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9 1 Theice sheet model — parameters, sensitivity and seasonality
10 1.1 Parameters

11 Table S1. Ice sheet model parameters (The PISMoksit2014) that remain unchanged during the
12 equilibrium and the forward simulations

Symbol Description Value
Essa the flow enhancement factor for SSA 0.6
K proportionality constant for eigen calvingd] 218
¢ the till fraction angle °

@ min for bed elevations lower than 300 m below sea Ig¥¢l 15
? rmox for bed elevations higher than 700 m above sed [évie 40
S salinity of the ocean water under the ice shelpsg][ 35

13 * The till fraction angle ¢) is computed as a piecewise-linear function eftied elevation, witlh = 15° for bed elevations

14 lower than 300 m below sea level, with= 40° for bed elevations higher than 700 m above sesl,lewnd in between
15 values with a linear change (see Eq. 8 in The PASithors (2014)).

16
17
18
19



1 Table S2. Ice sheet model parameters that havediszad from the default PISM valug&hgé PISM
2 Authors, 2014) during the forward simulations

Symbol Description Value*  Range**
Esa the flow enhancement factor for SIA 1.2 1.0-13
Fmeit parameter for subshelf meltinmg!] 0.5505 0.01-1
Her ice thickness thresholdn| 375 250 - 450

q the exponent of the pseudo-plastic basal resistawockel 0.25 0.2-0.3
0 the till effective fraction overburden 0.02 0.0D3.
T, temperature of the ocean wateC]° -1.7 -1.3--1.9

* The parameterization that best captures thesfudlution of JI during the period 1990-2014;

The PISM parameters are described in detail by Al Authors (2014), Winkelmann et al. (2011)
and Aschwanden et al. (2013). We perform over Bfukitions in which we vary during the regional
9  runs different parameters with a focuskyy, 9, J, Fmat, Her andT,. The parameters or rather the range
10  of the parameters (min, max) is shown in Table4R,column. In order to match the overall retreat
11 trend the parametefsnt, Her and T, were altered first. However, a finer tuning wasuieed to match
12 the observed front positions and to capture the &wcelerations (i.e. 1998 and 2003) within the
13  observed time frame. This fine tuning was done Ibgriag some of the parameters that control ice
14  dynamics Ega, Q, 9).

3
4
5 ** Range (min/max values) for the parameters tesi@tihg the simulations;
6
7
8

15  From the simulations, we present in the paper Hrameterization that best captures the full evoluti

16  of JI during the period 1990-2014: (i) in termsobserved versus modelled front positions for 1990-
17 2014 and (ii) based on the correlation betweenrobdeand modelled mass changes during 1997-2014.
18  While (i) is based on our visual interpretatior, fid) we selected those simulations within a +3- Gt

19 threshold. We found 3 simulations to satisfy (ifigim). From these simulations, we chose only the o
20 that captures the two accelerations in the obsenaltrecord within a 1 year time frame differeracel

21 that has overall magnitudes similar with thosehim dbservational record (i.e. the RMSE in pointisS1

22 ~2236 m &; see also Fig. 3).
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1.2 Sensitivity experiments for parameters controll ing ice dynamics, basal processes and
ice shelf melt
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Figure S1. Sensitivity experiments for parametergrolling ice dynamics, basal processes and ice
shelf melt. The curves for Fmelt=0.01 and Fmelt=dl superimposed.

The parameterization that best captures the fallutvon of JI during the period 1990-2014 is redelrr
to as the reference run (red line in Fig. S1). paemeter values used during this simulation are
included in Table S2 (3column).

1.2.1 Ice-flow enhancement factor for SIA

The first sensitivity experiment involves the Slfw enhancement factor {z). The ice flow is
governed by the effective viscosity of glacier a&efollows:
2. g
+ 2n
= @
SIA
wheret? is the effective stress,is a constant (units of stress) which regularibesflow law at low

effective stress, n=3 is the exponent of the pdawr Esa is the flow enhancement parameter for SIA,
and A is the rate factor or the softness whicleisved trough an enthalpy formulation (see Sedi). 2.
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The evolution in time of the cumulative mass chafaedifferent values of the flow enhancement
factor is shown in Fig. S1 (top-left). The figudeosvs that for smaller values of theg & (i.e. smaller

than the reference run) the flow slows overall d@hdrefore the modeled mass loss decreases as
discharge decreases. The opposite behavior, ows faccelerates and mass loss increases is seen for
larger values of thedmn. A small delay in the terminus retreat (~1 yedatree to the 2003 retreat from

the reference run) is observed fai&E1. The timing of the retreat is therefore sensitiv changes in
Esia, While magnitude wise, it seems that the peaks taedflow accelerations modelled in the
reference run (see Fig. 3) and dependent on thegberhetry (see Sect. 1.2.5 and Sect. 1.4) remain
unaltered by changes =

1.2.2 The basal shear stress

The basal shear stresg ) is related to the sliding velocity by a nearlggtic power law (Schoof and
Hindmarsh, 2010):

u
Tb = _TC q 1— (2)
uthreshold |u| 1

wheret,is the till yield stressu is the model sliding velocCityy ,,esnoiq= 100 m/yr represents the
velocity threshold, ang is the exponent of the pseudo-plastic basal egistmodel. Ice deforms as a
result of basal shear stress and therefore, faregabfq smaller than the reference run (see Fig. S1.
top-right), the basal shear stress decreases m#kenmass loss and the terminus retreat to slagv (e.
+4 years relative to the 2003 retreat observetenréference run). For valuesgfarger than the one
used in the reference run, the basal shear stressases making the mass loss and the terminesiretr
accelerate (e.g4 years relative to the 2003 retreat observetienréference run).

1.2.3 The yield stress

The Mohr-Coulomb criterion (Cuffey and Patersonl@0s used to relate the saturation, yield stress
(z.), and the model liquid water within the till:

T = ¢o + tan(¢p)Nyy 3)

wherec,=0 kPa is the till cohesioi is the till fraction angle (see Table S2 for idues) andV,;; is
the effective pressure. The effective pressuréneriill is determined by the modeled amount of wate
in the till:

max

Ny = 6P, 10eo/CA~Wint/Wyiyg ™)) 4)
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wheres is the till effective fraction overburder;=0.69 is the till reference void rati6, =0.12 is the
till compressibility coefficient,P, is the ice overburden pressui#;;; is the effective thickness of
water in the till computed by time-integrating thasal melt rate an®/;j;;"* = 2 m is the maximum
effective thickness of the water stored in the Al$ seen in Fig. S1 (bottom-left), the model shaws
high sensitivity relative to the value of the gffective fraction overburden used. The figure shthat
for smaller values of (i.e.smaller than the reference run) the glacier grawsize and no retreat of
the front is observed, while for larger valuessathe terminus retreat accelerates holding by 18688 t
2003 position observed in the reference run (#eears relative to the 2003 reference run retreat)

1.2.4 Fe1; — the model parameter

Fnele IS @ model parameter used in the heat flux equatid included in the parameterization for ice
shelf melting (see EQ. 7)Fneir pPlays an important role in the terminus and grdiagdliine retreat/
advance. As shown in Fig. S1 (bottom-right), smmalbdues off ... (i.e. smaller than in the reference
run) result in low magnitude melt rates leadingatdecrease in mass loss. The opposite behavior is
encountered for larger values Bf.; (i.e. larger than the reference run). The mageitaf the melt
rates increases and therefore the terminus angrtlumding line retreat accelerates resulting inassn
loss increase.

1.2.5 Atmospheric forcing and ocean parametrization

Figures S2 and S3 denote the mean annual 2-metengierature and surface mass balance (SMB) for
the computational domain shown in Fig. 1B and tiea2014 JIs terminus (as taken from RACMO 2.3
(Noél et al., 2015)). The data suggest an ovemaliease in temperature and a decrease in SMB. The
decrease in SMB is most significant near the teasi®verall 1996, 2010 and 2012 are characterized
by higher mean annual temperatures.
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Figure S2. Mean annual 2-meter air temperature @] surface mass balance [mmWH with their
respective trend lines (black line) during the peri9902014 for the computational domain show
Fig. 1B (red border polygon). Note the lack of anaghanges (i.e. SMB and temperature) for .
relative to previous years.

2-meter air temperature [ C]
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Figure S3. Mean annual 2-meter air temperature §t@] surface mass balance [mmW @ear the
2014 Jis terminus) with their respective trenddifelack line) for the period 1990-2014. Note thek
of major changes (i.e. SMB and temperature) for22@lative to previous years.
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In the parametrization for ice shelf melting theltmg effect of the ocean is based on both subfshel
ocean temperature and salinity (Martin et al., 30t the base of the ice shelf, the sub-shelf ice
temperatureT,,,) holds the following form:

Tym = 27315+ Beezy,  (5)

where B, = 8.66 x 10™* K m™* represents the Clausius-Clapeyron gradient zymépresents the
elevation at the base of the ice shelf.

This mass flux from shelf to ocea8) (follows Beckmann and Goosse (2003) and is contpatea
heat flux Q,..:) between the ocean and ice that represents thegieffect of the ocean through both
temperature and salinity (Martin et al., 2011):

_ Qheat
5= Lip; )
Qnear = ponOYTFmelt(To - Tf) (7)

whereL; = 3.35 x 10° J kgt is the latent heat capacity of ice, = 3974 J (kg K)*' is the specific
heat capacity of the ocean mixed laygr, = 10™* m s is the thermal exchange velocif,,;; is a
model parameter (see SI, Table 33)is the ocean water temperature dpds the virtual temperature.
This virtual temperature represents the freezinmgperature of ocean water at the degttbelow the
ice shelf and has the form:

Ty = 273.15 4 0.0939 — 0.057S, + 7.64 X 107* z, 8)

where S, is the salinity of the ocean.

For the simulations that best captures the fullwian of JI during the period 1990-2014 (red line
Figs. S5, the input ocean temperaturg) ($ set to a constant value of -1.7 °C. Although tnput
ocean temperature is constant, the heat flux seghpd the shelf is not constant in time and varies
through T-T; (see Eq. 5-8) based on the geometry of the slesdfgy. S4).

041

03

02 1 1 1 1 1 1 1 L
-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100
Elevation at the base of the shelf [m]

Figure S4. Ocean temperatures at the ice shelf @ask) illustrated for different possible elevations
at the base of the shelf.
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Fig. S5 shows the cumulative mass change at Jhgluhe period 1990-2014 for different forcing
combinations. Our results suggest that overallatimeospheric forcing (see Fig. S5, yellow, blue and
red lines) plays a secondary role in JIs retrealaijve to the oceanic forcing). Compared with a
simulation with ocean and monthly atmospheric fagciin a simulation with constant climate (Figs.
S5-blue line and S14), the retreat of the termneletive to the 2003 retreat observed in the refsze
run is delayed by 1 year.

-100

-200 Monthly climate & no ocean forcing
Constant climate & ocean forcing
Constant climate & no ocean forcing

Constant climate & fixed terminus

Cumulative mass change [GT]

Reference run, ocean temperature -1.7 C

-300[ Ocean temperature -1.5 ‘c

Ocean temperature -1.9 ‘c

1 1 | 1
1990 1995 2000 2005 2010 2015
Year

Figure S5. Cumulative mass change at JI during gheod 1990-2014 for different forcing
combinations. Monthly climate refers to a forcinghw1990-2014 monthly temperature and SMB as
taken from RACMO2.3 (Noél et al., 2015). During #e called “constant climate” run (blue line) the
monthly atmospheric forcing consists of mean 1989@1ltemperature and SMB (RACMOZ2.3, Noél et
al., 2015). During the “no ocean” runs the paramiegéon for ice shelf melting is turned off (yelo
and dark green lines). During the fixed terminus ¢light pink line) the front is held fixed to tH®90
observed position. The cumulative mass change far Hdifferent ocean temperatures is shown with
brown (-1.5 °C), red (-1.7 °C) and purple (-1.9 9@es. The reference run (red line) refers to the
simulation that best captures the full evolutionbbetween 1990-2014.

As shown in Fig. S5, the overall oceanic contribaitio JIs retreat is significant and a simulatiathw
no oceanic forcing results in a small growth of gtacier (see yellow line in Fig. S5) rather than a
retreat. As depicted from Fig. S5 the model is eesto changes in ocean temperature. In our model
a decrease in ocean temperature of 0.2 °C is dquiveo a decrease in mass lads~70 Gt asthe
magnitude of the melt rate decreases and the tetf¢he terminus slows (e.g. in the simulationhwit
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To=- 1.9 °C, the 2003 retreat modelled in the refeeemun occurs only in 2014). On the other hand, an
increase in ocean temperature is equivalent tomarease in mass loss (Fig. S5) as the retreateof th
terminus accelerates.

-100

Reference run
Observed

1997-2014, -1°C
2007-2014, -0.6°C
300} 2010-2014, -1°C
2010-2014, -0.°3C

-200

Cumulative mass change[Gt]

4

00 1 1 1 1 1
1997 2000 2003 2006 2009 2012 2015
Year

Figure S6. Cumulative mass change at Jl for differecean temperature experiments. In the
experiment indicated by a dark green line, theregfee ocean temperature (-1.7 °C) is adjusted from
2007-2014 with +1.1 °C, where +1.1 °C represengsntiean surface ocean temperature between 2007
and 2014 (Gladish et al. 2015). In the experimreptesented by the light blue line, the reference
ocean temperature (-1.7 °C) is adjusted from 202with +0.7 °C. In the remaining two
experiments the input ocean temperature is adjusttating 1997 (dark purple line) and 2010 (dark
yellow line) with ocean temperature change caledatlative to 1990s (Gladish et al. 2015). These
two experiments are consistent with observationsagfan temperature at the mouth of the llulissat
fiord (Gladish et al. 2015). The curves for theerefice run (red line), the “2010-2014, -1°C”
experiment (light blue) and the “2010-2014, -0.3°Xperiment (dark yellow) are superimposed for
the period 1990-2010. Note the large mass loss heddm the experiment “1997-2014, -1°C” (dark
purple line).
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Figure S7. Terminus positions at the end of thevdod run corresponding to December 2014 for the
experiments introduced in Fig. S6 above. The neé tepresents the observed 2014 terminus position.
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2 1.2.6 Grounding line, terminus position and deviato ric stresses
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5 Figure S8. (A) Modelled 2D deviatoric stressestfa month of December during different years along
6 the flow-line shown in Fig. 1C. (A) In the X dirémn, (B) in the Y direction, and (C) the shear stre
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1  The color scale ranges from dark blue (1994), Ighe, green, yellow to red (2014) (see the legamnd
2 the right side of the figure). (D) Modelled groundiline and terminus position (ice thickness >@) f
3 the period 1994-2014.
4
5 1.2.8 Calving and basal melt rates
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7  Figure S9. Mean calving rates versus mean basalrates for the period 1994-2014 in krh a

8 Note the 1995 and 2010 accelerations in calvingwditich do not correlate with an increase in basal
9 meltrates.
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Table S3. Mean yearly modelled basal melt rates.

Year Melt rates [m/yr]
1990 262
1991 473
1992 150
1993 123
1994 159
1995 162
1996 148
1997 177
1998 690
1999 1153
2000 1387
2001 1368
2002 1295
2003 881
2004 242
2005 159
2006 145
2007 142
2008 138
2009 134
2010 148
2011 154
2012 177
2013 147
2014 159

13



1 1.3 Grid size and bedrock topography
2 1.3.1 Grid size
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4  Figure S10. Modelled ice thickness at JI on a 2(laft) and a 1 km (right) grid. The solid red lines
5 represent the observed positions of the terminuthéodifferent years plotted.
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6 1.3.2 Bedrock topography
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10  Figure S13. Bedrock elevation (blue line) and stedtbedrock elevation (red line) (as taken from
11  Bamber et al., 2013) along the flowline showedion EC.
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1.4 Seasonal variation of the terminus
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Figure S14. Time series of modelled velocities tlee period 1990-2014 at the point location S1
shown in Fig. 1C with monthly climate forcing (imonthly 1990-2014 SMB and temperature) (A) and
constant monthly climate forcing (i.e. mean 1968A%MB and temperature) (B). (C) Modelled
grounding line and terminus position (ice thickne€s0 m) with constant climatic forcing.
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Figure S15. (First row) Monthly surface mass batajmmWE a-1] and 2-meter air temperature [°C]
(Noél et al., 2015) for 2008 in S1 and S2 (see E{g), (Second row) Modelled monthly thickness
changes [m] and surface velocities [m/yr] for 20088S1 and S2 (see Fig. 1C), and (Third row)
Observed uplift [mm] for 2008 at station KAGA.
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Figure S16. Modelled variation in JIs flow speed20608 in S1 and S2 (see Fig. 1C) due to monthly
advance and retreat of the terminus.

Figs. 7, S8, S14-S16 show that the overall vaiiighit the modelled horizontal velocities is a respe
to variations in terminus position.

2 Observed ice mass change

We estimate the rate of ice volume change using42®14 NASA’s Airborn Topographic Mapper
(ATM) flights (Krabill, 2014) derived altimetry, gplemented with Ice, Cloud and land Elevation
Satellite (ICESat) data (Zwally et al.,, 2012) fdd03—2009 and Land, Vegetation and Ice Sensor
(LVIS) data (Blair and Hofton 2012) for 2007-2012yoSat-2 data (Wouters et al., 2015) for 2010—-
2014, and European Remote-Sensing Satellite (ERB&t)during 1997-2003. ATM flight lines in the

19
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JI region between 1993 and 1996 cover only a minamsect, and are therefore not used. The
procedure for deriving ice surface elevation changedentical to that in Khan et al. (2013) asd i
similar to the method used by, for example, Ewedle(2012) and Smith et al. (2009). However, ice
surface elevation changes from cryostat-2 data wereed as described by Wouters et al. (2015) and
Helm et al. (2014). We convert the volume loss natte a mass loss rate and take firn compactiam int
account as described by Kuipers Munneke et al. JR0Rurther, corrections are made for bedrock
movement caused by elastic uplift from present-aegs changes (Khan et al., 2010) and long-term
past ice mass changes, Glacial Isostatic Adjustift@i#t), (Peltier, 2004). Table 3 shows the ice mass
change rates in Gt'aduring 1997-2014.

Table S4. Estimated ice mass change rates iff @oen airborne and satellite laser altimetry fo®T9
2014

Time span Mass change [Glja

1997-2003 -5.9+27
2003-2006 -104+1.4
2006-2009 -18.7+1.2
2009-2012 -27.4+1.6
2012-2014 -33.1+2.2

3 Modelled and observed elastic uplift due to mas s changes from Ji

We assess the mass change from the regional 31Bt gleicier model by comparing predicted and
observed bedrock displacements. We predict displanes by convolving mass change from the
regional 3-D outlet glacier model with the Greeritsction for vertical displacements for the
Preliminary Reference Earth Model (Dziewonski andlérson, 1981) (see Fig. 4 solid black curve).

We compare predicted bedrock displacements witkerobd displacements from Global Positioning
System (GPS) time series at four sites located desivb and 150 km from the front of JI. To estimate
site coordinates from GPS measurements, we foll@ptocedure of Khan et al. (2010). Fig. 5 (blue
curve) shows observed GPS time series of monthdyage verticabedrock displacements caused by
the Earth’s elastic response to seasonal ice nasgability. To focus on elastic displacements cduse
by present-day mass variability of the JI, we reendedrock displacements due to ice mass loss
outside JI using load estimates from satellitaradtry (Nielsen et al., 2013) and we remove the GIA
based on the deglaciation history ICE-5G (VM2 L9@)sion 1.3 estimated by W. R. Peltier.

20



1 4 ATM data 1997-1998
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5 Figure S17. Elevation change from NASA’s ATM flighduring 1997-1998 at Jakobshavn Isbrae. The
6  thick black line denotes the JI terminus positiorl998. The red and orange circles denote thinning
7  during 1997-1998 both on the northern and souttrératary of JI.
8 Figure S17 shows thinning during 1997 to 1998. fdukcircles denote major thinning of ~10 m during
9  1997-1998 both on the northern and southern tnipuBJl.
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