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Abstract: The Greenland ice sheet is a major contributor to sea level rise, adding an estimated
r 0.47 +/-0.23 mm/yr to global mean sea level between 1991 and 2015 ([1]). Making sea level rise
2 projections for the future and understanding the processes controlling current observed rates of sea
s level rise are crucially dependent on understanding the present-day state of the ice sheet. Here,
s we provide an overview of the current state of the mass budget of Greenland based on satellite
s gravimetry and remote sensing observations of surface elevation change, ice sheet velocity and
s calving front positions. We also combine these essential climate variables with a regional climate
7 model (RCM) output from an ice sheet model (ISM) to gain insight into poorly understood ice sheet
s dynamical and surface mass processes. On average from 1992 to 2017 the ice sheet in some locations
o has lost up -2.65 m/yr in elevation based on ESA Radar altimetry analysis. Calving fronts have
1o retreated all around Greenland since the 1990s and in only two out of 28 study locations have they
u  remained stable. The locations of grounding lines at 5 key glaciers with floating ice tongues have
1z remained stable over the observation period. However a detailed case study at Petermann glacier
1= with an ice fracture model shows the sensitivity of these floating ice shelves to future climate change.
12 GRACE gravimetric mass balance (GMB) data allows us to tie together disparate lines of evidence
15 showing that Greenland has lost about 265 +/- 25 Gt/yr of ice over the period 2002 to 2015. RCM
1 and ISM simulations show that surface mass processes dominate the overall Greenland ice sheet
17 mass budget except for areas of fast ice sheet flow but marked differences between models and
1= between models and observations indicate that not all processes are captured accurately, indicating
1 areas of greater uncertainty and directions of future research for future sea level rise projections.

Keywords: Essential Climate Variables (ECV); Climate Change Initiative (CCI); Greenland Ice Sheet;
z Mass Budget; Cryosphere; sea level rise

22

23 1. Introduction

24 The European Space Agency’s climate change initiative (ESA CCI) for Greenland ice sheet (GrIS)
2 has made available extensive pre-processed remotely sensed datasets for scientific research. The
26 availability of this data is invaluable in communicating the effects of climate change on the cryosphere
2z and the likely impacts on sea level rise and human societies. The essential climate variables (ECV)
2s  specific to Greenland focus attention on the most significant processes that lead to changes in ice sheet
20 properties and therefore sea level rise. ECVs allow both detailed process studies as well as being a
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s monitoring tool to determine the present day state of the Greenland ice sheet. They also indicate
a1 the likely direction of future evolution and sources of uncertainty, particularly when combined with
sz regional climate and ice sheet model output.

33 Data products include ice velocity (IV), surface elevation change (SEC), grounding line position
s« (GLL) and calving front location (CFL) as well as gravimetric mass balance (GMB). While a number
ss  of scientific studies have already published important results for Greenland based partly or fully on
s the GrIS CCI data [2-5], combining the observations with numerical modelling reveals the power of
sz the dataset to clarify important and outstanding issues in GrIS science.

38 In this article we summarise the current state of Greenland ice sheet mass balance and evaluate
3o the importance of different ice sheet processes contributing to this using both observations and
« numerical models. Aside from simple model evaluation using satellite data, the use of numerical
a1 models in combination with satellite observations takes three forms in this review. Firstly, we
2 use model outputs to correct and refine estimates of physical processes, for example by using
«3 solid and liquid precipitation, melt, sublimation/evaporation and temperature derived from a high
s resolution regional climate model (RCM), to correct SEC data for firn compaction [6] and convert
4 into altimetric mass balance [7]. Secondly, we use observational data in combination with models
s to derive information on second order processes, for example by comparing surface mass balance
4z (SMB) derived from RCMs with GMB data in order to partition mass loss from the Greenland ice
s sheet on a basin scale. Thirdly, we use observational data within models as a form of inversion or
4 data assimilation to further improve model projections, for example with the use of IV data to drive
so models of ice fracture and iceberg calving. These hybrid model-data products show great potential in
51 improving estimates of sea level rise, both rate and magnitude, derived from ice sheet models (ISMs)
s2 and RCMs.

ss 2. Background

54 Greenland and the ice sheet contained on the island have been experiencing some of the highest
ss rates of climate change on the planet [8], with observed temperature increases of 2° K since records
ss began in the 1870s [9]. The contribution to sea level rise from the Greenland ice sheet results from
sz two processes. Precipitation at the surface of the ice sheet is balanced by ice melt and runoff, with
s refreezing in the snowpack [10] or retention in liquid firn aquifers significantly complicating the
so calculation of the surface mass budget, also sometimes referred to as climatic mass budget or surface
s mmass balance, referred to in this paper as SMB. The second component is only a mass loss component
&1 resulting from iceberg calving and ocean driven melting that has only been poorly observed in the
o2 field [11]

63 The ice sheet’s total mass change has been estimated using a range of different methods and over
e« arange of different periods but the reliance on numerical models of key processes such as SMB leads
es to significant uncertainty in estimates. Greenland mass budget was reconciled by [12] for the period
e 2000-2011 to be about -237 Gt/yr or a contribution to sea level rise of 0.65 mm/year; for the period
ez 2005-2011 a mass loss of -263 Gt/yr or 0.72 mm/year of mean sea level rise is estimated, accounting
es for around a third of the average observed sea level rise of 3.1 mm/year (between 1993 and 2017)
e [12,13]. High interannual variability in precipitation and melt as well as calving means that the GrIS
70 total budget and calculated sea level rise contribution is sensitive to time period chosen and to the
= technique used to calculate it (e.g. [12,14]).

72 There has been a significant increase in the amount of data available within the earth sciences
zs  including in the Greenland cryosphere in recent years as documented by for example the Promice
zs automatic weather stations on the ice sheet as well as the NASA MEaSUREs data and ICEBRIDGE
7 (e.g.[14,15]. The ESA CCI project has consolidated, standardised and integrated satellite remote
76 sensing data into a format that makes high quality data accessible in a useful way for scientists. This
7z is amply demonstrated in a number of studies already published or in press where the processed
s data has been used to identify significant trends and changes in ice dynamics in Greenland including
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7 identifying significant changes in ice velocity at large outlet glaciers [16], assessing the causes surface
s elevation change across the ice sheet [2,4,5,7] as well as assessing the importance of different processes
a1 controlling seasonal velocity changes on the ice sheet [17].

s2 3. Data Products/Methods

o3 In this paper we briefly review 5 main data products and techniques used to derive them. We
s« also give a brief introduction to the RCM HIRHAMS5 and the ISM PISM used in the analysis of the
es data. In combination with ice dynamics modelling and regional climate modelling the observations
e allow us to partition the contribution of different processes, and regions of Greenland, to sea level
ez rise as well as indicating uncertainties in model formulations and arising due to inadequate process
e understanding.

e 3.1. Ice velocity

% The annual velocity maps and unprecedentedly dense IV time series of outlet glaciers provide
o1 essential information for studying temporal fluctuations and long-term trends and provide key input
o2 for ice dynamic and climate modelling. Within the framework of the ESA CCI program a system for
o3 automatic generation of ice velocity (IV) maps from repeat pass Copernicus Sentinel-1 (51) SAR data
sa was developed [3]. Taking full advantage of the systematic acquisition planning of S1 in Greenland
os - designed to cover the entire ice sheet margin at repeat intervals of 6 to 12 days augmented by
os ice sheet-wide winter campaigns - annual IV maps of GrIS as well as continuous timeseries of
oz major outlet glaciers have been produced covering the entire S1 period (2014-present). Ice motion
es is derived from Sentinel-1 Single Look Complex (SLC) image pairs acquired in Interferometric Wide
oo (IW) swath mode applying both coherent and incoherent iterative offset tracking. The IW mode is
10 the standard operation mode over land surfaces including inland ice. Applying Terrain Observation
11 by Progressive Scans (TOPS) acquisition technology, it provides a spatial resolution of about 3 m x
102 22 m in slant range and azimuth, respectively, with a swath width of 250 km. IV maps with 250 m
103 grid spacing are produced at 6- to 12-day intervals and are also annually combined and averaged
10e  to compile a virtually gapless ice sheet-wide mean-velocity mosaic. Annual maps run from October
15 to October roughly mimicking a glaciological SMB year. To date three consecutive annual Sentinel-1
1s IV maps have been produced as part of GrIS CCI. Production of the 2017/18 map is pending but
107 the 2017/18 winter campaign map is finished (Figure 1). The maps provide detailed snap shots of
10s contemporary ice flow in Greenland.

2014/15 2015/16 2016/17 2017/18

Figure 1. GrIS CCI annual ice velocity maps derived from Sentinel-1 SAR data 2014-2017 and winter
campaign map 2017/18

100 Quality assessment of the IV retrieval algorithm was performed through internal consistency
1o checks (for example, the stable rock test, a check on how the algorithm performs on bedrock outcrops
11 assumed stationary), intercomparisons with other algorithms through a dedicated round-robin [18],
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u2 ground-based data (in-situ GPS), higher resolution sensors (TerraSAR-X, COSMO-SkyMed) and
us  independently published datasets (MEaSUREs, eg. [8,15]).

us  3.2. Calving fronts

115 The calving front location (CFL) marks the ever-changing terminus position of a tidewater glacier
ue  [19] subject to ice advance and iceberg calving. The CFL is a basic glacier parameter, required for
ur purposes such as mapping glacier extent, calculating areal change or calving rates and as model
us domain boundary. Monitoring CFL temporal evolution is important as prolonged retreat of the
ue calving front is a sign of changing boundary conditions and/or dynamic instability. The CFL product
120 covers 28 key outlet glaciers around the Greenland perimeter and nearly three decades in time
11 (1990-present). Calving fronts are extracted, at annual to seasonal intervals, through expert manual
122 delineation of the ice-ocean boundary using geocoded satellite images in a GIS environment. Source
123 data include primarily SAR imagery (ERS-1/2, ENVISAT, ALOS PALSAR, Sentinel-1), with temporal
124 gaps filled using optical data (Landsat-5/7/8, Sentinel-2). To assure accurate geocoding and avoid
125 systematic shifts in CFL of glaciers subject to strong elevation changes, a geoid is applied instead of a
126 DEM. CFLs are available as a collection of annotated shapefiles, with detailed metadata on, amongst
127 others, sensor and ice conditions, in the GrIS CCI database (see link at end of paper). Figure 2 shows
12 an example of the CFL product for Sermeq Avannarleq glacier in West Greenland, depicted on a
120 Landsat-8 image as well as time sequence of the ice front along a flowline. Prolonged retreat of the
130 glacier terminus started in the late 1990s and it stabilized in 2010 at a new location approximately 2.5
131 km upstream. Errors in extracted ice fronts are generally within a few pixels and depend on factors
132 such as sensor resolution and geocoding but also the presence of ice mélange in front of the glacier,
133 which can hamper the detection of the ice front. Seasonal signals of retreat and readvance are also
13 seen at many of these glacier fronts, making the long time series invaluable in assessing the state of
135 the glacier dynamics.
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Figure 2. Top) CFLs of Sermeq Avannarleq Glacier in West Greenland from 1990 to 2018 shown as
coloured lines (background: Landsat-8 image acquired at 7 October 2014, USGS). Bottom) temporal
evolution of CFL plotted as distance along the central flowline (dashed white line in left figure)

136 3.3. Grounding Lines

137 The GrIS CCI project provides grounding line locations (GLL) for 5 key glaciers with floating
13 termini in north Greenland: 79Fjord, Hagen, Petermann, Ryder and Zachariae. The grounding line
130 marks the transition from grounded to floating ice and is a sensitive indicator of ice sheet stability.
10 Locating the grounding line is critical to determine the mass flux of a marine based outlet glacier
11 Or ice sheet and monitoring changes in grounding line positions allows to identify instable regions.
12 The GLL product is derived from InSAR data by mapping the lower and upper boundaries of the
13 tidal flexure zone visible in double difference interferograms. These boundaries mark the seaward
14 and landward limit of the tidal flexure zone respectively and serve as a proxy for the grounding
s zone [20,21]. Repeat pass data of ERS-1/2 acquired in 1995-1996 and Sentinel-1A (2015-2018) were
s used to map the grounding zone of the glaciers at two distinct epochs. The accuracy depends
1z primarily on grounding zone geometry (slope), tidal amplitude, ice flow velocity and the quality of
e the interferogram (SNR, Coherence). Improved precision can be achieved if multiple interferograms
s are available; however, it is difficult to separate between horizontal displacement due to ice flow
10 and vertical displacement due to the tidal signal, especially on fast moving outlets. The launch of
11 Sentinel-1B, in April 2016, has reduced the repeat pass period of the Sentinel-1 mission from 12 to 6
12 days reducing temporal decorrelation and providing significant improvements. We apply advanced
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13 interferometric processing, using pre-determined IV to aid the co-registration, in the formation of
1ss  interferograms from Sentinel-1 TOPS mode data to account for the 6- to 12-day image acquisition
15 interval and high flow speed (up to 3 m/day). Figure 3 shows an interferogram of the grounding
156 zone of Ryder Glacier in north Greenland derived from 6-day repeat pass SAR data of Sentinel-1A
17 and 1B acquired at 6, 12 and 18 January 2017. The grounding zone can be recognized as a distinct
1 band of fringes in the interferogram caused by tidal deformation.

Figure 3. Geocoded double difference interferogram of the grounding zone of Ryder Glacier derived
from repeat pass SAR data of Sentinel-1A and 1B acquired at 6, 12 and 18 January 2017 (background:
Google Earth). Thick black lines indicate the lower and upper boundary of the tidal flexure zone.
Inset shows location of Ryder Glacier in North Greenland.

1o 3.4. Surface Elevation Change

160 The surface elevation change (SEC) is based on satellite radar altimeter observations from
e 1992-2017. The time series of observations is averaged as 5-year running mean estimates, to
12 reflect climate variability and not weather. The SEC estimation uses a combination of cross-over-,
163 repeat-track- and least-squares-methods to estimate the temporal evolution of surface elevation at a
1es  common 5 km uniformed grid for the entire GrIS, for more detail into the specific methods we refer the
16 reader to the method review in [5] and mission specific papers [2,4,22-25]. Figure 4 shows the 5-year
16 Tunning mean estimate, for the period 2012 to 2016 in which the observed negative elevation change
167 on the GrlS is clearly observed, particularly at the margins and in agreement with the literature
1ee  [26,27]. The observed SEC is compared with RCM and ISM results (see section 3.6 and 3.7) to infer
1o the importance of different processes.
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Figure 4. (Upper panel) Mean surface elevation change over the GrIS for 2016 and 2017 of the GrIS
from radar altimetry

w0 3.5. Gravimetric Mass Balance from GRACE

e The ESA GrlS CClI project provides estimates of ice mass balance derived from the joint NASA /
12 DLR GRACE (Gravity Recovery & Climate Experiment) mission [28]. The GRACE mission consisted
173 of two identical spacecrafts flying about 220 km apart in a polar orbit originally at 480 km above
17a the Earth mapping the Earth’s gravity field each month. Mapping directly the Earth’s gravity field
175 GRACE is the only remote sensing data set, which directly measures mass change, and thereby
e Observes the ice mass balance (or equivalent sea-level rise).

177 The monthly solutions (level 2 product) are provided as spherical harmonic coefficients (e.g. up
17e  to degree Imax=96) by different processing centers such as CSR, GFZ, JPL and more recently also by
1o TU Graz (ITSG-Grace2016) [29]. As a part of the ESA GrIS CCI project, Gravimetric Mass Balance
10 (GMB) products are generated using both both ITSG-Grace2016 (2002-2017) and the new CSR RL06
11 solutions (2003-2016). Moreover, independent GMB products are prepared by DTU Space (DTU) [30]
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12 and TU Dresden (TUDR) using different approaches. The GMB products comprise mass change time
13 series for eight drainage basins [31] and the entire GrIS as well as gridded mass balance estimates
1sa  OVer running 5-year periods.
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Figure 5. GMB products provided by the ESA GrIS CCI project. a) Mass change time series for the

entire GrIS generated by DTU (red) and TUDR (blue). b) Ice mass trends for 2007-2011 provided

by DTU (left) and TUDR (right). All products based on monthly solutions from the ITSG-Grace2016

series.

165 DTU applies an inversion technique to derive monthly mass changes. Gravity observations at
16 satellite altitude are used to solve for point masses on an icosahedron grid, where each point mass
1z represents an area with a radius of ~ 20km. The ice mass changes over the whole GrIS are derived
s including the peripheral glaciers, which cannot discriminate in the ~ 300 km resolution of GRACE.
10 A detailed description of the approach is given in [30]. TUDR estimates monthly mass changes by
wo applying a regional integration approach per grid cell of a 50 x 50km? grid. For each grid cell a
101 tailored sensitivity kernel was designed, which minimizes the sum of GRACE errors, derived from
102 empirical error variance-covariance information, and signal leakage [32]. Mass change time series per
103 drainage basin are derived by simply integrating the corresponding point masses or grid cells. Figure
a5 shows two types of GMB products derived by the different approaches.

105 Published studies (e.g.[33]) use surface mass balance estimates derived from the RACMO
10s  regional climate model to assess the relative importance of surface and dynamic processes to ice sheet
1z mass change. The relatively high resolution and apparently reasonable performance of such models
18 in calculating SMB means that basin scale ice dynamics can be resolved for the GrIS. In this study we
100 compare the results from the HIRHAMS5 RCM with published results using the RACMO RCM [1,34].
200 Although the two RCMs compared here are remarkably similar (see section 4.3), this breakdown also
201 allows us to assess processes that give rise to divergence between RCMs and the implications of these
202 processes for assessing uncertainties in ice sheet mass balance.

203 3.6. Regional Climate Model HIRHAMb

204 The Regional Climate Model HIRHAMS as described in [10,35] is used in this study as climate
20 forcing. HIRHAMS is run at 0.05 degrees (5.5km) resolution on a rotated polar grid, and forced
206 On the lateral boundaries with temperature, relative humidity, wind components and pressure at all
20z 31 levels in the atmosphere every 6 hours from the ERA-Interim climate reanalysis dataset [36]. The
20s lower boundary sea surface temperatures and sea ice applied daily are also derived from ERA-Interim
200 data. The climate model was developed at the Danish Meteorological Institute with physical schemes
20 modified from ECHAMS physics [37] to be suitable for application in polar regions [38,39]. The
2 dynamical equations are derived from the HIRLAMY numerical weather prediction model [40]. The
212 atmospheric radiative and turbulent fluxes drive a surface energy balance model to calculate melt
213 rates and together with precipitation fields to derive the surface mass budget (SMB) over glaciers. The
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2z SMB model includes a multi-layer firn model that accounts for retention and refreezing of meltwater
x5 within the snowpack [10,39]. The effects of retention and refreezing are important to account for in
zs  calculating surface elevation change as well as having implications for total mass balance. Melt, that
217 can be detected for example by passive microwave sensors [41] does not necessarily mean runoff and
218 mass loss. Modelled SMB combined with GMB allows the partitioning of mass loss from Greenland
210 into atmospherically driven melt and runoff and dynamically influenced calving and basal melt [12,
220 34,42,43].

221 In this study we also use the SMB calculated in HIRHAMS5, together with surface temperatures,
222 to force the parallel ice sheet model (PISM). ISMs are used to derive rates of dynamic mass change
223 and are typically forced with a simplified surface forcing based on temperature and precipitation or,
224 as in this study with a physically based SMB model using a surface energy budget method.

225 3.7. Ice Sheet Modelling with PISM

226 Given the vast amount of feedback mechanisms and interactions involving ice sheets in the
227 climate system, ice sheet modelling and estimating future rates of ice loss is a major challenge [44,45]
22¢ and has been identified as a major source of uncertainty in sea level rise projections by IPCC authors
220 in the fifth assessment report [8]. Ice sheet models are available at a range of different degrees
20 of complexity, from basic zero order models to hybrid models and second order models to full
21 Stokes models [46]. Each model type has different limitations and strong points and is suitable for
22 different types of simulations spanning a variety of temporal and spatial scales. Regardless of model
233 complexity however, proper boundary and initial conditions are necessary, requiring observational
23s  data to be available. Also, in order to validate the models and constrain model parameters,
235 Observational data sets are essential. Here, we use SEC data to evaluate simulations of the ice sheet
236 with the Parallel Ice Sheet Model (PISM).
PISM is an open-source thermodynamically coupled, polythermal hybrid stress balance ice sheet
model [47,48], where the hybrid scheme combines the Shallow Ice Approximation (SIA) [49] and the
Shallow Shelf Approximation [50]. The effective viscosity of glacier ice, 7, is given by

1-n

2=z (F+e) " (1)
237 E is the flow enhancement factor, 7, is the effective stress, A is the enthalpy-dependent rate factor and
23¢ € is a small constant regularizing the flow law at low effective stresses, thereby avoiding problems
230 with infinite viscosity at zero deviatoric stress. For the simulations presented here, E = 1.5 and
240 1 = 3.0 for both the SIA and the SSA case. Calving is accounted for using a mask reflecting the
z2a1  initial ice geometry but with no further ice dynamical feedback implemented int he model. In order
22 to examine the effects of sliding on the ice flow, different values for the fill value for yield stress of the
2¢s basal till have been tested, from a value of 2.0-10° Pa to 1.25-10° Pa, the former being a very strong
2as value, that ensures little or no sliding to amplify the flow [51]. All other model parameters related to
25 sliding are kept constant.

a6 The ice sheet model is run over Greenland at 2km grid resolution, with initial bedrock and ice surface
2z topography from [52] and is driven by monthly fields of surface mass balance and 2m temperatures
2e¢e  from the regional climate model HIRHAMS (Sec. 3.6) for the period 1980-2017. Prior to the 1980-2017
20 simulation, we made a spinup simulation consisting of a glacial cycle run following the SeaRISE
=0 experiments [53] at 10km grid resolution followed by runs at progressively higher model resolution
21 (10km-5km-2km) driven by a constant annual cycle based on multi-year monthly means of the first
=2 15 years of the HIRHAMS 1980-2017 time slice in order to bring the ice sheet close to equilibrium with
23 the mean present-day climate of HIRHAMS.
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s 4. Results and Discussion
25 4.1. Surface elevation change in models and observations
256 The relatively short period of observations, compared with the long timescales of ice sheet

=7 dynamics makes for challenging evaluation of ice sheet surface elevation change due to ice dynamics.
zs  In Figure 6 5 year means of observed SEC are compared with the modelled SEC from the HIRHAM
20 SMB output and the PISM modelled change. In this way the relative contributions of surface and
260 dynamical processes to changes in SEC are decomposed.

0.75

0.00

m/year

-0.25

-0.50

-0.75

Figure 6. (Upper panel) Surface elevation of the GrIS from radar altimetry. (Middle panel) Change in
surface mass balance in respect to the reference period (1982-1992). (Lower panel) Change in volume
as modelled by PISM when forcing PISM with HIRHAMS surface mass balance and temperature.

261 Comparison between the SEC observed from radar altimetry (upper panel) with the modelled
22 SMB (middle panel) and modelled SEC from the ISM (lower panel) suggests that surface mass
263 processes of precipitation and melt dominate the observed SEC. This supports analysis by [14] who
26 also found SMB processes dominate the recent ice sheet mass budget. Around the margins of the
205 ice sheet the modelled SMB from the RCM and SEC observations show a similar pattern of elevation
26s change both in sign and in spatial extent. However, it is also noteworthy that the majority of the
267 ice sheet interior shows a small surface increase in all four periods from observations, this is not
2 reflected in the modelled SMB model, where the RCM apparently has too little precipitation. The
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260 Observed surface elevation increase in this region may also result from ice sheet dynamic processes
20 as suggested by [54] though the ice sheet model also does not capture this process.

am There are some regions of the GrIS, mainly around basins where there are fast flowing outlet
22 glaciers such as Jakobshavn glacier, that show a surface lowering much greater than derived from the
2rs SMB modelling. The PISM model results also show the strong influence of the surface mass balance
zza forcing from HIRHAM though in some regions there is a discernible ice dynamic influence such as
275 in the Jakobshavn basin as well as drainage basins feeding into the fast moving outlet glaciers of
276 south east Greenland. However, the ISM in fact under-predicts this SEC and in some cases even
2z has the wrong sign. This is likely to be at least in part a result of the model resolution inadequately
zrs  capturing basal topography though may also reflect process parameter uncertainty that gives lower
270 ice sheet velocities than observed in some locations as discussed in the following section. The lack
20 Of a dynamic calving parameterisation, a long-standing problem in ice sheet modelling [19], may
ze1  also contribute to this underestimate in SEC as the model underestimates the increase in ice velocity
202 gradients that lead to dynamic thinning [55] as calving rates increase.

203 4.2. Modelled and Observed Ice Velocities

204 In Figure 7 the mean modelled ice velocities for the winter 2014-2015 (Oct-Mar) are compared to
25 the corresponding observed ice velocity. Figure 7b) shows the results for the low sliding case, while
2es  Figure7e) shows the sliding case. In both cases, overall structure of the flow field looks reasonable,
2oz even though the modelled velocities are too low. Ice streams are mostly properly located, even though
20 the North Eastern Greenland Ice Stream (NEGIS) is poorly represented. This is however, a consistent
280 feature of ISMs since NEGIS dynamics are believed to be heavily influenced by geothermal heat
200 anomalies [56-58] an effect that is currently not accounted for in most model setups. Here, PISM’s ice
201 streams are generated by bedrock topography and a combination of sliding over the base and shear
202 deformation of a thin till and ice layer at the base [47]. When sliding is included, see Figure. 7e),
203 the overall ice velocity increases and the individual ice streams become more focused. Figure 7d)
20s  shows the difference in the modelled velocities. From the difference plot it is evident that the overall
205 velocity of the ice changes very little in the two cases, but the velocity in the ice streams increases
206 significantly and focuses the flow. Using the IV data to tune the sliding enhancement factor provides
207 a better correspondence with the observed ice velocities.

Low sliding [m/day] Diff. low/sliding [m/day] Diff [m/day]
0.01 0.10 1.00 10.0 0.0 0.25 0.5 0.75 1.0 1.25 1.5 01 2 3 4 5

_Obs. velo [m/day] o Diff [/day] __ Sliding [m/day]

0.01 0.10 1.00 10.0 01 2 3 4 5 0.01 0.10 1.00 10.0

Figure 7. Ice surface velocity in the winter of 2014-2015 (Oct-Mar). a) Mean observed ice velocity.
b) Modelled ice velocity in the case of low sliding. c) Difference in observed and low sliding model
velocity (a vs. b). e) Modelled ice velocity with sliding included. f) Difference in observed and sliding
included model velocity (a vs. e). d) The difference between the modelled ice velocities.
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208 4.3. Partitioning the ice sheet budget

290 To compare surface mass changes modelled by HIRHAM5 and RACMO2.3 [59] with those
s0  Observed by GRACE, cumulative SMB anomalies are calculated from the monthly SMB values of
s0  both models. Long-term signal components are removed by calculating residuals w.r.t. a linear
sz and quadratic model. In this way, the impact of differing reference periods used for deriving the
;03 cumulative SMB anomalies and of ice-dynamical mass changes included in the GMB products are
s0s largely removed. Figure 8 compares residual mass changes for eight drainage basins and the whole
s0s  GrlS.

306 Overall there is good agreement between models for the ice sheet as a whole with some
sz interesting regional variations. The higher amplitude positive mass balance from GRACE in basins 3,
s0e 4 and 5 also coincide with regions showing the highest precipitation inputs in Greenland - suggesting
300 that the precipitation over the ice sheet remains a significant source of uncertainty in both models
s and in terms of decomposing the GRACE land and ice signals. The low SEC calculated from the SMB
su  model compared with the observed surface elevation change in the high interior of the ice sheet also
a1z indicates that modelled precipitation from RCMs may be too low over much of the interior.

313 There is relatively little observational data for accumulation rates across Greenland, analysis
as  Of field data collected along the Q-transect (the Qassimiut ice lobe), one of the few consistent time
a5 series of observations, by [60] demonstrates that in basin 5, both RACMO and HIRHAMS regional
aie  climate models overestimate precipitation over the ice sheet, particularly close to the margin. This
a1z has a consequent impact on the modelled melt rate which is therefore lower than observed due to
se  the albedo feedback of bare ice exposure being delayed during the melt season. The underestimate of
a0 mass loss in the RCMs compared to the GMB may thus also be partly explained by this underestimate
;20 inbasin 5. Some of the highest melt rates and highest snowfall rates have been recorded by automatic
sz weather stations on the ice sheet in Greenland in basin 5, regional climate models have struggled
sz to reproduce these observations [60], demonstrating the value in supplementing satellite based
;23 observations and models with field measurement campaigns. Overestimating precipitation in high
24 relief topography at the coast in turn likely leads to an underestimate of precipitation in the interior
s2s  Of the ice sheet.

326 The high amplitude mass loss in the GRACE signal, compared to the RCM data that is also
sz especially apparent in basins 3,4 and 5 also suggests the importance of dynamical and ocean driven
s2s  processes in enhancing mass loss in these regions. Basin 4 in particular has a large number of actively
s20  calving glaciers and the large mass loss recorded by the GMB from GRACE but not in the RCMs from
330 2005 to 2008 coincides with a period of retreat and active calving discussed further below.

331 Interestingly, in basins 1 and 2, where calving and ice dynamics are not as large contributors to
32 mass loss as in other regions, modelled SMB and GMB data products match rather well. However,
23 there are some significant differences between the two RCMs in some years in these regions as
s well as in region 8. We hypothesise that some of the variation is due to the albedo effect and
a5 differing albedo parameterisations as well as perhaps different precipitation rates in the two models
;3 in these locations. Northern Greenland has low precipitation rates and once darker glacier ice is
sz exposed after fresh snow with a higher albedo melts away, large amounts of ice can be lost. A
s small increase in precipitation in one model compared to the other, or conversely a slightly different
330 albedo parameterisation that increases melt in one model compared to the other, can thus have a
;0 large impact in these two basins. This analysis shows the value of detailed observations of mass
s change in interpreting and improving process understanding in Greenland and points to areas where
;2 improvements in regional climate models are necessary.
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Figure 8. Inter-comparison of mass changes from GRACE (GrIS CCI GMB product) and two regional
climate models (HIRHAMS5 and RACMO2.3) for different drainage basins (cf. inset in Figure 5) and
the entire GrIS. Mass changes are given w.r.t. a linear and quadratic model.

sas 4.4, Modelling mass change from Radar Altimetry

348 The Ku-radar band utilized by ESA radar altimeter satellites, will penetrate the upper snow
as  surface of ice sheets and give a return formed by volume scattering of the penetrated snow. If this
s snow pack suddenly incorporates ice lenses this might act as the stronger reflector and dominate the
sz return echo. As highlighted by the 2012 extreme melt event on the Greenland [61] radar altimetry is
ses  hampered by mapping changes in the reflective horizon of the ice sheet [62], and needs to be corrected
a0 for in the interpretation of mass balance. On the other hand, the ability to penetrate the surface snow
sso can be utilized when mapping mass change [63], assuming surface elevation variability from light
ss1 and heavy snowfall events is filtered-out by the radar penetrating a finite volume in terms of mass.

352 Traditionally, laser altimetry mapping surface elevation changes have been converted into mass
3 by applying a firn model [7,64]. Here, we omit the correction terms and use the knowledge gained
s about mass changes in the ICESat era by [7], to estimate a scaling factor between radar and lidar mass
sss  balance estimates at 100 km resolution. The low spatial resolution limits the needs for a physical
s model for elevation to mass change conversion, but favour a general empirical relationship as found
sz by scaling to ICESat data. Figure 9 show the 25 year mass balance record for the Greenland ice sheet
s from assigning an appropriate density to the elevation change mapped by radar altimetry and our
30 best estimate of the mass balance of the Greenland ice sheet applying the scaling to ICESat data. The
o GRACE record is also shown in the figure as reference. It is important to note that the method cannot
se1  map fast changes in the mass change as observed in recent years, these also are mapped into the error
sz bounds. This is expected as wider footprint of the radar altimeter has challenges in capturing the
se3  high-slop and fast changing outlet-glaciers of the Greenland ice sheet. From the record the ice sheet is
ses  Observed to be out of balance for the full 25 year record, which is in support of recent studies [13,30].
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Figure 9. GrIS volume change estimates, including the raw (blue) mass change from radar altimetry
(RA). The black line indicates the average radar altimetry rate during the ICESat era, the red line
indicates the average rate measured by ICESat. The calibrated radar altimetry mass change rate is
shown with uncertainties in cyan. For reference the GRACE mass change rate is shown in green.

ses 4.5, Calving glacier retreat and ice sheet mass budget

366 Understanding calving processes is important as increased calving rates significantly contribute
se7  to an increase in mass loss from the Greenland ice sheet, with [1,14,34] suggesting around one third
ses  Of ice lost from the GrIS was the result of iceberg calving and related processes. Out of the 28 glaciers
e monitored by the CCI project, all except two underwent significant retreat during the period 1990 to
sro 2016 (Figure 10).
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Figure 10. Total calving front retreat for each of 28 outlet glaciers between the 1990s and 2016 (top).

The annually averaged rate of position change over the period (bottom).

As calving rates and calving front location (CFL) are controlled by multiple processes ([19]), the
total location change and therefore rate are very sensitive to the start and end dates chosen. As Figure
11 shows, CFL is often at a stable position for a decade or longer, before a calving retreat that leads to
a rapid change in position before establishing a new stable location. At Petermann glacier, a floating
ice shelf rather than a tidewater glacier, the CFL gradually moves forward before a single calving
event shortened the ice shelf dramatically, after which the CFL again started to move forward again.
The episodic nature of changes in CFL emphasises the need for long-term monitoring to understand
the behaviour of calving fronts.
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Figure 11. (left) Calving front location between 1995 and 2015.

Longitude

reference grounding line of 1995 and the calving front.

(right) Average distance between a

The time series in the CFL dataset are at least 20 years and in some cases almost 30 years
suggesting that the consistent retreat of glaciers observed around Greenland is the result of
widespread climate change in the region.

4.6. Grounding Line Stability and Ice Shelf Fracture Processes

Most of the calving outlet glaciers in Greenland are tidewater type, that is with usually only
a short and transiently floating calving front ([Jbenn2007calving. However, floating ice shelves

d0i:10.20944/preprints201810.0337.v1
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reminiscent of the large Antarctic ice shelves do exist, although largely only in confined fjord settings
unlike those found around the Antarctic continent. Plotting the grounding line locations on these
floating ice shelves proved technically challenging but the stability of these locations as for example
shown by [16] suggests that these glaciers are mostly stable in position at least at present day climate.
Glaciers with floating ice shelves such as Petermann, 79 fjord and Zachariae Isstrom as well as Hagen
glacier are significant because each of these glacier draw down relatively large proportions of the
ice sheet and so collapse could potentially lead to rapid and unstable sea level rise. For this reason,
we present a case study at Petermann glacier, where multiple datasets including the ice velocity,
grounding line and calving front location were combined with modelled surface runoff and an ice
fracture model to give an insight into calving processes and to examine how stable the Petermann
glacier ice shelf is at the present day extent (Figure 11).

Ice velocity data is used to derive strain rates that in turn are used to calculate crevasse
penetration depths [65]. These have been implemented as a parameterisation in ISMs to determine
calving front location and the associated dynamic feedbacks (e.g.[55]). The CCI IV data products are
therefore an ideal opportunity to derive strain rates and constrain estimates of calving activity based
on these (Figure 12 B).

Using Glen’s flow law [66] the principle stresses are calculated from the strain rates derived
from IV data. Linear elastic fracture mechanics allows for the calculation of the penetration depth
a crevasse will reach considering the calculated stress [65,67]. Besides the stress acting on the ice,
the spacing between crevasses and the presence of water in crevasses are strong determinants of the
depth a crevasse can reach and whether or not calving will occur as shown in Figure:12 C,D. The
presence of water in crevasses enhances crevasse penetration and can lead to fractures propagating
through the entire thickness of the ice sheet [19,65].

At Petermann glacier in northern Greenland, liquid water in crevasses is present only during the
summer months when the run-off is larger than zero (Figurel2 A). Analysis of the ice velocity dataset
shows that velocity increases significantly in summerm, likely due to melt water at the bed of the
Petermann glacier reducing basal pressure as also documented at Zachariae Isstrom [17,68]. Melt and
runoff from the RCM HIRHAMS is compared with the ice velocity and principal strain rate over the
lower part of the ice shelf in Figure 12 A and B.
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Figure 12. (a) HIRHAM model output. 2-m temperature averaged over the Petermann glacier (blue)
and run-off (orange) averaged over the Petermann glacier . (b) Sentinel-1 ice velocity (orange) and
first principle strain rate (blue) averaged over the Petermann glacier. (c) Stress intensity factor (SIF) at
different depths for varying crevasse spacing. Solid lines correspond to dry crevasses. Dashed lines
to crevasses with a water level of 10m below the surface. (d) Depth a crevasse reaches when the SIF
equals the fracture toughness. Dry crevasses (blue), water filled crevasses (orange).
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a14 The importance of fracture spacing and water in enhanced fracture penetration at Petermann
a5 glacier is demonstrated by Figure 12 C and D. The sensitivity of the fracture depth to water suggests
a1 that under a warming climate with greater meltwater production at the surface, the ice shelf may well
a7z be vulnerable to break up as other glaciers in this region have also collapsed, for example the retreat
s at C.H. Ostenfeldt glacier shown in Figure 10 and described along with other Greenland glaciers by
a0 [69]. Equally, higher velocities, leading to higher strain rates could lead to deeper fractures, though
a20 this effect is reduced somewhat if more crevasses open since the crevasse spacing also affects the
sz depth of an individual fracture Figure 12D. [35,43] show a significant increase in melt water runoff
a2 across Greenland under two different climate change scenarios, indicating that floating ice shelves
a3 like Petermann glacier may become vulnerable in future, a conclusion supported by [68]. Extending
«2a this analysis at Petermann glacier to other outlet glaciers covered by the CCI GrIS datasets will also
a2s  give a wider indication of the potential stability of outlet glaciers, but is beyond the scope of the
a2s current work.

a2z 5. Outlook

a28 In this review paper we have given an overview of the current mass budget of the Greenland
420 ice sheet based on models and remote sensing observations. We have also examined the relative
a0 contributions from surface mass budget processes and ice dynamics, including calving processes
an  and grounding lines. The ESA CCI Greenland Ice Sheet observational datasets have proved to
a2 be a powerful tool in understanding and improving estimates of ice sheet mass budget and the
a3 contribution to sea level rise as well as pinpointing areas where process understanding needs to be
a3« improved. The continuation of the generated datasets and extension both back in time where possible
a5 using data from older sensors is planned as part of the CCI+ project due to commence in 2019. The
a6 existing data products will be enhanced with an ice mass flux and discharge data set that combines
a7 remote sensing and model data to give a continually updated reconciled Greenland ice sheet mass
as  budget as used for example in [12]. The successful launch of GRACE- Follow On (GRACE-FO)
a0 and continuing developments of the next generation of RCMs and climate reanalysis capable
a0 of calculating more accurate SMB, for example the non-hydrostatic model HARMONIE-AROME
sa1  already used for very high resolution (2.5km) SMB calculations in Greenland [70,71] will also help
a2 to reduce process uncertainty.

a3 6. Conclusions

a4s The Greenland ice sheet has now been observed by satellite and documented in detail for
s almost three decades. The wealth of detailed information processed and made freely by the ESA
ass  climate change initiative has contributed to and will continue to contribute to significant advances in
a7z understanding the Greenland ice sheet.

448 Over the period 2002-2015 we find a gravimetric mass balance derived from GRACE for
a0 Greenland including the peripheral glaciers and ice caps of 265 +/- 25 GT/year [72]. After the
sso  significant acceleration in mass loss rate in the GRACE era up to the record mass loss in the summer
a1 of 2012, Greenland has since seen a slight decrease in short-term mass loss trend.

452 Combining data with models is a powerful way to enhance process understanding.
43 Decomposing GMB into basins and comparing with RCM derived SMB suggests models tend to
asa  Overestimate precipitation over the ice sheet in some key basins and may also underestimate melt
a5 rates. At the same time, differences between RCM derived SMB suggests that parameterisations
ase  within the models can lead to significant regional biases in mass budget estimates.

as7 Surface elevation has reduced across almost all of the ice sheet with a small increase in elevation
ass  in the central highest altitude parts of the ice sheet. While RCMs mostly agree with the broad trends
40 in SEC, the inability of RCMs to reproduce the small increase in SEC in the interior and particularly
a0 in eastern Greenland suggests that precipitation is underestimated by RCMs and/or that ice dynamic
a1 processes are partly responsible.


http://dx.doi.org/10.20944/preprints201810.0337.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2018 d0i:10.20944/preprints201810.0337.v1

18 of 22

a62 Analysis of model simulations from both regional climate models and ice sheet models
ss demonstrate that while SMB is driving most of the elevation change, some basins demonstrate
ss2  significant dynamic drawdown related to ice discharge through fast flowing outlet glaciers. However,
«s the inability of the ISM to replicate this entirely suggests that running high resolution models
ass and developing and implementing dynamic feedbacks related to calving retreat are crucial future
67 directions for ice sheet modelling.

a68 The active retreat followed by stabilisation of a number of calving outlets is well documented
ass  [14] and correlates with the dynamically derived SEC and with areas of relatively high velocity in the
470 ice velocity dataset.

an1 Analysis of grounding lines suggests that the few remaining ice shelves are currently relatively
a2 stable while analysis of the strain distribution across the ice shelf points to the importance of surface
a3 melt water in enhancing fracture propagation. Increases in melt in the future may therefore lead to
a7a  increased instability and likely collapse of the remaining ice shelves around Greenland.

475 Supplementary Materials: Data Availability

a76 All ESA CCI data products are available from the CCI data portal.
a7z http://esa-icesheets-greenland-cci.org/
ar8 HIRHAMS regional climate model simulation data can be downloaded from the link given here:

a7 http://polarportal.dk/groenland /links/
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