
Evaluation of reconstructions of snow/ice melt in

Greenland by regional atmospheric climate models

using laser altimetry data.
Tyler C. Sutterley

11, Isabella Velicogna
1,2

, Xavier Fettweis
3
, Eric Rignot

1,2
,

Brice Noël
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The surface mass balance (SMB) of the Greenland Ice Sheet critically de-

pend on the intensity of ice/snow melt in its ablation zone, but in-situ data

have been too limited to quantify the error of regional climate models. Here,

we use 23 years of NASA satellite and airborne laser altimetry from the Air-

borne Topographic Mapper (ATM), Land, Vegetation and Ice Sensor (LVIS)

and Ice, Cloud and land Elevation Satellite (ICESat) to generate time se-

ries of elevation change to compare with SMB products from the Regional

Atmospheric Climate Model (RACMO2.3p2) and from the Modèle Atmo-

sphérique Régional (MARv3.5.2). For 1994-2016, the results agree at the 15-

26% level, with the largest discrepancy in north Greenland. During the cold

summer 2015, the RMS discrepancy is 40% in the north, 30% in the south-

west, and 18-25% at low elevation. The difference drops to 23% in the south-

west and 14% at low elevation during the 2016 warm summer.

Keypoints:

• We assess the accuracy of reconstructed runoff from Regional Climate

Models, a dominant control on the Greenland Ice Sheet mass balance.

• Time series of mass changes from 23 years of altimetry and seasonal data

indicate that the error in runoff is at the 20% level.

• Airborne laser altimetry provides orders of magnitude more data for re-

gional climate model assessment than available in situ.
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1. Introduction

Changes in surface mass balance (SMB) of the Greenland Ice Sheet, which are domi-

nated by snow and ice melt at its surface, constitute more than half of its annual mass

loss [van den Broeke et al., 2009; Velicogna et al., 2014; van den Broeke et al., 2017].

In situ observations of SMB are too sparse to provide detailed information about SMB

processes, especially in the ablation zone. As a result, we rely on regional atmospheric cli-

mate models (RCM) constrained by re-analysis data or alternatively the direct statistical

downscaling of reanalysis data to reconstruct the ice sheet SMB [Noël et al., 2016; Ettema

et al., 2009; Fettweis , 2007; Wilton et al., 2017]. Simplified versions of these models are

in turn used to project future ice sheet melt in a warming world and the contribution of

Greenland to sea level rise [Tedesco and Fettweis , 2012].

SMB output products have been evaluated with sparse measurements from shallow ice

cores, in-situ stake sites, and automatic weather stations (AWS) [Bales et al., 2009; Cogley ,

2004; Reeh, 2008; van de Wal et al., 2012]. The agreement between these observations is

best in areas of net accumulation compared to areas of net ablation [Vernon et al., 2013].

The agreement is reasonably accurate in the accumulation area, with performance levels

typically 9% [van den Broeke et al., 2016]. In the ablation zone, in situ data are few and

generally not over extended period of times which makes it challenging to assess model

performance [Noël et al., 2017a; Fettweis et al., 2017]. By default, an uncertainty of 20%

has been assumed for ice sheet runoff in Greenland, mostly from a comparison with one

set of data in southwest Greenland [Shepherd et al., 2012]. This uncertainty limits the
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reliability of projections of future changes in ice sheet surface mass balance in a warming

climate.

In this study, we analyze 23 years of airborne and satellite laser altimetry collected

over Greenland since 1994 to document elevation changes in the ablation zone [Krabill

et al., 2004]. These measurements provide a comprehensive assessment of changes in

surface mass balance around Greenland once the results are converted into mass changes.

In order to obtain reliable, comprehensive, and long time series, we use a triangulated

irregular networks (TIN) method that combines measurements from several platforms:

1) the Airborne Topographic Mapper (ATM), 2) the Land, Vegetation and Ice Sensor

(LVIS) and 3) the Ice, Cloud and land Elevation Satellite (ICESat). The time series of

mass changes are compared with surface mass balance output products from two widely

used regional atmospheric climate models: 1) the Regional Atmospheric Climate Model

(RACMO2.3p2) and 2) the Modèle Atmosphérique Régional (MARv3.5.2) [Noël et al.,

2015; Fettweis , 2007]. We focus our analysis on regions within the ablation zone with

low ice velocity to minimize the impact of ice dynamics [Rignot and Mouginot , 2012]. We

quantify the differences across various regions and varying time periods, including summer

seasons. We conclude on the precision of SMB reconstructions of snow/ice melt processes

in the ablation zone of Greenland.

2. Data and Methods

Laser altimetry. We use Release-33 of the ICESat GLA12 Antarctic and Greenland

Ice Sheet Altimetry product provided by NSIDC [Zwally et al., 2014]. As the accuracy

of the ICESat elevation measurements is degraded by the presence of clouds, we remove
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cloud-affected data points using a set of culling criteria following Howat et al. [2008];

Pritchard et al. [2009]; Smith et al. [2009]; Sørensen et al. [2011]. The ICESat elevation

measurements are converted to be in reference to the WGS-84 ellipsoid, corrected for

saturation effects with the GLA12 correction product [Zwally et al., 2014] and corrected

for Gaussian-Centroid (G-C) offset [Borsa et al., 2014]. Our airborne lidar measurements

are Level-2 Airborne Topographic Mapper (ATM Icessn) and Land, Vegetation and Ice

Sensor (LVIS) datasets provided by NSIDC [Thomas and Studinger , 2010; Studinger ,

2014a; Blair and Hofton, 2010]. ATM is a conically scanning lidar developed at the

NASA Wallops Flight Facility (WFF) which has flown extensively in Greenland since

1993 [Krabill , 2000; Brunt et al., 2017]. LVIS is a large-swath scanning lidar developed at

NASA’s Goddard Space Flight Center (GSFC) which has flown in Greenland from 2007

to 2013 [Blair et al., 1999; Hofton et al., 2008]. The Level-2 LVIS data supplies 3 different

elevation surfaces calculated from the Level-1B full waveform product: the highest and

lowest returning surfaces via Gaussian decomposition, and the centroidal surface [Blair

and Hofton, 2010]. We use the lowest returning surface when the waveform resembles a

single-peak gaussian and the centroid surface when the waveform is multi-peak. For most

simple, non-complex terrains the high and low surfaces are equivalent and the return

waveform is single-peak. Each elevation dataset is converted to be in reference to the

2014 solution of the International Terrestrial Reference Frame (ITRF) [Altamimi et al.,

2016]. Rates of crustal uplift due to Glacial Isostatic Adjustment (GIA) are subtracted

from the altimetry data following A et al. [2013], Farrell [1972] and Wahr et al. [2000]

using coefficients from Simpson et al. [2009].
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Integrated analysis of altimetry. We calculate rates of elevation change by compar-

ing a set of measured elevation values with a set of interpolated elevations from a different

time period. The method follows the altimetry analysis of Pritchard et al. [2009] and Rig-

not et al. [2013], with the addition of higher-resolution airborne altimetry datasets. The

set of interpolated values are constructed using triangulated irregular networks (TIN)

based on Delaunay triangulation [Pritchard et al., 2009, 2012]. For each data point in a

flight line, a set of Delaunay triangles is constructed from a separate flight line using all

data points within 300 meters from the original point. If the original point lies within

the confines of the Delaunay triangulation convex hull, the triangular facet housing the

original point is determined using a winding number algorithm, a simple test to find if a

point is within a polygon. The new elevation value is calculated using barycentric interpo-

lation with the elevation measurements at the three triangle vertices. In this interpolation

scheme, the elevation at each vertex point is weighted by the area of the triangle created

by the enclosed point and the two remaining vertices (Figure S1). Assuming that the ice

sheet surface is not curved over the scale of the individual triangular facet, interpolating

to the original coordinates compensates for slopes in the ice sheet surface. Crevassed

terrain, snow drifts, and low-lying clouds contaminate the lidar elevation values for the

interpolation. In order to limit the effect of contaminated points, elevation change rates

are filtered using an interquartile range algorithm [Pritchard et al., 2009]. In all, we cal-

culate approximately 2 million kilometers of elevation change rates from 1993 to 2016

over the Greenland ice sheet. We reduce our complete dataset to locations where surface
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velocities are low (at most 100 m/yr) to avoid contamination from in ice dynamics [Rignot

and Mouginot , 2012].

Conversion of elevation change to mass change. Our elevation change estimates

are converted to mass using the density of ice (ρice: 900 kg/m3), which assumes that the

elevation changes are occurring over bare ice, not snow (ρsnow: 100 − 550 kg/m3) or firn

ice (ρfirn: 550 − 830 kg/m3). If a significant snow layer thickness accumulated in the

winter, the density at which elevation changes take place may be lower than the density

of ice. The regional atmospheric climate models use different ice densities. RACMO2 uses

an ice density of 910 kg/m3 and MAR uses an ice density of 920 kg/m3. We include this

uncertainty in our error estimates. However, the conversion from volume change to mass

change is non-trivial and the density assumption is a key source of uncertainty.

Surface Mass Balance output products. SMB is the sum of mass accumulation

from snow and rain minus the surface ablation from meltwater runoff, sublimation, and

snow drift erosion [Ettema et al., 2009; Lenaerts et al., 2012]. The runoff component is

the portion of total snowmelt not retained or refrozen within the firn layer covering the

ice sheet. We use monthly mean components of SMB calculated from climate simulations

by the Regional Atmospheric Climate Model (RACMO2.3p2, 1958–2016) and Modèle

Atmosphérique Régional (MAR 3.5.2, 1958–2015) [Noël et al., 2015; Fettweis , 2007].

RACMO2 is a high-resolution (11 km) RCM combining the dynamics of the HIRLAM

numerical weather prediction model with the physical processes represented in the Euro-

pean Centre for Medium-Range Weather Forecast (ECMWF) model [Unden et al., 2002;

White, 2002]. RACMO2.3p2 has updated glacial topography, glacial delineations, and ice
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albedo fields as well as improved tuning of cloud, snow property and melt parameteriza-

tions [Noël et al., 2017b].

MAR couples a high-resolution (20 km) regional climate model with the Soil Ice Snow

Vegetation Atmosphere Transfer (SISVAT) scheme [Fettweis , 2007; Gallée and Schayes ,

1994; De Ridder and Gallée, 1998]. The internal snow and ice component of SISVAT is

based on the CROCUS snow model [Brun et al., 1992].

For both RACMO2 and MAR, climate forcing is from ERA-40 (1958–1978) and ERA-

Interim (1979 onward) reanalysis datasets at the lateral boundaries and at the sea surface

on a 6-hour basis. Both models are downscaled using the Greenland Ice Mapping Project

(GIMP) digital elevation model provided by the Glacier Dynamics Group at Ohio State

University [Howat et al., 2014; Bamber et al., 2013]. The RACMO2 data is statistically

downscaled from 11 to 1 km as described in Noël et al. [2016] and MAR data is downscaled

from 20 km to 5 km following Franco et al. [2012]. The downscaling yields higher rates

of ice ablation at low elevation and more realistic patterns of SMB in terminal glacial

fjords, valleys, and depressions where coarser-resolution original models cannot resolve

the local-scale topography [Noël et al., 2016; Wilton et al., 2017].

Cumulative anomalies in SMB and individual SMB components are calculated in refer-

ence to a period of near-zero total mass balance, which is 1961 to 1990 [van den Broeke

et al., 2009]. During this 30-year reference period, the ice sheet is assumed to have been

close to balance [van den Broeke et al., 2009; Rignot et al., 2008]. Uncertainties in cumu-

lative SMB anomalies are calculated considering 10 separate 20-year baselines following

van den Broeke et al. [2009]. These uncertainties take into account the inhomogeneity
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in the RCM forcing with the use of ERA40 for the period before 1979 and ERA-Interim

after 1979, and help address the assumption of stability during the 30-year baseline [Col-

gan et al., 2015]. Nevertheless, the assumption of a stable ice sheet during this 30-year

baseline may not be fully accurate at the regional level. Ablation zones for each RCM

are delineated using the equilibrium-line altitude (ELA) which is the spatially varying

elevation where the mean SMB is zero over a specific time period. We use the ELA for

the time period 1993 to 2015 from each RCM to determine the transition altitude for

elevation to mass conversion.

We compare the laser altimetry time series of mass changes with the SMB output prod-

ucts from the RCMs at four sites in different parts of Greenland between 1994 and 2016

and during several summer seasons in Southwest and North Greenland for the summer

2015 and in Southwest Greenland for the summer 2016 (the 2016 campaign did not cover

the northern part of Greenland due to technical difficulties).

3. Results

Validation of the TIN method. We compare elevation changes from the TIN method

with the Pre-IceBridge and Operation IceBridge ATM Level-4 Surface Elevation Rate

of Change product (idhdt) provided by NSIDC [Studinger , 2014b]. The Level-4 eleva-

tion change product computes rates directly from the Level-1B Qfit elevation products

[Studinger , 2013]. To compare the two methods, we rasterize the estimates of elevation

change rates from both techniques into 5 km by 5 km polar stereographic grids. We then

compare the spatial patterns and average elevation differences between the two techniques.

For the high melt years covering Spring 2011 to Spring 2013 and the high accumulation
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season covering Spring 2013 to Spring 2014, the results demonstrate that the TIN method

produces coherent measurements of surface elevation change (Figure S2). The addition of

LVIS data increases the spatial coverage of the elevation measurements, most significantly

in southwest Greenland for the 2011–2013 period. The agreement between ATM and LVIS

for near concurrent acquisitions (less than 10 days apart) is 24 cm, which certifies that the

two lidars are compatible and complementary. The cell-for-cell RMS difference between

the idhdt product and the TIN method is 68 cm, which is less than the combined average

error of both datasets (109 cm). Most of the differences and sources of error are found in

regions with high surface roughness where the derivation of elevation change from laser

altimetry is not a trivial task [Krabill et al., 1999]. Over most regions, the TIN change

rates are smoother than the idhdt product.

Evaluation of RCM on decadal time scales. We compare the altimetry time

series with RACMO2 and MAR at four other locations on the ice sheet using nearly

continuous time series between 1994 and 2016: 1) Site-5 of the University of Utrecht K-

transect in West Greenland from van de Wal et al. [2012] (Figures 1a, S7), 2) PROMICE

Kronprins Christian (KPC) AWS in Northeast Greenland (or NE Promice Lower, Figures

1b, S8), 3) land-terminating Saqqap Sermersua in Southwest Greenland (Figures 1d, S9)

and 4) inland of Hiawatha glacier in North Greenland (Figures 1e, S10). These locations

maximize the number of elevation points available, minimize the impact of flow speed

(speed less than 30 m/yr with no known change in speed), and include measurements

from the Fall 2015 campaign for the K-transect and Hiawatha glacier sites.
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At the K-transect (Figure 1a), the altimetry data shows a period of relative stability in

elevation in the 1990’s that is not apparent in the SMB data. The increase in thinning after

2002 is however well captured by both models. The RMS difference between our altimetry

estimates and RCMs for each measurement and the percent difference with reference to the

SMB change is 4070±1740 mm w.e. (25%) and 1560±1010 (18%) for MAR and RACMO2,

respectively. After 1999, the RMS difference improves to 2960±1740 mm w.e. (20%) and

1330±980 (15%) for MAR and RACMO2, respectively. At the NE PROMICE Lower

site (Figure 1b), both models are similar but overestimate the mass change compared to

altimetry by 1330±160 mm w.e. (25%) and 1410±450 (25%) for MAR and RACMO2,

respectively. At the Saqqap Sermersua site (Figure 1c), the RMS difference is 1330±1050

mm w.e. (11%) and 1650±1300 (19%), respectively. At the Hiawatha glacier site (Figure

1d), MAR does better in terms of long term changes with a RMS of 180±120 mm w.e.

(7%) versus 570±160 (15%) for RACMO2.

Evaluation of RCM over summer seasons. We compare altimetry data collected

in spring and fall of 2015 and 2016 to capture the summer melt in Southwest and North

Greenland (Figure 2). In the Southwest, we use 690 km of data from 2015 and 530 km

of data from 2016, ranging from the ice divide in the north to 65◦N in the south, with all

data below the ELA. In North Greenland, we use 130 km of data from 2015, below the

ELA [Rignot and Mouginot , 2012]. We calculate the mass changes and RMS differences

over 50 m elevation bands, above and below 1,000 m elevation, and for the entire range

of elevation (Table 1). In the Southwest, the agreement is at the 20–60% level with

RACMO2 and 40–54% level with MAR in 2015. Above 1,000 m, RACMO2 is within 53%
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and MAR within 47%. In 2016, the agreement is at the 9–39% level with RACMO2 in

the Southwest. Below 1,000 m, RACMO2 agrees with altimetry within 14% and within

30% above 1,000m. MARv3.5.2 is the last version with consistent forcing from ERA40

and ERA-Interim that covers the full 1961–1990 reference period. However, MARv3.5.2

outputs are not available for the 2016 season. In the North, the agreement with RACMO2

ranges from 19 to 42% versus 18 to 44% for MAR. The RCMs agree within 25–30% at

low elevation and 38 to 40% at high elevation, with an overall error in total mass change

of 30–35%.

4. Discussion

Our integration of multiple laser altimetry datasets into a single, comprehensive record

significantly increases the total spatial coverage of elevation measurements in Greenland

compared to any single instrument. The time series of measurements provides orders

of magnitude more points of evaluation of the RCMs than available from in situ data.

The TIN method yields coherent estimates of surface elevation change, at a high spatial

resolution (10–50 m), ten times better than the 500 m rasterization of Kjeldsen et al.

[2013] and Khan et al. [2014]. Our approach calculates elevation change on a shot-by-shot

basis, which is different from the surface fit method of Schenk and Csatho [2012] that

simultaneously solves for surface elevation change and surface slope over kilometer-scale

surface patches.

Differences between altimetry and RCMs reflect errors in the altimetry data, RCM

output products, and in the density conversion from elevation to mass change. These

errors vary spatially and temporarily. To diagnose the origin of the differences between
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altimetry and models, it is useful to compare the model components. In terms of ac-

cumulation, we find only small differences in precipitation between RACMO and MAR

at the four sites (Figures S3 and S11). At the K-transect, we find a 47% difference be-

tween RACMO2.3p2 and MARv3.5.2 (Figure S4) which, if we use the altimetry data as

a benchmark, is mostly due to snowmelt being overestimated by MARv3.5.2. Conversely,

at the Hiawatha Gletscher site, RACMO2.3p2 produces 28% less runoff than MARv3.5.2,

MARv3.5.2 produces more snowmelt but a greater fraction is retained as melt refreeze,

yielding a better agreement with altimetry. In the Southwest or NE Greenland, the differ-

ences between the model components are smaller, yet both models seem to overestimate

melt.

There are a number of differences between MAR and RACMO2 that make the com-

parison difficult. Runoff is a function of surface slope in MAR while meltwater runs off

directly after saturating the firn layer in RACMO2. The two models use different bare

ice albedo which may explain why runoff is higher in MAR for sites in Figure 1a and 1c

compared to RACMO. The snow models are different and despite the agreement in total

precipitation, the ELAs are different, especially in the northeast. At the current level

of difference between the two models and the altimetry data, it is challenging to deter-

mine which model component requires improvement. Our results do not provide definite

trends due to uncertainties in the density conversion of altimetry data and the differences

vary by region, with larger errors in the north. The work here highlights the need for

more systematic comparisons between the models quantifying Greenland SMB, such as

a Model Intercomparison Project (MIP) and the work of Vernon et al. [2013], in order
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to diagnose the regional differences. Finer time series capable of documenting individual

snowfall events and melt events are likely necessary to help refine the assessment and

model diagnosis. The upcoming ICESat-2 mission may be able to help rectify some of

these challenges by providing data at seasonal time-scales over the entirety of the ice sheet

[Markus et al., 2017].

In general, we find that both RCM models track the long term trends in SMB remarkably

well (Figure 1), especially in high melt regions, such as in the Southwest, where the

difference between altimetry and RCMs is at the 11–26% level. Over a single summer

season, the percentage error increases, as expected. The melt-season in 2015 was below-

average in Southwest Greenland and above-average in North Greenland [Blunden and

Arndt , 2016; Tedesco et al., 2016]. Southwest Greenland in 2016 was warm and the melt-

season was stronger than average with large swaths of bare ice exposed [Blunden and

Arndt , 2017]. In the warm summer of 2016, RACMO2 model performance is excellent and

superior to 2015. The lower performance in 2015 may indicate issues with underestimated

snow thickness at the end of the winter season.

Overall, for large areas and over long time periods, the RCMs reconstruct runoff with

an accuracy of about 20%. At the regional level, the error may range anywhere from

14% to 40%. The larger uncertainties in the north affect local assessments but have a low

impact on total runoff from Greenland because runoff is low in north Greenland (Figure

S4).

With the launch of ICESat-2, the time series will extend in time and especially vastly

improve in terms of revisit frequency [Abdalati et al., 2010; Markus et al., 2017]. The
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mission will operate with a 91 day repeat instead of annual to sub-annual with OIB. The

near repeat subcycle will be 1 month and some crossover areas near the poles will be

revisited on a daily basis. This temporal resolution will vastly improve the diagnosis of

the limitations of RCMs and provide more definite guidelines on how to improve RCMs.

5. Conclusions

We present a methodology for evaluating SMB outputs from RCMs in the ablation zone

of Greenland that spans multiple decades, from seasonal to multi-annual, along 10,000’s

km of data. We find that the SMB products from the RACMO2 and MAR regional

atmospheric climate models have a remarkable accuracy at the 15–26% level over the long

term, hence capturing long term trends in SMB in the ablation zone of Greenland with

reasonable accuracy. We caution that the model error increases during cold periods and

varies significantly spatially, with larger errors in in the north compared to Southwest.

Differences in snow thickness and meltwater refreezing probably explain the majority of

the differences between the models and with the altimetry data, but more data ought

to be acquired over shorter time intervals to provide more definite guidance for RCM

improvement.
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Table 1. Comparison of mass change at different elevation bands from Operation IceBridge

(OIB) laser altimetry, RACMO2.3p2 and MARv3.5.2 surface mass balance for the 2015 summer

season in Southwest Greenland (top three rows) and North Greenland (bottom three rows).

OIB data combines elevation measurements from April 18, 2015 and 7 days in October 2015 for

Southwest and May 5, 2015 and 4 days in September and October 2015 for North Greenland.

Areas of each elevation band are calculated using the Greenland Ice Mapping Project (GIMP)

digital elevation model [Howat et al., 2014].

Region Elevation

(m)

IceBridge

(mm)

RACMO2

(mm)

MAR

(mm)

Area (km2) Points

519 – 1000 -1200± 80 -1530± 100 -860± 80 9953 1636

Southwest 1000 – 1398 -380± 60 -460± 60 -500± 60 31802 4931

519 – 1398 -570± 70 -720± 70 -590± 70 41755 6567

415 – 1000 -750± 40 -1040± 30 -920± 40 2349 4242

North 1000 – 1269 -380± 20 -630± 10 -580± 10 2542 3254

415 – 1269 -560± 30 -830± 20 -750± 30 4891 7496
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Figure 1. Comparisons of Operation IceBridge (OIB) laser altimetry (black), RACMO2.3p2

surface mass balance (SMB) (purple) and MARv3.5.2 SMB (green) at a) Site 5 of the K-transect

in West Greenland, b) NE Promice Lower in Northeast Greenland, c) Saqqap Sermersua in South-

west Greenland, and d) Hiawatha Gletscher in North Greenland. Thick purple and green lines are

the 13-month smoothed SMB time series [Velicogna, 2009]. e) Locations of the K-transect (red

star), NE Promice Lower (orange triangle), Saqqap Sermersua (gray square), Hiawatha Gletscher

(blue diamond) sites. Purple and green lines denote the ELA from each model. Overlaid on an

image mosaic from the Greenland Ice Mapping Project [Howat et al., 2014].
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Figure 2. Comparisons of mass change from a,d,g) Operation IceBridge (OIB) laser altimetry, b,e,h)
RACMO2.3p2 surface mass balance (SMB) and c,f) MARv3.5.2 SMB over the 2015 summer season
for (a-c) Southwest Greenland and (d-f) North Greenland and over the 2016 summer season for (g-h)
Southwest Greenland. OIB combines data from April 18, 2015 with data collected during 7 days in
October 2015 for (a-c), data from May 5, 2015 and 2 days in October 2015 for (d-f) and data from May
14, 2016 with data collected during 6 days in August and September 2016 for (g-h). SMB outputs from
MARv3.5.2 are not available for 2016. Purple and green lines are the ELA positions from RACMO2 and
MAR, respectively, for the period 1993–2015. Gray lines in d) denote the 100 m/yr ice speed contour
from Rignot and Mouginot [2012]. Thick black lines denote ice divides from Rignot and Mouginot [2012].
Dashed lines denote 500 m elevation contours from the Greenland Ice Mapping Project (GIMP) [Howat
et al., 2014]. Inset map denotes the location of the maps.
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Figure 3. Comparison of mass change at different elevation bands from Operation Ice-

Bridge (OIB) laser altimetry (black), RACMO2.3p2 surface mass balance (SMB) (purple) and

MARv3.5.2 SMB (green) over the summer seasons from a) 2015 in North Greenland (Figure 2d-

f), b) 2015 in Southwest Greenland (Figure 2a-c) and c) 2016 in Southwest Greenland (Figure

2g-h).
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