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Abstract

Systematically monit or icegraltGundeestaridgthedidescaleswovet whittheigflbveand searesel i s
contributionsevolve.In this study we use data frothe newSentinella/b satellite constellation to generat87 velocitymaps,
covering4 key outlet glaciers in Greenlangakobshavn Isbree, Petermann Glacier, Nioghalvfjerdsfijorden and Zacharize.Isstrgm

These data provide a new high temporal resolution re@daysaveraged solution® f each gl aci €014, eande v o

resolve recent seasormdeedup periodand interannual changes in Greenland outlet glasfgged withan estimated certainty of
10%. We find that since 2012, Jakobshavn #shas been decelerating, and now flows approximately 12501 Q%) slower

than 5 years previously, thus reversing an increasing trend in ice velocity that has persisted dastdettede Despite this, we

show that seasonal variability in ice velocity remains significant; up to 750'r(ilyr%) at a distance of 1Bm inland of the
terminus. We also use our new dataseetet i mat e the duration of sdemoadatepa spoag i o
relationship between ice front position and ice flow at Jakobshavae Islith increases in speed of ~1800 it im response to 1

km of retreat. Elsewhere, we record significant seasonal changes in flow of up {@@5%)and 18% (2016)at Petermann Glacier

and Zachariae Isstram, respectively. This study provides a first demonstration of the capacity of a okwoperational radar
satellites to provide frequent, and timely, monitoring of ice sheet flow, and to better resolve the timescales over cidrich gla

dynamics evolve.

1. Introduction

Between 1992 and 2011, the Greenland Ice Sheet lost mass at an averagbdatd @6t yr! [Shepherd et al., 2012hcreasing

to 269+51 Gtyr! between 2011 and014[McMillan et al., 2016] Ice sheet rass balance idetermined from theurface mass
bdanceand ice dischargexported from the ice shetan den Broeke et al., 2009h 2005,dynamicimbalancewas responsible
for roughlytwo-thirds ofGr e e n | oalmhgibalante making an importantontibutionto freshwater input into the ocean and
0.34 mmyr to theglobal sea level rise at that tirfiRignot& Kanagaratnam, 20Q6Despite the anomalous atmospheric warming
events, especially 2012 [Tedesco et al., 2013Jresenting anorespatially extensive and longer lasting surface melt during this
period,marineterminatingoutlet glaciersn Greenland still contributbwith roughly 30% (2000 2012)of total mass losgEnderlin

et al., 2014]. The observed acceleration of ynaarinebasd glaciersn the western and northeragionsof Greenlandver the
lastdecadamayhave beemriven byrisesin airand adjacent oceaemperaturs, which enhanckthe surfacenelting anderminus
retreaffHolland et al., 2008¥loon et al,2014; Moon et al.2015]. Theassociated increasi basal slidingandcalving of their ice
frontsin turn produceenhanced discharge, leadingdynamical imbalancandadditionalice loss[Joughinet al., 2010Joughinet

al., 2014].Acceleration ofnarineterminating glaciers jshoweverhighly variable in space and time [Howat et al., 2010; Moon et
al., 2012; Enderlin et al., 2014jue to the geometry of individual glaci€Felikson et al 2017) andthe high spatialvariability in

the forcing mechanisn{densen et al., 2016; Carr et al., 20TTHiscomplexityin glacier responsehallengs efforts to model their
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future evolution [Joughin et al., 2012Bondzio et al., 2017]and, therefore frequentand systematic monitoring essential to
understandhe processes governing their dynamic stability and contribution so futeen sea leveise [Joughin et al., 2010;
Shepherd et al., 2012].

Ice motion measurements are esseftiamonitoringice shet dynamicsandice dischargeand forassessing aice sheds mass
budget[Joughin et al., 1995JAt presentthe only way to monitoice velocityat a continental scale is through satellite inmgge
Glacia velocities were first measured using Landsatellite data acquired during the 1970s through digital optical image
comparison [Lucchitta & Ferguson, 198€Jurrently, optical images are still largely used for mapping glaciers velocity at large
scale (e.g. Dehecq et al., 2015; Fahnestock et al.,; Z0@strong et al., 2017However, due tdhe dependency upon daylight
conditions and the limited acquisitions acrosspbkar Regionsthe use ofSynthetic Aperture Radar (SAR) imagess become
common since the launch of ERSn 199. In the followingdecades, these data have been used to monitor dynamic processes
occurringacrossremote areas such #w Greenland and Antarctic ice sheeidsuighin et al., 2010; Rignot & Mouginot, 2012;
Nagler et al., 2018ouginot et al., 2017]. More recently, aft@etlaunch by the European Space Agency (ESA) of the Sentinel 1
a and 1b satellites, in April 2014 and April 2016 respectively, many key ice margin areagtematically monitored every 6 to

12 days. This novel dataset provides the opportunisystenatically monitor the dynamical process driving glacier ice velocity
overperiodic andshort temporal scales. Here we use the Sentinel SAR archive to invetstgjataporalvariationin iceflow since

October 2014tfour large outlet glaciersf the Greenland ice sheet

2. Study areas

In this studywe map ice velocity of thdakobshavn Isbrae (J1), Petermann Glacier (R@pghalvfijerdsfijorder(79-G) and Zachariee
Isstram (ZI), whichare four of the largesharinebasedce streamsn GreenlandCombinedthey contain ice equivalent th.8 m
of globalsealevelrise[Mouginot et al., 2015; Jensen et al., 2Q%8]d drain ~2.5% of Greenland s [Rign@&& Kanagaratnam,
2006 Rignot & Mouginot, 2012Minchow et al, 2014]

Jakobshavrisbreeterminates in the llulissat Icefjolid wesern Greenland Eigure 1Figure-Ja), andis the fastest glaciedraining
the ice sheefEnderlin et al.,2014; Joughin et al., 2014During the ate 1990s, the ice tonguexperienceduccessivédreak g
eventsandthe glacietegan to speedypxhibiting annual increases in speed &b per year from 2004 and 2007 [Joughin et al.,
2008&; Joughin et al., 2012; Joughin et al., 2014itil 2012 and 2013thesped uphas continuedreachingmaximumvelocities

in excess ofl7 kmyr?* [Joughin et al., 2012; Joughin et al., 2Q1tthas been suggestpehn de Wal et al., 20]1%hatthe speedup
over this periodn the southwest of Greenland migitthanced bgpnomalouslyhigh meling across the ice sheet surfdtedesco

et al., 2013] Jakobshavn Isbree is susceptiblebanges irthe adjacent ocean andolland et al. [2008have showrthat warm
wateroriginating in thdrminger Sea likelyenhanced basal meltiragnd weakened the floating ice tongtrgggeling its break up in
1997 Furthermore,Gladish et al. [2015F5howedthat subsequenthangeswhich, occured between 20012014 were mainly
triggered bychangesn llulissat Icefjord watetemperaturesdjacent to the glacieht present, Jl is a tidewater glacend has a
bimodal behaviour, retreating by ~3 km during summer and advancing by a similar amount during winter seasons [Cassotto et
2016].Moreover as showed by Jensen et al. [20ttBpughanalysis ofoptical images from 1999 to 20,iB hasnot exhibited an

unusuallylargechange in area10.3 kn? yr?).

Petermann Glacidtows into theHall Basin in the Nares Stradit Northwest Greenlan@Figure 1Figure-b), andhas aperennial
floating ice tonguef 1280 kn? in area[Hogget al, 208]. PGis groundedn bedrock-300m below sea levednd,therefore is
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alsoinfluenced by the adjacent oceaniiMhow et al, 2014Hogg et al., 2016]The etreat ofthe ice streamalving front led to an
area decrease 862 knt from 1959 t02008, 270 krhin 2010and 130 krhin 2012 [Johannessen et al., 2013]sltonsideeda
dynamically stable miane-terminating glacier despitseveral grounding line advancing and retrepgwents between 1992 and
2011, with aerminus retreatate of 25.2na’ [Hogg et al., 2016]PG has an average velocity of ~110@¢mkat itsgrounding line
sincethe 1990s [Rignot1996; Rignot & Steffen, 2008] and a mdtinual trend (200@010)in flow speed of 30 nyr2 [Nick et

al., 2012]. The ice shelis thicker thanl00 mand it is 15 kmwide, with low resistive stresses along flow due to the limited

attachment to the fjord walls, diminishing the velocity response after calving éMakst al., 2012]

Nioghalvfjerdsfijorderand Zachariee Isstrgare situated in the northeast of Greenl@fidure 1Figure-Ic andFigure 1Figureld
respectively. The two glaciers together drain more than%a®f the Greenland Ice Sheet [Rignot & Mouginot, 2QX#]d their
maximum velocities are found near the grounding liffeey haveexhibited different behaviour in recent yeatth@ugh located in
the same region. 78 underwent modestvelocity increase of ~150 ! between 2001 and 20kt the grounding line [Khan et
al., 2014]. In contrast, during the same periodesibited a much largéncrease irspeed greater than 600yn* [Khan et al.,
2014].Theice thinning ratesabove the grounding line varies fr&sl myrtin ZI (2010 2014) to 1.4 nyrtin 79-G (2012 2014)
[Mouginot et al., 2015]Between 1999 and 2012Z| has undergone an average area chang26od knt yr, due to break off of
the ice tongue and is now a tidewater glacier [Khan et al., 2014; Jensen et al.)rR06@6irast 79G had a much lower average
area change during tlsame period of4.7 kn? yr and still retains amallice shelf [Jensen et al., 2016], although recent ice shelf

thinning [Mouginot et al., 2015] may increase vulnerability to break up in the future.

3. Data and Methodology

To map ice velocity, & usedSingle Look Complex (SLC) Synthetic Aperture Radar images acquired in the Interferometric Wide

swath (IW) mode from the Sentinga and Sentinelb satellitesDatausedin this studywere acquired in the pericgbanning from
October 2014 to February 20and from October 2016 to February 20f6¢ Sentinella and Sentinelb respectivelyKigure S2

andTableS1). Each satellite has a repeat cycle of 12 days and 180 degrees orbital phasing difference, resulting in a revisit time

6 days over the same area after the Senlihédunch The Sentinel SAR instruments operate d@&hd, with a centre frequency

of 5.405 GHz, corresponding to a wavelength of 5.55 cm. The IW mode has a 250 km swath and spatial resolution of 5 m in grot

range and 20 m in azimuth. It has burst synchronization for interferometry and acquires data-swategpeach containing a

series of bursts, which are acquired using the Terrain Observation with Progressive Scans SAR (TOPSAR) imaging technic

[YagueMartinez et al., 2016We followed theworkflow described belowo derivel87ice velocitymapsfrom pairsof Sentinel
la/b SAR imags over Jakobshavn Isbree, Petermann Gladieghalvfjerdsfjorderand Zachariae Isstrgimusing the GAMMA
SAR softward Gamma Remote Sensing, 2016

We used the SR intensity tracking techniquéfrozziet al, 2007 to estimate surface ice velocities due to glacier flassuming
thattheice flow occurs parallel to the surface. This methe&sa cross correlation algorithm applied to image pat¢B&®zzi et
al. 2002; Pritchard et al. 2005, Patlal. 201% to estimate offsets betwesimilar features, such as crevasses and rsuieckle
patternsin two coregisteredSAR images(Table S1) Images wereo-registered usinghe preciseorbit information, availabl0
daysafter the image acquisitipmestablising a co-registrationaccuracy ofs cm 3D 1-sigma[Sentinels POD team, 20[L3The
elimination of the orbital offsetsolatesdisplacement due to the glacier moveni&itozzi et al., 2002 To estimate ice flow, &
thenused windows sizes @50 pixels in ground range (~74.km) and 75ixels in azimuth (2.5km) for each glacie to produce

a series ofrelocity maps with spatial resolution of 388 m in ground range and 320 m in azimuth.
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Image matches with low certainty, defined as returning a normalisedaoostation of lesshan 5% of its maximum peakwere
rejected and the results were tloemverted intalisplacemenin ground range coordinates usthg Greenland Ice MappinBroject
(GIMP) digital elevation modelDEM) posted on a 90 m gridHpwat, 2014. Along and acrosstrack displacement components
were combined to determine the displacement magnitude, which was then converted to an estimate of annual velocity using
temporal baseline of each imagmir. Final velocity products were postezh 100 m by 100 ngrids Postprocessing ofce velocity
datareduce noise and remosoutliers [Paul et al., 20153owe applied a lowpass filter (moving mean) twide the dataysing a

kernel of 1 km by 1 kmandwe rejectvalueswhere the dviation between thenfilteredand filteredvelocity magnitudeexceeds

30%. We applya labelling algorithmbased on the image histogramidentify and classifyregions with similar valuegxcluding
isolated pixels with a nenoherent area of velocity valyes where the area of thiassified regiorwassmaller than 1/10000f

the processed image size.

Errors in our velocity estimates arigeimarily throughinexact ceregistration of the SAR imagesancertainties irthe digital
elevation model useid the terrain correctigrandfluctuations inionosphericactivity and tropospheric water vapour [Nagler et al.,
2015; Hogg et al., 2017T o estimatethe accuray of our Sentinell averagevelocity data(Figure 1Figure-1and Figure 3) we
computedpixel-by-pixel errors based on the signal to noise ratio (SNR) of the cross correlation function [Hogg et al.TRO17]
SNR is the ratio between teosscorrelation function peak ¢rand the average correlation level)(@h the tracking window used

to estimate the velocitiekdngeet al., 2007)We then averaged these estimates across all images in our temporal stack to determir
the percentagermors associated with our mean velodgitaps Figure 3Figure-3. Although in isolated areas the error exceeds 30
%, the mearerroracross the whole imaged amare approximatelyl0 % for JI, 7 % for PG, and % for 79G and ZIDue to the
nonuniform flow, lack of stable features and remaining geometry distortibagotir glaciersexhibit higher errors across their
faster flowingand steegrarea, and alonghe shear margingVhere localised rates of surface elevation change are high, the surface
slope may have evolved away from that of the GIMP DEM used in our processing. To assess the sensitivity of our velatety estim
to this effect, we selected the slte where thinning is most pronounced, and used airborne estimates of elevationfarange
IceBridge and Précebridge data acquired from the NASA Airborne Topograpepper (ATM) [Studinger, 2014p update the
DEM. We find that in this extreme casketlarge thinning ratgs-12 m yr') may introduce an adiithnal uncertainty of 20300 m

yrt which may bias the velocity estimates in this regadheit limited to the first 10 km upstream of the grounding line (Table S2).
Over floating ice tonguesincompensated vertical tidal displacement raspintroduce additional uncertainty into our velocity
fields. The sensitivity of our results to this effect was assesasddupon a net 50 cm tidal displacement ove? @lay repeat
period and a centre swatncidence angle of 35 degre&¥e estimate thasucha tidal signal wouldintroduce ~2040 myr*
additiond uncertainty into the ground range component of our velocity fieldbie context of this study, this uncertainty does not
affect the results all or ZI, and it is limited only to the floating sectswof PG and 79G.

To provide an independeetvaluaion of our ice velocty dataset, wdinally comparedhem(Table S1)to independenestimates
derivedfrom TeraSARX (TSX) SAR imagerythrough the speckle tracking technique (Joughin, 200Rich has a repeat period
acquisition of 11 days and spatial resolutionte@ m [Joughin et al., 20]. The TSX data consist of 44#magepairs covering
Jakobshavn Isbraever the periodlanuary2009 to Januar2017, 18 pairsat Petermann Glaciesver the periodNovember 2010 to
December 208, and 17 pairsat Nioghalvfjerdsfjorderover the periodMarch 2011 to December 261In generalthe temporal
evolution of theS1-a/b measurementmatches ver closelywith the TSXestimatesAt JI, we areable to compare S1 and TSX
datasetat three differentocatiors to assess their consistenéyigure 4. Even thougtthe flow speedat thesesites is high, which
typically proves more challenging for feature triacktechniques, we find good agreement between the two datasets, espécially
the Jland JXsites with mean differences of 40 yr* and 76 nyr! respectivelyHowever, nearer to the calving front (site Jif), the
Sl-a/b measurements tend to gaignificantly higher velocities than TSX with a mean difference of 48@ (5 % of the mean

velocity) between the two datasets
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4. Resultsand Discussion

We used our completgentinella/bdataset (Table S1) to generate contemporary;éveeaged velocitfields at each of our study
sites(Figure 1Figure-)). To investigate spatial and temporal variations in ice velocity, we then extraoféespn thealong and
acrossflow directions, together with time series at fixed glacier locatiditsufe 1Figure—). Our velocity profiles inJakobshavn
Isbree, Petenann GlacierNioghalvfjerdsfijorderandZachariee Isstrgmeacked maximummeanspeedsalongthe stacked dataset

(averaged over period 20112017, of approximatelyd km yr?, 1.2kmyr?, 1.4km yr?, 2.7km yr?, respectivelyThe location of

the velocitymaximavaried between glaciers, as a result ofrtliiffering geometriesFor Jland ZI, neither bwhich have a
significant floating tonguewe finda progressive increase in ice velocity towards the calving (Fogtires 2a and 2dfor PG the
maximum velocity is reached at the grounding lamel remains steady along thé6 km ofice tongue [igure 2Figure-d). In
contrast, although 79G also reaches its maximum velocity close to the groundjitg Bpeed then diminishéy ~ 50 % (Figure
2Figure-) near the ice front location whetlee iceflow dividesinto two main portionsefore itreacheseveralislands and ice
rises (Figureslb). Furthermore, it is interesting to note thdgspitebeinglocated in the same regiotihe adjacent glacietl flows
~60% fasterin comparisondl, PG and ZI glaciershowvelocity increases progressively downstresorosshe transverse profige
The four glaciers, JI, PG, 79G and ZI respectiveljucetheir maximum velocityto halfatdistances o112 km, 22 km, 18 km, and

12 km inlandof their grounding ling, highlighting the importance of resolving glacier velmdtvithin their near terminus regions

Next, we used the Sentindl/b and TerraSAKX velocities to asseghe seasonal and longéerm variations in Jakobshavsbree

ice velocityover the period 20022017 Our Sentinella/b velociy estimatesat JI resolve clear seasonal velocityctuations,
superimposed upon longer term decastalevariability, which continles observations made by previous satellite instruments
[Joughin et al., 201Zoughin et al., 20]4At site J1 we find an averageasonal change speed off50m yr?, or 14 % between
2014 and 201%and a speedup persistenceB6f95 days being tvice longer tharfor the other three glaciers (Table Ipland, he
amplitude of seasonal variability diminishés anaverage o800 m yr? (8 %) at J2 Our neascontinuous, decadaicale record
clearlyshows thathie amplitude otheseasonasignalhas evolvedhrough time At J1, for example, thaverage seasonariability

in ice speedvas400 myr? during 2009 -2011, increasing by more than a factor oft8,1400 myr* between 2012 and 2013 and
then diminishing t&50 myr?! betweer2015 2017,

Turning to the longer term evolutiaf JI (Figure5Figure5; time series location shown iRigure 1Figure-d), fitting a linear trend

to the data suggestmannualacceleration since 2009 6218 myr? at Jif, diminishing inland to-128 myr2 atJ1, and ~102 nyr

2 atJ2 Although this provides a simple characterisation of the lotgren evolution in ice speedt is clear from our timeeries
thatcomputing a linear trend does not capture the full decadal scale variabitiy velocity In particular we note that much of
the acceleration occurred between 2011 and ZBitfaires 5b and 5¢chand since then there has been a notable absemnceltof
annual acceleratioasearlier records suggest [Joughin et al., 20C4mputing trends in ice velociince 201ear the glacier
terminus (Jif) for example, shows modest decline in speex 321 m yr2 over the Syear periodFigure 5b) The calving front
positionmigration has been suggestedtlastriggerto the stresses regimeariationsand consequently the main driver to the
velocity fluctuations[Joughin et al., 2008a; 2008%012; 2014Bondzio et al., 2017 After successive angradually increaskrate

of the ice front retreat until 2012 (Figure SdieJI grounding linds nowlocated ora higher bed location (Joughin et al., 2012; An
et al., 2017)This may be acting to stabiliske grounding lingand in turn contribute tthe glacier deceleratipalthoughthe main
cause remains to be determined &mther investigations is necessavye used our observations of calving front position to assess
the correlation between ice speed and calving flan#tion relative to theirespective long term meafSigure 6Figures). Based
on the linear regressiqrigure 6) our dataset indicates correlationefficients(R?) of 0.62(2009 2011)and 0.792012 2017,

and velocity changes by 1100 and 160@rrthper kilometre of calving front retreat, respectively.



10

15

20

25

30

35

40

At Petermann Glaciawe extractedwo velociy time seriesat P1, located~45 km downstreanof the grounding linend close to

the calving frontof the ice tongueand P2~10 kmupstreanof the grounding lineThese locations were chosen to examine any
differences in velocity evolution over the grounded and floating portions of the gl@cieP1 time series starta early 2015
because it is not covered by the TerraSARataset(Figure 7Figure7a). We observe thatn generaljce atP1flows~400 myr?
faster than PZritting a linear trend to the longer P2 dataset indicatesignificant trendn ice velocity since 2011, althoughe
precision of this trend is hamperegthe sparse data coverage during the early part of this period. Continued monitoring by-Sentinel
1 will improve our confidence in resolving any decadal scale variabilitg inprovement in temporal sampling provided by
Sentinell at this site iglear(Figure 7Figure7a), allows us to resolve the seasonal cyoleelocity since 2015%nd helps talelimit

the duration of the speedup peridd P1, we detect a seasonal chailgepeed of ~300 m yr?, equivalent to @5 % increase
relative to its winter velocityTable 1) Despite the high seasonal change, the relation betwdeAnsiual mean and winter velocity

is 0 %, likely due to the short speedup period (25 ddwble 1) This provides further evidence of a seasonal velocity cycle which
has been observed at both Petermann and other glaciers in this region, and is undersfed eonbeantly controlled by changes
in basal traction, induced Ipenetratiorof surface melt aterto the bed Nick et al., 2012; Moon et al., 2014; Moon et al., 2015]
This is further supported byour analsis of changes in calving front positigirigure S&) which shows that, in contrast to Ji,
seasonal acceleration does not coincide witlirara retreatSpecifically, we found that during the summers of 2015 and 2646,
calving front ofPG advanced ~1 kumhuringthe speedupHigure SH). These observations are consisteith previousmodelling
results which did not find evidence of acceleratidriven bylarge calving events in 2010 and 2012 [Nick et al., 204 chon et

al., 2014, suggesting that the ice shelf exerts low backstress on the ghMoier recently, we note thainge Septembe2016 PG

has developednewcracknear the ice frontwhich has continued tgrowin lengthup to the present day

At 79-G, we againextracted velocity time series over the ice shelf (R2ZQ km downstream of the grounding lihendat the
groundng line (F2). In contrast to PG and due to the s&requrface gradienipstream of the grounding lif€igure 2Figure-Z),

ice flow is sloweron the floating tonguthanat the grounding line locatiofFigure 7Figure?b). We observea seasonaspeedup

of ~10% at F2duringsummer2016(Table 1) although evidence of the same acceleration on the ice shelf is not clear given the
magnitude of the signal and the precision of our d&ting a linear trend to our data returns an annual change in velodis/rof

yr? since 2011, althoughssessing the significance tbfs result is difficult given the limited data sampliegrlyin the perial.
Turning toZachariee Isstrgmwve extractime series at two locations slightly upstream of the groundingidireder to observe
different temporal responses between tliEmure 7Figure?c). At this glacier, nambservations aravailablewithin theTSX dataset

and so our time series is limited to the per@®tember 2015 to January 20Nbnetheless, like its neighbour ZI, we again find
evidence of a summer speed up during 2016, equatimgunad400myr?, or18% (Table 1) Given the short period of observations

we do not attempt to derive a longerm trend in ice velocity at this site

We compaedour estimates to the results of previous stutbesssess thievel of stability relative to past workAt Petermann, we
haveobservedncreases in ice velocity of ~2@ at P1 and ~86 at P2 between the 2015/2016 and 2016/2017 winte;hingin
percentage witlthe observationsmadeby Minchonet al. [2016]between 2013/14 and 2015/1eurthermore, the Sentingéb/b
dataset indicates a mu#innual acceleration of ~32 mfysetween 201&2017 at P1, which isimilar to the ~30 m/yf reportedoy
Nick et al. [2012]based upn observational measurementser a bnger periodfrom 2006 to 2010The same authoedsoshow
seasonal variatiaof ~20' 25 % over the same locatiosimilar tothe ~22 % shown bythe Sentinell datasetAt 79-G, Mouginot
et al. [2015] showeda speedup of 8 from 1976 to 2014 with the main changes occurring after 2f#lar toour estimatesvhich
alsosuggest alight multiyear trencbf ~16 myr2 (~8 %) for F2 between 2015 and 2Q¥acharize Isstrgm shows seasam@alation
up to15% betweer2015 and2017in the Sentinell datasetagreeing wittseasonal variation up to 28 estimated byouginot et
al.[2017] using_andsat8 optical imagesduring 20142016 Overall,our Sentinel Iresultsshows aclose agreement with previous

studies using different techniques and demonstrated to be a powerfigrtownitoring the cryosphere.
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6 Conclusions

We havepresented aew, high temporatesolutionrecord of icevelocity evolution forfour important andwith high discharge,
maiine bagdglaciers in Greenlandipdated to the present d&@yctober 2014 té-ebruary2017) Using SAR data acquired blget
Sentinetla/b constellation with its 250 kmwide swath andrequent revisit time, we have producsl7 velocity mapswhich, in
combinationwith 479 maps from the TerraSAK satellite, provide detailed spatial and temporal coverage of these key sites.
Importantly, the systematic acquisition cycle of Sentitab, which now provideaveragedneasurementsfall of these sites
every 6 daysllows for detailed monitoring of both seasonal and raritiual velocity fluctuationsand allow us to demonstrate
the speedup persistence in a higher resolufitie short revisit time of 6 days, made possible sincédatlvech of Sentinelb in

April 2016, particularly benefits the retrieval of velocity signals across fast flowing regions close to the iceuedtiata reduction

in the decorrelation occurring between image paisgng thisnew dataset, W@ confirm evidence of intraannual variations in ice
velocity and clear seasonal cyctescurring over the past few yeasJl, PG, 79G and ZOf the sites studiehere,JI exhibitsthe
larges velocity variationsas demonstrated in other studigkichwe showare strongly correlated with the evolution of the position
of its calving frontNotably, however, in the lastyearsthelongerterm ice speed hatarted to dereasg321 m yr?). This study
demonstrates the utility of a new era of operational SAR ingesatellites for building systematic records of ice sheet outlet glacier
velocity and its good agreement with TerraSXRproducts, which indicates Sentirklcan confidently extend the times series that
began with other sensoisooking to the future hese datasets are key for ttimely identification of emerging signals of dynamic

imbalance, and fonnderstanding the processes driving ice velocity change.
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Figures and Captions

Figure 1.Time-averagel ice velocitymagnitudemays for the periodOct/2014 Feb/2017a) Jakobshavn Isbrgdl; 69°N,
50°W), (b) Petermann Glaci€PG, 81°N, 62°W), (c) Nioghalvfjerdsfjorden79G;, 79N, 20°W) andZacharige IsstraitZ|;
78°N, 20°W) glaciers,derived from Sentinel SAR images. Velocities are shown ahogarithm scalandoverlaid on a
SAR backscatter intensitynageand thin grey lines represent elevatidine alongflow profiles are indicatetby sdid
green linescaled in kilometreghe solicblacklinesshowthe acrosslow transectsthered trianglesepresenthelocations
at which velocity time series are extractaut thethick solid anddashedlacklines represent thiee front locations (IF)

and thegrounding lines (GL)respectivelyThe inset figures giw the location of each glacier.

Figure2. Average velocitie§2014 2017)extractedrom along and across$low profiles ofJakobshavn Isbrae, Petermann
Glacier, NioghalvfjerdsfijorderandZacharize Isstrgntigures ai d presentalongflow profiles of icevelocity (solid black
lines), surfaceelevation from thé&sIMP DEM [Howat et al., 2014dashedlue line$ and bed elevatiofiom thelceBridge
BedMachine Greenland i2oduct Morlighem et al., 2015dashedyellow lined. The location okach profile is shown
in Figure 1(green lines). The grey shaded area represenfotiiag regions, anthe light grey dashed line the ice front
positiors. The blue, black and red mark represent thiecationsof theacrossflow profiles. Figurs & h showtheacross

flow velocity profiles (solidwhite lines in Fig.1), centred on the main profile (solid green line)

Figure 3. Timeaveraged2014 2017)uncertainty in ice velocity at each ségpressed in percentgdesed on the signal
to noise ratiqSNR) for (a) JI, (b) PG, and (c) 79G and ZI.

Figure 4. Comparison between-lozwated and contemporaneous Sentinalld(6 to 12 days averagj@nd TerraSARX

(11 days averageJakobshavn Isbragelocity measurements at Jif, J1 and J2 locations (blue, ldadkred dots

respectively) together with root mean squdrens) and correlation coefficients {R

Figure 5. Temporal evolutionof Jakobshavn Isbra) ice front position extraced from Joughin et a[2014], ESA
Greenland Ice She@limate Change Initiativ€CCI) project[2017], and Sentinella/b SAR imagesepresenteth blue,
black and magenta dots respectiveifere ligher values correspond to ice front retré€dtanges in iceelocity through
timeis also showib, c), extracted athelocations indicated in Figure The velocity datalerived from TerraSAR (11

days- Joughin et al., 208) areshownasgreysquaresandthe data fronsentinel 1a/b(6 to 12 das) ascolouredtriangles.

Figure 6. Comparison betwedakobshavn Isbréee velocity and calving fronpositionanomalies at the Jif sit 0.8km
upstream of the calving front, between 2009 and early 2017. Positive values correspond to ice front retreat and speec
respectivelyThe red and black | ines represent t he | pericgl|a r r

respectively, together with the correlation coefficigiRy.

Figure 7. Temporal evolution of ice velocitat the locations indicated in Figure 1 ovea) (Petermann Glaciei(b)
Nioghalvfjerdsfjorderand(c) Zacharise IsstrgnThe dta derived from TerraSAR (11 days Joughin et al., 208} and
Sentinel 1a/b(6 to 12 daysare represented gseysquares andolouredtriangles respectively

Table 1:Speedup Persistenaedseasonal percentage increase in speed relative to winter and annual backagreaod
glacier for the Sentinel 1 dataset. Speedup persistence has an uncertainty of + 12 days due to the image acquisition inte

of Sentinel 1a
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