracks in the original dataset. Hence, the bootstrapped
surface that covers the entire ice sheet is fitted through thélataset will most likely contain multiple copies of some of
4l estimates. The uncertainty of the total volume change ighe original tracks. Each bootstrapped dataset contains the

4 Deriving volume changes

quantified using a bootstrap method. same number of tracks as the original dataset. From each
of these bootstrapped datasets a new estimate of the vol-
4.1 Interpolation of volume changes ume change is calculated in the same way as for the orig-

dH . _ inal dataset. Finally, the standard deviation of these 1000
The <~ estimates are interpolated onto & 5km grid, us-  pootstrapped volume estimates is used as an estimate of the

ing ordinary kriging. For all three method results, an expo- standard deviation of the original volume change estimate (in
nential variogram model with a range of 50 km is used. Theg frequentist sense).

variogram model is based on all data and, for simplicity, it is
assumed to be isotropic, see Supplement. The range and tl)le3
choice of model are based on the experimental variogram.”
Due to the large number dg estimates, only a local subset S
of points is used in the kriging procedure. Cross-validation The 1000 bootstrap re-samples make up the distributions of
analysis is applied to determine the sufficient number of thethe volume changes. For all methods, these distributions
closest points to be used in the interpolation. In order to pas@re approximately Gaussian and centred around the volume
on the variances from the regression analysis, these are addéfange estimate based on the original dataset (see2)ig.
to the variogram modelRebesmal996. The R package Hence, the 95% confidence interval of the volume change
gstat is used for the kriging procedufepesma2004). will be +20, whereo is the standard deviation. The error
The estimated volume changes are summarised in Pable estimates of the volume changes are summarized in Pable
The estimates are of little significance without knowing their  There is a relatively large spread in the resulting volume
associated uncertainties. It is often difficult analytically to changes. We believe that the volume estimate found from
keep track of the error when different calculations have beerM2 of —1874 21 kn? yr—1 is probably an under-estimation.
performed on data and, therefore, a bootstrap metbasli{ Itis likely that the reference surface, which is created in M2,
son and Hinkley 2006 is used here to quantify the uncer- contains an actual elevation change and this will result in bi-
tainty. ased% values. The volume change results from methods

Volume change results

www.the-cryosphere.net/5/173/2011/ The Cryosphere, 5,118832011
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intercampaign bias and the glacio-isostatic adjustment are
corrected for, before converting elevation change into mass
change estimates. Based on E), (ve then write the mass

g change as
dM _ dHegrotied
— = —coedted, ©)
dt dt

where H'SESa s the elevation change from ICESat cor-
rected for non-ice mass related processes. A distinction is
made between the elevation changes caused by snow accu-
mulation, surface melt or dynamical changes. Therefore, the
density 6 value is chosen based on the physical process in-
volved in the mass chang&lfomas et a] 2006 Zwally et al,
2011). In the ablation zone, defined here as the area be-
low the equilibrium line altitude (ELA), all elevation changes
are assumed to be caused by either surface melt or dynami-
o 260 ot 0 200 1m0 160 cal changes. In the accumulation zone above the ELA, an
elevation increase is assumed to be caused by an addition
of snow/firn, while an elevation decrease is assumed to be
Fig. 2. Violin plot of the three method results. The blue area in- caused by ice dynamics. Therefore, we define the depsity
dicates the distribution of 1000 bootstrap samples. The red crosse® be

Method
M2
I

M1

Volume change km*

are the volume estimates based on the original datasets and the red JpICESat
bars indicate the 95% confidence interval. ~_ ) ps,if %"z Oand H>ELA (10)
oi , elsewhere ’

M1 and M3 are similar, with volume change estimates of where ps is the surface density of firn including ice lenses,
—231+24knPyr1 and—2394+ 26 kP yr—1, respectively.  written as

Po 1)

Ps= .
. r Lo
5 Volume to mass conversion 1-3 (1_ E)

In order to convert the derived elevation changes for the Grig1€re. r is the amount of refrozen melt water inside an an-
to mass change, the involved physical processes have to g&al firn layer,p; is tg‘? ice density (917 kgnf) and po = .
known. Generally, the change in surface elevation can bé25+18.77 +0.2937“ is the temperature dependent density

written as of new firn before formation of ice lenseRéeh et al.2009,

. . T is in °C. The assumptions that define the applied density
dH b ot I e 0 3S 4B (8  Inthevolume tomass conversion is adding to the uncertainty
dr  p e WieeT m m Wb s b of the mass estimate, and this will be discussed in detail in

.. . ) Sect.5.5. Comparing with other studies (e.ghomas et aJ.
whereb is the surface mass balangejs the density of the 2006 we also perform mass change calculations, using an

snow or ice andv is the vertical velocity of the surface due gjternative density which replacess in Eq. ©), and which
to change in firn compaction, in the following referred to as 5 gefined as

the firn compaction velocitywice is the vertical velocity of

the ice matrixpm is the basal mass balanae,, is the verti- 5 {

cal velocity of the underlying bedrock associated with glacio-

isostatic adjustmgnt;s is th.e horizontal _ice veIoci_ty of the 5 is applied, the elevation changes above the ELA, caused

surface,S anduy, is the horizontal vglocny of the ice at the by dynamic mass losses, are not accounted for.

bed B (Paterson2002 Zwally and Li, 2002 Helsen et al.

2008 Zwally et al, 2011). A Cartesian coordinate system 51  Firn compaction modelling

with a vertical axis pointing upwards is used, and we define

accumulation positive and ablation negative. In order to estimate the effect of firn compaction on short
As seen from Eq.8), firn compaction and surface densi- time scales, a time-dependent densification model is needed.

ties must be taken into account in order to convert the ICESafFollowing Reeh(2008, the time-dependent contribution to

volume change to mass change. The firn responds to chang#ése elevation change from changes in firn compaction, is

in surface temperature and precipitation and this responsthe sum of firn layer anomalies with respect to a steady

will not contribute to the mass balance. The firn response, thestate reference. The steady state reference is defined as the

s, ifH >ELA

oi , elsewhere (12)

The Cryosphere, 5, 17386, 2011 www.the-cryosphere.net/5/173/2011/
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youngest layer in the firn column, which is unaffected by the 2006 and ECHAMS physicsRoeckner et a).2003. The
inter-annual variability in the surface temperature and sur-HIRHAM5 RCM used here is an upgraded version of the
face mass balance. The firn compaction velocity is then deHIRHAM model that has been used in several studies of

fined as accumulation and climate over Greenland. This model has
1 !=fot—lo—t2 been validated both with ice core data and automatic weather
we = A_IZ Z (A(to+12,t0+1) — rrefto+1)),  (13)  station data and is shown to perform well over Greenland
=0 =0 (Dethloff et al, 2002 Kiilsholm et al, 2003 Box and Rinke

whererg is the time of depositiory, is the time of the addi- 2003 Stendel et al.200§ Lucas-Picher2011). The lateral
tion of a new surface layex,(o, ) is the annual layer thick- boundary condition for HIRHAMS5 are taken from the Euro-
ness at a time=p+¢; after deposition anles is the steady  pean Centre for Medium Range Weather Forecast (ECMWF)
state referenceA(tp,t) depends on the local mass balance ERA-Interim re-analysis (Simmons, 2007) at T2580(7°
and is given by or ~77km), which is a comprehensive re-analysis of the
(bto)—r (t0)) i . state of the atmosphere, using measurements from satellites,
(WJ”UO))T if b(to) = 0 , (14) weather balloons and ground stations. A continuous sim-
b(to)d(t —to)T ,if b(t0) <0 ulation with HIRHAM5 at Q05° (~5.55 km) resolution on
wherer is a time constant which, for the present study, is onea rotated grid is realised. The sea-surface temperature and
month ands is the Kronecker deltaReeh et al.2005. The sea-ice distribution, taken from ERA-Interim, are interpo-
firn density ps(70,7) can be derived from th2wally and Li lated to the HIRHAMS grid and prescribed to the model. The
(2002 parametrization of théderron and Langway1980 wind components, atmospheric temperature, specific humid-
densification model ity and surface pressure from ERA-Interim are transmitted
o ) ; to HIRHAMS every six hours for each atmospheric model
Pi=(pi=ps(io)) eXPp(=cti) !f Pi(to,1)=<pe level of the HIRHAM5 RCM. At the lateral boundaries of
pi=(pi—pc) €XP(—c(ti—1c)) , if pr(to,1)>pc the model domain, a relaxation scheme accordingavies
(15) (1979 is applied with a buffer zone of ten grid cells. The
where p¢ is the critical firn density of 550 kg ¥ defined high'5.5 km horiz'o'ntall resollut?on Qata are appropriate to de-
by Herron and Langway1980), 7. is the time it takes for termine the preC|p|t_at|on_d|str|but|on_ over the sharp edge of
the firn to reach the critical density ands the densification € icé sheet, prominent in the ablation zone.
constant describing the linear change in air volume in the firn, A comparison of the publicly available3 x 1.5° ERA-
caused by the overlaying pressuRegh 2008. Following Interim dataset and the output from the HIRHAM5 0%,
Arthern et al (2010, the densification constantis given by  that has been forced with the same dataset, is shown iBFig.

)»(to,l)Z[

pi(to,1) = {

a Nabarro-Herring type creep: It is clear that the high resolution HIRHAM5 RCM out-
E. | Eqg put captures the complex coastal topography of Greenland,
_ ) 0.07b()gexp( —zF + 77y, ) fore < pc (16)  Which the low resolution forcing field cannot. The high res-
N 0.03h(t)gexp _If_; +RET9 forpc < p olution precipitation pattern impacts on the area above the

ELA, where the firn compaction correction is applied and,
therefore, the benefit of the high resolution forcing field is
clear (see Fig3).

whereg is the gravity,Ec and Eg are the activation energies
(60 kJmot! and 42.4 kdmoll, respectively), andyy is the
average temperaturd. is the seasonal temperature at depth

z derived by surface temperature fluctuations, described by o
the general heat equation, 5.3 Interpolated metric grid

aT ) T 8T dK aT
pC o =KVT=pC (”g“@)JF([TZ_PC“’) 5. A7) in order to derive the mass change of the GrIS, the area of
whereC is the specific heat capaciti is the thermal con- each gr_id cell must _be known._ To ensure the equal area of
ductivity andu, v, w are the velocities at the spatial coordi- each g”q box, the high resolution data} from the HIRHAMS
natesx, y,z (Paterson, 2002). Equatiodq) is solved fol- RCM is mterpolgted ontp the eqqal distance 5km grid
lowing Schwander et a(1997. _by a ne{:\rest nelghbour'mtgrpolgnon. Thg sngwfall qf 2008
in two different map projections is shown in Fig. The in-
5.2 HIRHAMS — forcing of the firn compaction model terpolation onto an equal distance grid preserves the pattern
of snowfall, but introduces a latitude dependent noise which
The monthly mean surface temperature, runoff, snowfall ands, however, only significant over the northernmost part of
precipitation variables, that are required for the firn com- Greenland (e.g., at Station Nord). Despite this noise, the
paction model, are produced by the HIRHAM5 RC@h(is- interpolation of the HIRHAMS5 climate output on an equal-
tensen et a).2006§. The HIRHAM5 RCM is a hydro- distance grid provides a good representation of the fields and
static RCM developed at the Danish Meteorological Insti- it is used here to force the surface density and firn com-
tute (DMI) and is based on the HIRLAM7 dynamidsgfolg paction models.
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reference Xref) must be defined. The time span of the cli-
mate record is too short to define a robust steady state ref-
erence for the firn compaction model. Moreover, the inter-
annual variation in temperature and precipitation will bias
a chosen reference to the climate pattern which is dominat-
ing in the time span of the reference period. To avoid defin-
ing a steady state reference layer thickness, the thickness of
the top firn layers is compared over the period from 2003 to
2008. The maximum number of layers, that can be evalu-
ated at the beginning of 2003 is 169. Hence, the thickness of
the top 169 layers is compared from month to month during
the period 2003 to 2008 at each grid point above the ELA.

0 0.5 1 15 2 [m] The change in thickness is shown in Hg, along with the

. _error in the linear fit in Fig4dd. The change in the thick-
Fig. 3. The 2008 snowfall on a scale at 0 to 2m of water equiv- negg of the 169 layers is a combination of changes in accu-
alent_ (from blue to n_ad). (Lgft) Precipitation field from the ERA- oy ation/surface melt and changes in the firn compaction.
Interim re-analysis, linearly interpolated from thé&%x 1.5° res- . . . L .
olution onto an equal distance 5kabkm grid. The Greenland The change in a.ccumula.tlon, 9"’9’.‘ n .|ce equivalent, for the

{op 169 layer thickness, is shown in Figh. By subtracting

coastline is marked in yellow, the ice boundary in red and the gree A . e .
diamond marks the location of Station Nord. (Middle) The pre- the change in the thickness of the 169 layers, in ice equiv-

cipitation field from the HIRHAMS RCM on its original map pro- alent, from the 169 layer firn thickness, the change in air
jection, with a grid spacing of.05° x 0.05°. This projection gives ~ vVolume of the top firn is found. The rate of change in this
a metric resolution of-5.5 kmx 5.5 km. (Right) Nearest neighbour air volume in the firn, is equivalent to the firn compaction
interpolation of the precipitation field from the HIRHAM5 RCM  velocity defined in Eq.X3). The approach of evaluating the
onto an equal distance 5kr5km grid. The highly dynamic be-  relative change in air volume in each grid point above the
haviour of the precipitation from the HIRHAMS5 model is preserved ELA, avoids the definition of a steady state reference for the
in the transformation of the map projections. firn compaction. The resulting firn compaction velocity is
the linear trend in air volume of the top 169 layers for the
period from 2003 to 2008 (Figic). Figure4c shows how
the firn compaction velocity is mainly increasing in the cen-

On the GrIS, 60% of the run-off given by the HIRHAMS tral area of the GrIS, whereas it is decreasing in the coastal
RCM is assu,med to refreeze in the snowparkdh 1997). areas. This pattern shows the importance of taking the firn

The accumulation is calculated as the sum of snowfall and°Mpaction into account, when converting the ICESat de-

the refrozen run-off. To simplify the following derivation of Mved volume change to a change in the total mass balance
a time dependent densification model, the refrozen run-off i

of the GrIS. Depending on the assumed density of the vol-
assumed to refreeze inside the firn layer, from which it orig-UM€ changes, the firn correction corresponds to a mass loss
inates, and the water is not allowed to penetrate deeper int

gf 18 or 36 Gtyrl. This corresponds to a reduction of up to
the firn column. This assumption is a simplification. Ob- 1

3% in the mass loss estimates when compared to the esti-
servations from the Arctic snowpack show that melt waterMate from the ICESat measurements, without applying any
often penetrates through the snowpack until it reaches a harfi™ compaction correction. _ _ _
layer, where it flows along until it refreezes or finds a crack !t IS difficult to quantify the error in the firn compaction
to propagate downwards into the deeper fBeiison 1962 model. Further studies have to be carried out in which the
Baggild 2000. In order to model this behaviouﬂ,z(nsson modelled firn densities are compared with in situ measure-
et al, 2003, the percolation depth has to be accounted forments, in order to determine the error in the firn compaction
and knowledge of grain growth in water-saturated firn is re-

5.4 Refreezing of melt water and formation of ice lenses

velocity. The error estimate of the firn compaction correc-

quired. Development of such models is outside the scopéion is found here from the error in the linear fit of the inter-
of the present study of fim compaction, where the overbur-2nnual variability of the firn column. The 95% confidence

den pressure is believed to be the driving force, despite thdterval is shown in the lower panel of Fig. The error

fact that melt water percolation may redistribute the load on@Ssociated with the firn compaction velocity is most pro-
a layer. nounced in the coastal areas near large outlet glaciers, where

the forcing field from HIRHAMS shows the largest variabil-
5.5 Results of firn compaction and density modelling ity. The error in the fitted firn compaction velocities will re-

sult in an error in the estimate of the total mass loss of the
The monthly firn layer thickness is computed from Eg)( GrlIS. The error shown in Figlf is summed over each of the
using the output from the HIRHAM5 RCM as forcing. To 5x 5km grid cells above the ELA, to estimate the resulting
derive the firn compaction velocity (EG3), a steady state volume error. This volume is then converted into mass, using
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Fig. 4. The different contributions to the firn compaction model for the period from 2003 to 2008, forced by the HIRHAM5 RCM temperature
and precipitation fields. Only the area above the ELA is shown in the figures. The upper panels show the modelled firn process, estimated
from a linear fit for the period 2003 to 2008) The modelled change in the thickness of the top 169 monthly firn layeyshe change

of ice equivalent thickness of the top 169 monthly firn lay€ry. The change in air volume in the top firn, which is equivalent to the firn
compaction velocity defined in Eql®). The work flow of the computations i€) = (a) — (b). (d), (e) and(f) show the 95% confidence

interval of the linear trend ia), (b) and(c), respectively.

the surface density model, and the result is firn compactiorported byFahnestock et a(2001) and Buchardt and Dahl-
induced errors between 7-15 Gtyr depending on which  Jenser(2007). Assuming a more realistic basal melt rate of
ice or firn density is assumed. With the possible underesti-L mmyr-! everywhere above the ELA, the error of neglect-
mation of the firn compaction, caused by only deriving the ing basal melt corresponds to 0.9 Gtyr Acceleration of
change in compaction of the top 169 layers, the higher errooutlet glaciers is known to cause thinning of the ice sheet
estimate is probably the more realistic. further inland, and conversely, a slow down of outlet glaciers
The surface densityp, as defined by Eq.1(Q), takes could result in a build up of ice further inland. The as-
both changes into account due to ice dynamics and sursumptions neglect the latter possibility above the ELA. This
face mass balance, based on a simplified assumption of this reasonable, because the GrIS is generally experiencing
processes causing the elevation changes. Any elevation irretreat and acceleration along the margiAbdalati et al,
crease, above the ELA, is assumed to be caused by surfa@d01), and any changes would be most significant below the
mass imbalance, while an elevation decrease is assumed teLA. If all elevation increases above the ELA are assumed
be caused by ice dynamics. Using this assumption, twdo be caused by ice instead of firn, the corresponding error
processes are neglected: basal melting and the possibilitisg 37 Gtyr. An elevation increase caused by pure ice is,
that an elevation increase is caused by ice dynamics. Aiowever, unlikely. The Parallel Ice Sheet ModBugler and
maximum basal melt rate of 15-20 mnTyrhas been re- Brown, 2009 Aschwanden and Khroule2009 has been
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used to identify regions where thickening caused by ice dy- le))
namics can occur, which reduces the error of neglecting build
up of ice inland to 14 Gtyr?.

6 Additional elevation change corrections

The elevation changes observed by ICESat include signals

from processes which do not contribute to the mass balance

of the GrlS. The most significant contribution is the firn com-
paction, but it is also necessary to correct for GIA, elastic up- 20-
lift caused by the present-day mass changes and the ICESat b
intercampaign elevation biases.

6.1 Vertical bedrock movement

Elevation changes which are not related to ice volume
changes are also detected by ICESat, and the estirﬁﬁted
values must be corrected for these changes in order to deter-
mine the mass balance of the ice sheet. A bedrock move- 60°
ment @or), caused by GIA and elastic uplift from present- FeTTRa 2011 Jan 51 20:30:44 | SELEN 3.1
day mass changes, is part of the elevation changes observed
by ICESat. ' ' L
The GIA contribution, according tBeltier(2004), is used. 310 320 330
It is based on the ice history model ICE-5G and the VM2
Earth model Iittp://pmip2.Isce.ipsl.fr/design/ice§g/ The
rate of vertical motion caused by GIA is subtracted from
the ICESatCil—ft’ estimates. This correction contributes to the
mass balance of the GrIS with an amount of approximately

1
1Gtyr=. . of degree oneGreff-Lefftz and Legros1997). The elastic

The present-day ice sheet mass changes cause an elasfiift correction correspond te4 to —2 Gtyr-2, dependent
response of the bedrock (e.ghan et al, 2010. These ver-  op the mass loss. The elastic vertical displacement based on

tical displacements are estimated by solving the Sea Levelhg results from method M3 (Se&.3) is shown in Fig5.
Equation, the fundamental equation that governs the sea level

changes associated with glacial isostatic adjustnfeatr¢ll 6.2 |CESat intercampaign bias correction

and Clark 1976. Since the time scale of the mass changes

considered here is extremely short compared to the Maxwellt has been documented that there are elevation biases be-
relaxation time of the mantleéSpada et al.2010, any vis-  tween the different ICESat laser campaigns. Following the
coelastic effect is neglected and the ice thickness variationgnethod described iGunter et al. (2009, the trend in the
deduced by ICESat are spatially convolved with purely elas-ICESat intercampaign bias is estimated by O. B. Andersen
tic loading 2" Love numbers. Sea level variations associ- and T. Bondo (personal communication, 2010). The GLA15
ated with melting are computed first, taking into account therelease 31 ocean altimetry elevations are compared to a mean
elastic response of the Earth and the gravitational interactioea surface topography model (DNSCO08). The trend is found
between the ice sheets, the oceans and the mantle. Thefy be 129+ 0.4 cmyr-1, when corrected for an assumed ac-
vertical displacements are retrieved by the surface load histual sea level rise of 0.3 cmy# (Leuliette et al.2004. This

tory over the entire surface of the Earth, associated with icarend in intercampaign biases contributes with approximately
thickness variations and sea level changes. The result in4+0.4 Gtyr! to the mass balance.

Fig. 5 is obtained from a suitably modified version of the

code SELEN 2.9%pada and Stocct007), which solves the

Sea Level Equation iteratively, essentially following a variant 7 Mass balance of the GrIS

of the pseudo-spectral method introducedMijrovica and

Peltier(1991). A maximum harmonic degrelgax= 128 is Determining the mass change of the GrIS is a complex prob-
used here. Vertical displacement is computed in the referlem and the result depends on the type of observation and on
ence frame with the origin in the centre of mass of the sys-the level of complexity of the volume to mass conversion.
tem (Eartht- Load), and includes the harmonic component This may explain differences in the estimates of the total

Fig. 5. Rate of elastic vertical displacement, caused by present-
day mass changes in Greenland, referred to the period of one year,
computed according to mass changes obtained by M3.
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tion increasedmerr. (6) Error of the neglecting ice build up
above the ELASgaguildup. If the errors are assumed to be

independent, the sum of errors is written
(myr] 1.0 6%:\/aﬁZESat—’_(SIZ:irn+‘Sgr+5ﬁ1tCamp+8l%Ielt+5I%LABuiIdup (18)
Our estimates of the total mass balance of the GrIS are
0.8 in the range—191+ 23 to —240+ 28 Gtyr 1, based on the
L 06 comprehensive error analysis of the ICESat derive volume
changes and the theoretical treatment of the surface den-
L 04 sity and firn compaction modelling. The spatial distribu-
tion of the mass balance is seen in F&g. The total mass
r 0.2 loss, based on M3, is equivalent to a global sea level rise of
00 0.6640.08 mmyr?.
' The mass loss of the major outlet glaciers is evident in
L _0.2 Fig. 6 and the interior part of the GrlS shows little changes
over the period. West of the South Greenland ice divide,
r-0.4 the ice sheet is gaining mass, which may be caused by an
increase in precipitation (cf. Figdc). The most promi-
06 nent area of mass increase is found in the upper area of
0.8 the StorstrammenB@ggild et al, 1994 outlet glacier in
Northeast Greenland. The ice sheet drainage basin ending
-1.0 in Storstrammen is believed to originate in the central part
of the GrlIS near the summit areRignot and Kanagaratngm

2009. Therefore, changes in Storstrammen glacier may be
caused by effects inland, or the dynamical response of the

a'tGrIS due to changes in climate. However, this has to be ver-
fied by additional studies of this area.

Fig. 6. The spatial distribution of the mass change of the GrIS
given in metres of ice equivalent. The resultis based on the estim
derived by M3. The pattern of coastal thinning seen in Eig.also
found in the mass change of the GrlS.

8 Discussion and conclusions

mass balance of the GrIS, which appear in the literature. TaJsing three different methods to derive elevation changes
summarise the results of this study, the total mass balancef the GrIS from ICESat data during the period October
estimates of the GrlS, are listed in TallleWe have chosen 2003-March 2008 reveals a consistent picture of massive
to derive the mass change both with and without applyingice thinning along the margin of the GrIS and a smaller
the firn compaction correction, to highlight the importance of elevation increase in the interior parts. The thinning is
this correction. The second key assumption of the mass losmost evident along the southeast and the west coasts. An
derivation is the densitg, from which the volume change is interpolation and bootstrap approach is applied, to derive
related to mass. The assumption, that an elevation decreagetotal annual volume change of snowlice together with
above the ELA is caused by a loss of glacial ice somewhere inhe corresponding uncertainties for all three methods. Vol-
the ablation area due to ice dynamics, increases the estimateine changes of-231+ 24 knPyr—1, —187+ 21 knPyr—1
mass loss of the GrlS. The total mass balances estimates (Tand —239+ 26 knPyr—1 are computed, depending on the
ble 2) are derived both witlp andp. method used. The difference in volumes obtained, confirms
The total error of the mass balance estimatg;, is @  that mass balance studies from satellite altimetry are sensi-
function of the many different contributing components to tive to the approach chosen for deriving elevation changes.
the mass balance calculation. The error of the combined volFrom this analysis it is concluded that the volume estimate
ume to mass conversion is given by the following contrib- based on M2 probably is an underestimation of the vol-
utors. (1) The error of the ICESat derived volume changeUme change. Method M1 and M3 results in similar volume
given by the bootstrap method. The methodology of vol- change estimates. Based on the uncertainty estimate alone, it
ume error determination, has also been applied on the magd§ not possible to conclude which method performs the best.

change estimate, resulting in an estimated ediggsas Of In order to correct the observed elevation changes for pro-
18-23Gtyrl. (2) The error of change in firn compaction, cesses not contributing to the ice sheet mass balance, we have

Srim. (3) The error of bedrock movemersi,,. (4) The er-  estimated the change in firn compaction, the vertical bedrock

ror of the intercampaign bias Correcti(}hthamp (5) The movement (_:aused by G|A and e_lastiq Up||ft and the trend in
error from neglecting basal melt in areas of corrected elevathe ICESat intercampaign elevation bias.
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The largest elevation change correction, correspondingreferences
to 36+ 7Gtyr ! is the firn compaction correction. The
trend in the ICESat intercampaign bias is found to beAbdalati, W., Krabi!l, W., Frederick, E., Mgnizade, S., Martin, C,,
~1.29+0.4cmyr? which corresponds to a mass gain of ~ Sonntad, J., Swift, R., Thomas, R., Wright, W., and Yungel, J.:
approximately 14 0.4 thr‘l. The elastic uplift of the Outlet glacier and margin elevation changes: near-coastal thin-

bedrock caused by the present-day mass chanaes are foundning of the Greenland ice sheet, J. Geophys. Res., 106, 33729—
, caused by fhe presen-day 9 33741, doi:10.1029/2001JD900192, 2001,
to contribute with—4 to —2 Gtyr-

et to the total mass balance Abshire, J. B., Sun, X., Riris, H., Sirota, J. M., McGarry, J. F.,
and the GIA correction is 1 Gty

] - ) ] o Palm, S., Yi, D., and Liiva, P.. Geoscience Laser Altime-
The firn compaction model, besides its application shown ter System (GLAS) on the ICESat mission: on-orbit mea-

here, can also be used to validate the RCM forcing by com- surement performance, Geophys. Res. Lett., 32, L21S02,
paring the modelled density of the firn with in situ observa-  doi:10.1029/2005GL024028, 2005.

tions from the GrlS. However, a model comparison study forArthern, R. J., Vaughan, D. G., Rankin, A. M., Mulvaney, R., and
the GrlS is not within the scope of the presented work, but Thomas, E. R.: In situ measurements of Antarctic snow com-
might be elaborated on in the future. paction compared with predictions of models, J. Geophys. Res.,

Modelled surface densities are used to convert the volume 1#3' F%:”Olk do'alghloz?/zoggiooé?gg c25010'| 4 on ot

change into mass balance. Based on the different methodé,sc },Nan EN, A. and RAToulev, &.. Sea sreeniand. £n -spin-
for deriving elevation changes, we obtain mass balance es- up” procedures using INSAR surface velocities, AGU Fall Meet-

. 1 ing Abstracts, 2009.
timates of the GrIS for 2003-2008 6233+ 27 Gtyr ™, Benson, C. S.: Stratigraphic Studies in the Snow and Firn of

—191+ 23 Gtyr !t and—240+ 28 Gtyr 1, respectively. the Greenland Ice Sheet, Tech. Rep. 70, SIPRE (Snow Ice and
These mass balance estimates, are in good agreement with permafrost Research Establishment) Research Report, US army

results obtained by others. Based on GRACE dé&tcogna corps of engineers, Hanover, New Hampshire, 1962.

(2009 has estimated the mass loss to be 288 Gtyr 1 Baggild, C. E.: Preferential flow and melt water retention in cold

during the period 2002-2009, an#fouters et al.(2008 snow packs in West-Greenland, Nord. Hydrol., 31, 287-300,

find a mass loss of 17825Gtyr ! for the years 2003—  2000. _

2008. van den Broeke et a(2009 find a total mass bal- B@ggild, C. E., Reeh, N., and Oerter, H.. Modelling ab-

ance of—2374+ 20 thr—l for 2003-2008, from modelled lation and mass-balance sensitivity to climate change of

I Storstrgmmen, Northeast Greenland, Global Planet. Change, 9,

surface mass balance and observed discharge. Finally, al 79-90, doi:10.1016/0921-8181(94)90009-4, 1994.

mass balance 'TeS“'ts presented here, are Ialrge comparedB[SX’ J. E. and Rinke, A.: Evaluation of Greenland Ice Sheet
the ICESat derived mass loss of 1888 Gtyr  found by Surface Climate in the HIRHAM Regional Climate Model Us-
Slobbe et al(2009, based on data from 2003 to 2007, and ing Automatic Weather Station Data, J. Climate, 16, 1302—

that does not take into account firn compaction, elastic uplift 1319, http://journals.ametsoc.org/doi/abs/10.1175/1520-0442%

and intercampaign bias corrections. 282003%2916%3C1302%3AEOGISS%3E2.0.CO%3RD3.
Buchardt, S. L. and Dahl-Jensen, D.: Estimating the basal melt rate

Supplementary material related to this at NorthGRIP using a Monte Carlotechnique, Ann. Glaciol., 45,

article is available online at: 137-142, 2007.
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