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ABSTRACT

Greenland’s peripheral glaciers and ice caps (GICs) contribute significant amounts of meltwater to the oceans but
also affect local economies and livelihoods. Here we created multi-temporal geodetic elevation change datasets
to compute mass changes for 6149 glaciers around the entire periphery of Greenland. These glaciers have lost a
total of at least 276 + 55 Gt of ice, or 0.76 + 0.15 mm sea level equivalent, from their ablation areas between
1978 and 2015. If we assume no mass loss within accumulation areas, then the mean mass balance has been at
least —0.10 + 0.02 m w.e. yr_'. In general, west Greenland glaciers have had a more negative mass balance and
experienced accelerated mass loss since 2006 (x 2.7 in south west region, x 5.6 in central west region).
Conversely, east Greenland glaciers have generally experienced a decrease in the rate of mass loss. Lake-
terminating glaciers have experienced the most negative mass balance, exacerbated by the occurrence of
debris cover. These findings quantify great spatial heterogeneity, give context to the recent history of mass loss

from GICs, and suggest the importance of including local glacier properties within glacier evolution models.

1. Introduction

Global climate change is manifest in a warming trend and an increase
in the magnitude and frequency of abrupt and disruptive climate shifts
(Knox, 1993; Pittock, 2012; Russo et al., 2014). These climate shifts are
occurring fastest in Arctic regions (Serreze and Barry, 2011; Zemp et al.,
2015). Climate warming across the Arctic has been measured at double
the global mean rate since the 1970s (Holland and Bitz, 2003; Chylek
et al., 2009; Screen and Simmonds, 2010a, 2010b; Pithan and Maur-
itsen, 2014). Within the Arctic, Greenland has experienced especially
pronounced warming; from 2007 to 2012 air temperatures were 3° C
higher than the 1979 to 2000 baseline global average (Mayewski et al.,
2014). However, more recently the rate of warming has decreased with
only a very slight rising trend since 2000 (Hanna et al., 2021).

Consequently, Greenland’s peripheral glaciers and ice caps (GICs)
are changing rapidly. GICs represent only ~5% of the ice-covered area
of Greenland and equate to just ~0.5% of the volume of the Greenland
Ice Sheet (GrIS) (Rastner et al., 2012), but they are three to four times
more sensitive to ongoing atmospheric climate warming when
compared to the Greenland Ice Sheet (GrIS) (Fettweis et al., 2008, 2013;
Goelzer et al., 2013; Machguth et al., 2013). GICs contributed between
14% and 20% of the total ice loss from Greenland between October 2003
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and March 2008 (Bjgrk et al., 2012; Bolch et al., 2013). However, there
is considerable regional variability in the absolute amount and rate of
change of glacier mass loss across Greenland (Hugonnet et al., 2021;
Khan et al., 2022).

Greenland GICs are presently contributing a disproportionately high
volume of meltwater to surrounding oceans and to global sea level rise
(Bintanja and Selten, 2014). The heightened sensitivity of GICs to at-
mospheric climate warming when compared to the GrlS is largely a
function of: (i) predominantly terrestrial termini that are (more) sensi-
tive to atmospheric warming (than marine termini that already have low
basal friction); (ii) short reservoir times and faster mass turnover (Bolch
et al., 2013; Bintanja and Selten, 2014); and (iii) smaller surface area
(generally <5 km?) existing at elevations lower than the elevation of the
majority of the GrIS (Raper and Braithwaite, 2006; Pfeffer et al., 2014;
Bjork et al., 2018). Locally, runoff from Greenland GICs affects fjord
water quality and circulation, which has consequences for the primary
production and marine ecosystems (Hopwood et al., 2020; Krisch et al.,
2020).

Despite the disproportionate contribution of GICs to Greenland
runoff and the societal importance of that runoff, previous studies
examining geometric and mass changes of Greenland GICs have been
either spatially- or temporally-restricted. Spatially-localised studies
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include those for Holm Land (von Albedyll et al., 2018), northeast
Greenland, for Disko Island in west Greenland between 1985 and 2015
(Huber et al., 2020), and for Prudhoe Land, northwest Greenland be-
tween 1985 and 2018 (Wang et al., 2021). Multi-regional studies of
geodetic changes to Greenland GICs (Hugonnet et al., 2021; Khan et al.,
2022) have to date been temporally-limited by the availability of suit-
able coverage satellite-derived elevation datasets; ASTER launched in
1999, SRTM launched in 2000, ICESat launched in 2003, TerraSAR-X
launched in 2007, TanDEM-X launched in 2010, which mostly cover
the last few decades only.

The aim of this study is therefore to determine GIC mass changes
over a multi-decadal timescale. We will identify temporal trends, spatial
patterns, glacier groups and anomalies, and thereby suggest controls on
GIC mass loss, which is key to informing projections of GIC evolution.

2. Datasets and methods
2.1. DEM preparation and co-registration

In this study we use data from three multi-temporal digital elevation
models (DEMs). We focus our reporting of our results on analyses using
the earliest and the latest of these, which are the AeroDEM that was
derived from aerial photographs acquired between 1978 and 1987, and
the ArcticDEM that has a mean date of 2015 for Greenland.

AeroDEM reports a < 10 m horizontal and < 6 m vertical accuracy,
which we address via co-registration as elaborated upon later in this
section. In this study, AeroDEM elevation data, orthorectified 8-bit
greyscale image files, and associated reliability mask (Korsgaard et al.,
2016) were mosaiced based on their collection years (1978, 1981, 1985
and 1987; Fig. 1). AeroDEM elevation mosaics were resampled from 25
m to 30 m using a bilinear interpolation deemed most appropriate due to
the relatively small change in resolution, relatively consistent and low
slope angles on glacier surfaces at this resolution, and a lack of topo-
graphic complexity on glacier surfaces (Smith et al., 2004; Nuth and
Kaab, 2011; Shi et al., 2014; Seehaus et al., 2020; McNabb et al., 2019a).

The ArcticDEM 2 m mosaic (Porter et al., 2023) is constructed from
pairs of submeter resolution Maxar, WorldView and GeoEye images
acquired between 2007 and 2022. ArcticDEM data is generated by
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applying stereo auto-correlation techniques to overlapping pairs of high-
resolution optical satellite images using the Surface Extraction from TIN-
based Searchspace Minimization (SETSM) software (Noh and Howat,
2015). When corrected to ICEsat elevations the ArcticDEM has a vertical
accuracy of ~0.1 m (Candela et al., 2017; Shiggins et al., 2023). In this
study the ArcticDEM was re-sampled to 30 m using a bilinear interpo-
lation (Seehaus et al., 2020).

Curious to try and detect changes within our ~40 year time period,
we also processed and analysed the GIMP (Howat et al., 2015) DEM (v1,
30 m horizontal resolution). However, despite erroneous values having
been filtered and filled (Xing et al., 2020), and whilst nominally per-
taining to 2006, the GIMP DEM has an unspecified time range of images
used in its construction. It also retains low accuracy. We therefore focus
our results herein on changes between AeroDEM and ArcticDEM (1978
to 2015), and only cautiously consider the sub-periods of AeroDEM to
GIMP and for GIMP to ArcticDEM, whilst remaining mindful of the
higher uncertainties for these time periods.

All DEMs were projected to EPSG:5938 (WGS 84 / EPSG Greenland
Polar Stereographic) and then clipped to the footprints dictated by the
AeroDEM times of capture for co-registration. DEMs were coregistered
per AeroDEM year area (Fig. 1) using the Nuth and Kaab (2011) method
implemented in DEMcoreg (Shean et al., 2016; Beyer et al., 2018). Both
the AeroDEM and GIMP DEMs were coregistered to ArcticDEM using a
glacier mask derived from RGI v6.0 (RGI Consortium, 2017) to only
consider non-glacier surfaces within the co-registration algorithms. Co-
registering to the ArcticDEM maintains consistency of application and
reduces the propagation of imprecision and inaccuracy which may be
imparted by sequential co-registration. Results of co-registration are
presented in our Supplementary Information.

2.2. Glacier outlines

Whilst we co-registered entire landscape-wide DEMs, the elevation
change analysis herein only pertains to glacier surfaces. We used the RGI
v6.0 outlines (RGI Consortium, 2017) which for the majority of GICs
represent GIC extent in ~2001 as based on the inventory of Rastner et al.
(2012), but north of ~81 ° N are based on Howat et al. (2014). Glaciers
with a connectedness >1 (weak connection) were excluded from our

Terminus  Behaviour  Surface cover
M Lake M Surge M Debris

B Marine non-surge [ Clean

M Land

y

NW/%E\ ’ 14

__40° W

v 2' 26
/0’/ B cics
73 / AeroDEM 2 14
N imagery year v
N |
(¥ s SE & L/\

/ [ 11981 ‘\\ /::'
/ [1198s s 0
[ 1987

Fig. 1. Location of peripheral glaciers and ice caps across Greenland and AeroDEM data coverage by year. Pie charts indicate percentage of glaciers within each
region categorised by terminus, behaviour and surface type. Yellow extent box in south west Greenland shows location of Fig. 2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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analysis, and any glaciers with a ‘form’ attribute value of 2 ‘perennial
snowfield” or 3 ‘seasonal snowfield” were also excluded from our
analysis.

2.3. Glacier ablation area delineation

The low-contrast of snow-covered higher-elevation parts of the
landscape necessitated widespread interpolation for the AeroDEM. For
glaciers, this means that accumulation areas frequently contain large
artefacts in the AeroDEM and steep elevation irregularities are common.
However, the distinct contrast between bare ice, snow and surrounding
ice free areas means that lower-elevation parts; glacier ablation areas,
are well-resolved and largely free of these artefacts. Therefore, in this
study we only analysed elevation changes within glacier ablation areas.

Ablation areas were defined by intersecting a glacier-specific equi-
librium line altitude (ELA) with a glacier outline. Glacier-specific ELAs
were defined using an automated Area Altitude Balance Ratio tool
(Pellitero et al., 2015) as modified and developed to produce ablation
areas automatically for thousands of glaciers in several world regions
(Carrivick et al., 2019, 2020a, 2022a, 2022b, 2023; Lee et al., 2021). In
this study we used a balance ratio of 2.24 as suggested to be represen-
tative for high latitude glaciers (Rea, 2009) but we note that value is
based only a very small sample of glaciers. The few Greenland GICs with
direct measurements of mass balance (Machguth et al., 2016) have a
wide range of BR values, but our sensitivity testing shows that our mass
balance estimates are only weakly sensitive to our choice of BR value
(Table SI.1). Nonetheless, acknowledging this uncertainty in glacier-
specific ELAs, we only report our results for large spatial aggregations
of glaciers rather than for individual GICs.

2.4. Elevation change grids

We used the reliability mask of the AeroDEM to mitigate artefacts
remaining within ablation areas. Although Korsgaard et al. (2016)
recommend retaining areas with reliability values > 40, that recom-
mendation was based on calculations across the whole landscape(s) and
the worst areas of the AeroDEM vertical accuracy relate to poor
photogrammetric elevation extraction over steep terrain (shadow ef-
fects) and glacier accumulation areas (poor contrast across snow ef-
fects). Our interrogation of the AeroDEM reliability mask within GIC
ablation areas showed reliability values only between 22 and 39 and
therefore we retained cells with reliability values >22. Glaciers north of
82.6° N and on small east coast islands were removed from our analysis
due to the poor quality of the GIMP DEM in these regions, caused by the
poor quality of Landsat imagery above this latitude.

Elevation change gridswere filtered to only retain those cells within 3
standard deviations of the local (per ablation area) mean. That filter
preserved 99.7% of data per AeroDEM timescale region and using an
empirical three-sigma rule is similar to the filtering applied by Huber
et al. (2020). This process was iterated until the mean and standard
deviation of the elevation change grids were below 0.01 m, usually on
the fourth iteration.

2.5. Void filling

Voids in the elevation change grids introduced by the reliability
masking and recursive three-sigma rule filtering were filled using
interpolation (c.f. Huber et al., 2020, Seehaus et al., 2020, McNabb
et al., 2017, 2019b). Specifically, a two-part approach (c.f. von Albedyll
et al., 2018; Magntsson et al., 2016) was applied. Firstly, small single-
pixel voids were replaced by calculating the average of surrounding
cells (in eight directions) and applying a plane-fitting algorithm. For
larger voids >1 pixel an inverse distance weighted algorithm was
applied. Just <3% of ablation areas whose voids exceeded 50% of the
total ablation area were completely removed from analysis.
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2.6. Final filtering and groupings of glaciers

Of the total 17,334 Greenland GICs (RGI v6.0) we excluded all those
<1 km? due to their ablation areas having an average area less than
three cells (0.0027 km?) in area. This final filter reduced the number of
glaciers to 6149 or < 36%, with the total glacier area reduced to 83,312
km? but retaining >96% and 99% of the whole glacier, or of ablation
areas, respectively.

We also mitigated any localised DEM errors and hence glacier-
specific uncertainties by aggregating our results onto a 500 km? tessel-
lation grid Greenland-wide, by region and by glacier type. Following Lee
et al. (2021) we consider six mutually-exclusive groupings of glacier
type by terminus (lake, marine, and land) and surface (clean and debris),
which for Greenland GICs are: i) lake-clean (n = 169, 2.7%), ii) lake-
debris (n = 61, 1%), iii) marine-clean (n = 153, 2.5%), iv) marine-
debris (n = 42, 0.7%), v) land-clean (n = 4761, 77.4%), and vi) land-
debris (963, 15.7%) (Fig. 1). Debris cover was taken from Herreid and
Pellicciotti (2020), terminus type was determined from intersecting
glacier outlines with lakes and the coastline and surge status was
determined from Lovell et al. (2023).

2.7. Conversion of elevation change grids to volume and calculation of
mass and mass balance

Void-filled elevation change grids were converted to volume change
(AV, m®) by summing all elevation change cells (Ah, m?) and multiplying
by the cell size for each glacier ablation area. Volume change was
converted to mass change (kg®) using an ice density of 850 kg m~>
(Huss, 2013).

In order to mitigate erroneous and ultra-low confidence data that is
widespread within glacier accumulation areas, to compare our datasets
that span different times, and to enable comparison with other published
studies, we estimate glacier mass balance by assuming no volume
change above the ELA; i.e. by dividing our volume change in ablation
areas by glacier area. This mass balance estimate is not necessarily a
minimum because if for a given glacier the accumulation area were to be
included and thus slightly more volume loss was computed that would
be off-set by the much larger glacier extent (including accumulation
area). Therefore, we compare our results of the time period 1978 to 2015
to the more recent annual rates of change reported by Hugonnet et al.
(2021) by clipping their dh/dt grids to our ablation areas.

2.8. Error and uncertainty

Analysing geodetic changes only within glacier ablation areas via the
use of an automated AABR tool enables us to make Greenland-wide
inter-regional comparisons with large numbers of glaciers. However,
this approach does also mean that for individual glaciers some small
parts of an accumulation area (in addition to the ablation area) could be
included, whilst for other glaciers the full ablation area might not be
included in our elevation change analysis (Fig. SI.1). These under- and
over-estimations will cancel out as we aggregate our results for large
groups of glaciers only. Additionally, whilst down-wasting probably
dominates the mass loss geometric signal over terminus recession, it can
be expected that glaciers have become smaller during our study period,
and so using a fixed (RGI_v6 outline) geometry for our elevation change
analysis will probably slightly underestimate mass loss. Therefore, we
present our results as the median of large groups of glaciers. Therefore
the spatial patterns and temporal trends that we identify are robust,
whilst our quantification of mass balance is most likely a minimum
estimate.

Random and systematic error and uncertainty in our calculated
elevation changes are introduced in three forms: i) error within the static
DEMs introduced during acquisition (i.e. shadow, clouds, sensor insta-
bility, poor ground illumination conditions) and preparation (georefer-
encing inaccuracy and pre-processing such as void filling and
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interpolation); ii) processing errors introduced by imperfect alignment
during co-registration and resampling from native to lower resolutions;
and iii) temporal uncertainty due to imprecise dates; the GIMP and
ArcticDEM DEMs and mosaics of images collected over a time span. We
calculated the random and systematic uncertainty in our surface
elevation measurement with the Normalized Median Absolute Deviation
(NMAD), standard deviation, and mean of elevation changes over off-ice
surfaces considered to be static over the study period (Table SI.2). Whilst
the GIMP DEM is the poorest quality dataset (Table SI.2), it was also
constructed from images gathered across an unspecified time span, and
so those attributes produce a relatively very high uncertainty when
using it in calculations of rates of change and so we exclude it from our
mass balance calculations.

To quantify the overall uncertainty associated with our mass balance
calculations 6,y we account for these random and systematic errors in
our elevation change measurements 6, and combine these with tem-
poral uncertainty 6 (from imprecise DEM acquisition dates), area un-
certainty o (from inaccuracies in the glacier outlines), and the density
uncertainty o, associated with the constant standard bulk density esti-
mate used of 850 kg m~>. We combine these four uncertainty metrics
(6ah, Oat Oa, and o) into our mass balance formula as calculated per
difference DEM to then calculate per glacier and regional mass balance
uncertainty. We outline our full uncertainty assessment with equations
in Supplementary Information.

3. Results
3.1. Glacier volume and mass change

Our dH/dt grids (Fig. 2) reveal that Greenland GICs lost at least 276
+ 55 Gt of ice, or 0.76 + 0.15 mm sea level rise equivalent between the
late 1970s and 2015. Overall, all regions of Greenland had negative mass
balance and the Greenland-wide GIC median mass balance from 1978 to
2015 was —0.1 + 0.02 m w.e. yr~ L. GICs on the west of Greenland have
experienced more negative mass balances than those on the east (Fig. 3).

Median mass balance is more negative on both coasts at lower lati-
tudes, with north Greenland having the least negative mass balance
(—0.05 + 0.02 m w.e. yr 1), followed by the north east (—0.08 + 0.02 m
w.e. yr’l), central east (—0.08 + 0.02 m w.e. yr’l) and south east
(—0.13 + 0.03 m w.e. yr ). The south east is the only region in the east
where the GIC mass balance (—0.10 =+ 0.02 m w.e. yr™1) is less than the
Greenland wide average rate. Post-hoc Wilcoxon test results show that
all regions have statistically significant differences in mass balance
except the adjacent north and central east areas.

Mindful of the high uncertainties associated with our sub-periods
due to the GIMP DEM, we show that mass loss has accelerated across
Greenland between the 1980s and 2010s except within the south and
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Fig. 3. Greenland-wide pattern of GIC mass balance varying from 1978 to 87 to
2015 displayed using the median mass balance of tens of glaciers within each
500 km? tessellation cell. Exact dates and hence duration vary spatially as
illustrated in Fig. 1.

central east regions (Figs. SI-2B, SI2C). West Greenland GICs had the
most negative mass balance, and experienced a 2.7 times increase in
mass loss (from —0.10 to —0.27 m w.e. yr’l) in the SW and a 5.6 times
increase (from 0.06 to 0.34 m w.e. yr’l) in the CW (Figs. SI-2B, SI2C).
There was a negligible effect of whether or not we included surge-type
glaciers in our regional volume and mass balance calculations
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Fig. 2. Example of accelerated surface elevation changes for outlet glacier on the north east of the Maniitsoq ice cap, south west Greenland (shown by yellow extent
box in Fig. 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Table SI.3).

3.2. Variations by glacier terminus environment, behaviour and surface
character

Median mass balance from 1978 to 2015 varied by glacier terminus
type and surface character, in order from most negative as: lake-debris
(-0.15 + 0.02 m w.e. yr’l), marine-debris (—0.13 + 0.02 m w.e.
yrY), lake-clean (—0.12 + 0.02 m w.e. yr 1), land-debris (—0.11 +
0.02 m w.e. yr’l), land-clean (—0.09 + 0.02 m w.e. yr’l), and marine-
clean (0.08 + 0.02 m w.e. yr’l) (Fig. 4). Debris covered Greenland GICs
tend to have a more negative mass balance than clean surface glaciers
(Fig. 4). Water-terminating Greenland GICs tend to have a more nega-
tive mass balance than land terminating glaciers (Fig. 4). Glaciers ter-
minating in lakes have the most negative mass balances, more-so than
those terminating in oceans (Fig. 4). Water-terminating glaciers across
Greenland also have more variation (a higher inter-quartile range) in
their mass balance than land-terminating glaciers (Fig. 4).

The groups with the most negative mass balances (where n > 4) are
found in the south east region with three of these groups being water-
terminating and the lowest being debris covered: lake-debris (—0.28
+ 0.03 m w.e. yr’l), marine-debris (—0.25 £+ 0.03 m w.e. yr’l), land-
debris (—0.23 £+ 0.03 m w.e. yr’l), and lake-clean (—0.21 + 0.03 m
w.e. yr~1). The fifth lowest mass balance of any group is for clean lake-
terminating glaciers in south west Greenland (—0.21 + 0.03 m w.e.
yr~1). Taken together, these results evidence that mass balance of
Greenland GICs is controlled by the compounding influences of latitude,
terminus environment and glacier surface character.

4. Discussion
4.1. Mass balance and glacier type

Lake-terminating glaciers have been found to have enhanced ter-
minus recession, ice surface velocity and to more negative mass balance
than their land-terminating counterparts in several ice sheet and alpine
settings (King et al., 2018, 2019; Pronk et al., 2021; Mallalieu et al.,
2021) owing to a series of thermo-mechanical feedbacks and

-
S M ©Om © - ©
O©=-0OaNO N S R oY (O

SO ™ F T O O =N NS NN [~

Global and Planetary Change 239 (2024) 104505

interactions between lakes and glaciers (Carrivick et al., 2020a, 2020b;
Sutherland et al., 2020). The time-scale over which these lake effects on
glaciers persist depends on local topography; the shape and size of the
lake, as well as ice dynamics.

Marine-terminating glaciers have multiple forcings that expedite
calving and mass loss in excess of climate forcing alone (Van As et al.,
2014; Rignot et al., 2015; McMillan et al., 2016). However, we find that
marine-terminating glaciers have amongst the least negative mass bal-
ance of our glacier type groupings (Fig. 4). We consider that this un-
expected finding can be explained by the location of the GICs; 84% of
marine-terminating glaciers are in eastern Greenland where evidence
of increasing glacier mass has been reported Hugonnet et al., 2021;
Sgrensen et al., 2018), and acceleration of mass loss has occurred since
1999 to 2018 (Bollen et al., 2023).

Many glaciers worldwide accrue thick insulating debris cover
sourced from rockfall from steep valley sides and that thick debris in-
sulates underlying ice from melt. However, debris cover on Greenland
GICs is more limited in extent being just 2.4% of total glacier area
(Scherler et al., 2018). Furthermore, we suggest based on satellite im-
ages that debris on Greenland GIC is mostly composed of relatively thin
veneers of aeolian-derived material, cryoconite (Takeuchi et al., 2018),
ogive-bands, surficial glacifluvial sediment, and melt out till (Yde and
Knudsen, 2005), due to a lack of steep valley sides to supply coarse
rockfall material in many areas or due to exceptionally hard bedrock in
others. Such thin debris cover lowers surface albedo and thus explains
the enhanced mass loss that we find on debris-covered Greenland GICs
(Fig. 4). We acknowledge that the debris cover on some glaciers could
have changed during our study period, and that the properties of
supraglacial debris on Greenland GICs are almost unknown, whereas a
few studies have detailed the surface composition of parts of the GrIS
(Boggild et al., 2010; Ryan et al., 2018).

Whilst surge-type glaciers might be expected to have a gain of mass
in ablation areas, we find in this study that surge-type glaciers are
associated with more negative mass balance than non-surge type gla-
ciers. This finding perhaps indicates that these glaciers surged prior to
the first time period of this study (late 1970s to 2006) and therefore have
since experienced rapid mass loss in their ablation zones (Truffer et al.,
2021). For example, of 63 glaciers identified as surge type in central
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western Greenland, only 11 exhibited a surge-type elevation profile
change between 1985 and 2012 (Huber et al., 2020). The reverse pattern
in the south-west region suggests that these surges occurred more
recently.

4.2. Comparison with contemporary mass balance around Greenland

Our GIC mass balance for 1978 to 2015 is slightly less negative than
the longer-term rate calculated since the Little Ice Age (LIA) by Carrivick
et al. (2023), and less negative within all regions than for rates calcu-
lated since the year 2000 (Hugonnet et al., 2021) (Fig. 5). There has
therefore been a net acceleration of mass loss from Greenland GICs not
only since the LIA but most especially since the late 1970s and before
2000 (Table 1, Fig. 5). The most recent rate of Greenland-wide mass loss
(2015 to 2019) seems to be approaching the longer-term mean since the
LIA (Fig. 5), which suggests that mass loss must have been much less
negative, perhaps even positive mass balance for GICs in the 1980s and
1990s (Figs. 3, 4, 5), which is plausible given that the GrIS was more or
less in state of balance during the 1970s (Rignot et al., 2008) and during
the 1990s (Shepherd et al., 2020). However, there is considerable
variability in mass loss rates through time across Greenland; GIC mass
balance has become progressively less negative in the south east, central
east, and north east regions since the year 2000, whereas since the 1980s
it has become progressively more negative in the western regions
(Fig. 5).

Our findings of an east-west asynchrony across Greenland in GIC
mass loss support those of other remote-sensing-based studies but we
consider a longer time-frame and reveal greater complexity by region
and by glacier type than before. The few direct field measurements of
glacier mass balance also show differences between glaciers on the west
and east of Greenland (Machguth et al., 2016). These glacier responses
are linked to temperature-precipitation trends, which are often opposite
between west and east Greenland (Box, 2002). Bjgrk et al. (2018) sug-
gest that the west-east disparity could become more marked with North
Atlantic Oscillation (NAO) becomes more positive with ongoing climate
change.

It is also apparent that glacier mass balance is generally less negative
when longer time periods of study are considered (Table 1). For
example, our 37-year study period has a net geodetic mass balance of
0.3 m w.e yr~! for ablation areas, which is less negative than the mass
balance calculated from studies focussing on shorter and more recent
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Table 1

Comparison of GIC mass balance across Greenland by time period, calculated
from mass losses reported by a number of modelling, geodetic and gravimetric
studies (and accommodating different glacier areas analysed between studies).

Time Duration Mass Balance Method Study

period (years) (m w.e. yr 1)

19;)(())1;0 115 —0.06 + 0.02 modelled Carrivick et al. (2023)

195810 59 0144019  modelled  Noél et al. (2017)
1996

1978 to . This study ablation
2016 37 —0.30 &+ 0.02 geodetic areas

2003 to . g )
2008 5 —0.31 +£0.13 geodetic Bolch et al. (2013)

2003 to 6 —-0.43 +0.13 gravimetric Colgan et al. (2015)
2009

2000 to . Hugonnet et al.
2020 20 —0.40 + 0.07 geodetic (2021)

2003 to ) )
2009 6 —0.42 £+ 0.08 geodetic Gardner et al. (2013)

1997 to 18 —0.44 +0.19 modelled Noél et al. (2017)
2015

1985 to . Huber et al. (2020)
2012 27 —0.45 + 1.59 geodetic (extrapolated)

20;)061:) 10 —-0.63 + 0.21 geodetic Zemp et al. (2019)

time periods (Table 1). The least negative rate is that reported by Noél
et al. (2017); —0.14 m w.e. yr ! for the 39 year time period 1958 to
1997. Contrastingly, they report —0.44 m w.e. yr~! for the 18 year time
period of 1997 to 2015, which is almost as negative as the extrapolation
of Huber et al. (2020) and the geodetic calculation of Zemp et al., 2019
for the 10 year time period 2006 to 2016 (Table 1).

Our results should assist with refinement of global glacier evolution
models (Marzeion et al., 2012; Huss and Hock, 2015; Rounce et al.,
2023), which rely on calibration during a baseline time period before
projecting into the future. The Greenland population of glaciers pose
problems for numerical models due to data gaps and relatively wide-
spread model failure (e.g. 20% of total glacier surface area; c.f. table 2 of
Marzeion et al., 2012) leading to likely bias, or systematic error and
hence relatively high uncertainty in model results across this region
Marzeion et al., 2020).
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Fig. 5. Comparison between our estimates of GIC mass balance between 1878 and 2015 and Greenland-wide and per region rates that have been reconstructed for
since the Little Ice Age termination (year 1900) by Carrivick et al. (2023) and for four time periods since 2000 by Hugonnet et al. (2021). The dots represent median

values, and the coloured bars represent the uncertainty range.
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4.3. Summary and conclusions

We present the first Greenland-wide surface elevation changes of
GICs at 30 m resolution from the late 1970s and 2015. We include all
6149 glaciers larger than 1 km?, accounting for >96% of Greenland GICs
and 99% of all GIC area. Our analysis is restricted to glacier ablation
areas, which enables us to maintain high accuracy in our elevation
change datasets, but necessitates us to assume no mass loss above the
altitude of our estimated equilibrium lines.

Overall, we find that Greenland GICs have experienced mass loss in
their ablation areas of at least —8.5 + 1.53 Gt yr_ !, equating to —0.0003
Gt yr~! per km? for the time period 1978 to 2015. Putting together our
1978 to 2015 GIC mass balance, our analysis of Hugonnet et al.’s (2021)
dataset for Greenland, comparison to Carrivick et al.’s (2023) long-term
mass balance since the LIA, and GIC mass balance over recent decades
from the literature (Table 1) in combination evidence an acceleration in
mass loss from Greenland GICs during the late 20th/early 21st century.
However, these Greenland-wide values hide considerable spatio-
temporal heterogeneity.

We quantify that glacier mass balance rates were most negative in
southern Greenland and less negative towards the north up to 2015.
However, the results of Khan et al., 2022 show increasingly negative
mass balance in the north up to 2021. We find that some glaciers in some
regions experienced positive mass balances (Fig. 4). Glaciers in west
Greenland have had significantly more negative mass balances since the
late 1970s than those in the east. Furthermore, glaciers in east
Greenland have had a decelerating mass loss since the year 2000
whereas the mass loss of western glaciers has continued to accelerate
since the 1980s. Therefore, the Greenland-wide signal of mass loss up to
2015 was dominated by glaciers in the east (Fig. 4).

Lake-terminating glaciers and those with debris cover have experi-
enced the most negative mass balance rates compared to those that are
marine- or land-terminating and to those with clean ice surfaces. These
controls of glacier type on mass loss suggest that glacier evolution
models should consider incorporating terminus environment and sur-
face characteristics to refine projections of mass loss and sea level
contributions.

Our quantification of the spatially heterogeneous rates of mass loss
across Greenland should be useful for understanding climate change
across the region, given that GICs are relatively sensitive to climate
change (in comparison to the GrIS), and given that weather station re-
cords and river runoff records across Greenland are extremely sparsely
distributed and do not tend to extend back more than a few decades at
most. Glacier mass loss and consequent meltwater production has im-
plications for proglacial fluvial dynamics, hydrological connectivity and
hence for freshwater, sediment/mineral and nutrient export to the
oceans. On a local scale, these factors affect indigenous communities’
sustainability, economically-important salmon behaviour, and
economically-important hydropower and sand mining, for example.
More widely, meltwater from Greenland GICs will produce freshening of
arctic oceans that could have complex implications for coastal biodi-
versity, and they will remain an important contribution to global sea
level rise.
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