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1. Introduction
Glaciers distinct from the Greenland and Antarctic ice sheet are a major contributor to current sea level rise and 
are projected to remain so until the end of the 21st century (Rounce et al., 2023). Despite the key role glaciers play 
as indicators of climate change, global estimates of glacier mass loss are still limited to a handful of studies and 
methods due to numerous challenges in mapping glaciers and the absence of a long-term dedicated spaceborne 
mission for monitoring global glacier mass change (Ciracì et al., 2020; Gardner et al., 2013; Hock et al., 2019; 
Hugonnet et al., 2021; Slater et al., 2021; Wouters et al., 2019; Zemp et al., 2019). While at the global scale there 
is general agreement between methods, uncertainties remain large and significant differences exist in regional 
estimates and in the temporal evolution of glacier loss (Hock et al., 2019). This stems from limitations inherent 
to the techniques themselves, differences in spatial and temporal coverage and resolution, a relative paucity of 
independent estimates, and a lack of common framework between studies; global monitoring of glaciers and 
developing a consensus estimate therefore remains a challenging task.

The relative impact of atmospheric and oceanic warming on glacier loss is still poorly known. Recent atmos-
pheric forcing has led to decreasing surface mass balance (SMB), mostly driven by an increase in surface melt, 
causing glaciers to thin (Marzeion et al., 2012). Oceanic forcing, a combination of ocean warming and submarine 
plumes from sub-glacial discharge (Rignot et al., 2010), results in increased frontal ablation, as well as increased 
ice discharge causing glaciers to dynamically thin (Cogley et al., 2011). There is still considerable uncertainty 
in understanding the mechanisms by which a particular forcing leads to glacier change, and in how much these 
various mechanisms currently contribute to glacier loss and sea level change (Tepes, Nienow, et  al.,  2021; 
Wouters et al., 2019). While the relative contribution of decreasing SMB and increasing ice discharge to sea 
level change is well known for the Greenland and Antarctic ice sheets (Van Den Broeke et al., 2009), the exact 
partitioning remains largely unknown over glaciers globally. Knowing how ice loss is partitioned between SMB 
and  ice discharge enables process understanding on how glaciers respond to atmospheric and oceanic forcing. 
This knowledge is fundamental for accurate projections of glacier loss under defined climate scenarios as models 

Abstract We generate a high spatial and temporal record of ice loss across glaciers globally for the first 
time from CryoSat-2 swath interferometric radar altimetry. We show that between 2010 and 2020, glaciers 
lost a total of 272 ± 11 Gt yr −1 of ice, equivalent to a loss of 2% of their total volume during the 10-year 
study period. Using a simple parameterization, we demonstrate that during this period, surface mass balance 
anomaly dominated the mass budget, accounting for 89% ± 5% of the total ice loss. Ice discharge anomaly was 
responsible for 11% ± 1% of the total ice loss, and 28% ± 2% of the ice loss when excluding land-terminating 
sectors. Strong discharge anomaly is found over areas of changing oceanic conditions such as in the Barents and 
Kara Seas or in Antarctica, and areas fringed by lakes and fjords in Patagonia.

Plain Language Summary Glaciers outside the two ice sheets are currently the largest contributor 
to sea level rise. Global monitoring of these regions is a challenging task, few estimates exist and significant 
differences remain between these estimates. This study provides the first ever assessment of glacier mass loss 
globally from satellite radar altimetry, showing that glaciers have lost 2% of their volume between 2010 and 
2020. In addition, for the first time, the study gives a global picture of the drivers of this glacier ice loss. The 
findings indicate that globally nearly 90% of all the loss in ice is due to interaction with the atmosphere, and 
that the ocean drives 10% of the loss. However, in regions where the ocean is changing rapidly, such as the 
Barents and Kara Seas or around Antarctica, ocean interaction is responsible for the majority of the ice loss.
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develop the ability to represent the impact of atmospheric forcing on glacier SMB and oceanic forcing on frontal 
ablation (Rounce et al., 2023).

2. Data and Methods
2.1. Time Dependant Glacier Elevation

Over land ice, the use of radar altimetry has traditionally been limited to ice sheets. This changed with the launch 
of CryoSat-2, the first altimetry mission to carry a synthetic aperture radar  interferometer allowing a sharper 
footprint, the ability to precisely locate the position of the ground echo (Wingham et al., 2006), leading to the 
development and application of new algorithms (Gourmelen et  al.,  2018; Gray et  al.,  2013). Here we apply 
swath processing to CryoSat-2 data, which compared with the conventional Point-Of-Closest-Approach tech-
nique, increases the data volume and improves spatial as well as temporal coverage (Foresta et al., 2016, 2018; 
Gourmelen et al., 2018; Gray et al., 2013; Hawley et al., 2009; Jakob et al., 2021). We process level 1b, baseline D 
data from August 2010 to August 2020 following the approach of Gourmelen et al. (2018) (Text S1.1 in Support-
ing Information S1).

2.2. Rates of Elevation Change

Over all regions with the exception of Alaska and High Mountain Asia (HMA), we generate surface elevation 
changes by aggregating elevation measurements z into 500 m pixels and apply a weighted (Jakob et al., 2021) 
plane fit approach (McMillan et al., 2014),

𝑧𝑧(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑐𝑐0𝑥𝑥 + 𝑐𝑐1𝑥𝑥 +
Δℎ

Δ𝑥𝑥
𝑥𝑥 + 𝑐𝑐2𝑥 (1)

where x, y, t are easting, northing and time, respectively. The time-dependent coefficient Δh/Δt, is the linear rate 
of surface elevation change for each pixel. Over Alaska and HMA, given that data volume and coverage is lower, 
we apply a slightly adapted approach (Text S1.1 in Supporting Information S1).

2.3. Monthly and Annual Elevation and Mass Changes

In addition to linear changes, CryoSat-2's orbital sub-cycle of 30 days allows us to resolve changes at relatively 
high temporal resolution. Monthly elevation time-series are generated at Randolph Glacier Inventory (RGI) 
region and sub-region levels using a 90-day moving window. Annual changes are generated based on the monthly 
time series from October to September for regions in the Northern Hemisphere, from April to March for the 
Southern Hemisphere and from January to December for the global time series.

2.4. Missing Regions

Small glacier regions which are particularly challenging to capture with radar altimetry, including Western 
Canada and USA, Scandinavia, North Asia, Central Europe, Caucasus and Middle East, Low Latitudes and New 
Zealand are excluded from this analysis. They cover 3.8% of the total glacier area (RGI Consortium, 2017) and 
are estimated to contribute ∼5% to global mass loss of glaciers (Hugonnet et al., 2021). Our global assessment 
therefore applies a loss of 18.0 ± 4.0 Gt yr −1 to regions not measured in this study based on estimates by Hugonnet 
et al. (2021) over the time span of 2010–2019, which matches up closely with the time period of this study.

2.5. Conversion to Volume, Mass Change, and Sea Level Contribution

We calculate volume changes using a fixed glacier area from the RGI 6.0 (RGI Consortium, 2017). As with most 
existing geodetic mass balance studies, we are using a fixed glacier area as defined by the RGI 6.0. We assume 
a standard bulk density of ρ = 850 kg m −3 to convert volume changes to equivalent mass changes (Huss, 2013). 
Note that this assumption is considered appropriate for a wide range of conditions and longer-term trends, 
however, it can differ significantly for shorter term periods (Huss, 2013), which we incorporate in our uncertain-
ties (Supplementary Text S1.3 in Supporting Information S1). To calculate the sea level equivalent we assume 
that all measured mass loss contributes to sea level change, and assume an area of the ocean of 3.625 × 10 8 km 2 
(Cogley, 2012).
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2.6. Partitioning SMB and Glacier Dynamics

Over marine terminating glaciers thinning can be defined as the combination of SMB and ice discharge departing 
from a state of balance. Disentangling the two contributions is challenging but important for mass budget and 
for process understanding. Over ice sheets, mass balance partitioning is usually carried out by comparing ice 
discharge calculated using ice velocity and ice thickness at flux gates, with SMB from regional climate models, 
or carried out by subtracting a SMB signal from a measurement of total mass balance obtained from either Grav-
ity Recovery and Climate Experiment (GRACE) or geodetic methods. Both approaches require a time-period 
sufficiently long to include a period considered in balance (McMillan et al., 2016; Van Den Broeke et al., 2009). 
These observations, however, are not available with sufficient temporal coverage and accuracy over glaciers glob-
ally, hence such partitioning has only been performed over the Greenland and Antarctic ice sheet. Here we apply 
a variation of the approach consisting in differentiating SMB from geodetic mass balance. We define anomaly 
(SMBa, Da) as the departure from the values of SMB and discharge (D) for a glacier in balance displaying no 
change in surface elevation. Such “balance”, or steady state, SMB is also sometimes referred to as climatological 
mean (McMillan et al., 2016). Over land-terminating sectors, glacier thinning is related to SMBa alone, while 
over marine-terminating sectors, glacier thinning can be related to both surface processes (SMBa) and dynamic 
thinning related to Da.

Over marine-terminating sectors in a steady state:

SMB > 0; 𝐷𝐷 𝐷 0; SMB +𝐷𝐷 =
∆ℎ

∆𝑡𝑡
= 0 (2)

Over marine-terminating sectors in a state of imbalance:

SMB + SMB𝑎𝑎 +𝐷𝐷 +𝐷𝐷𝑎𝑎 = SMB𝑎𝑎 +𝐷𝐷𝑎𝑎 =
∆ℎ

∆𝑡𝑡
≠ 0 (3)

In our partitioning we seek to estimate regional SMBa and Da. Note that we only consider change in ice discharge 
and not mass change from frontal variation, as geodetic methods are not able to resolve sub-aqueous mass loss 
associated with frontal migration. Our estimates therefore are relevant to mass loss impacting sea level change 
(Berthier et al., 2023).

To derive mass balance partitioning we expand on the approach first introduced in Tepes, Gourmelen, et al. (2021). 
The core idea is to derive SMBa over marine terminating glaciers by applying hypsometric averaging determined 
over land-terminating glaciers only. We first determine the regional height and geographical gradients of eleva-
tion change by solving for the six parameters coefficients a0, a1, … a5 (cf. Equation 4) over land-terminating 
basins as defined by the RGI 6.0 (RGI Consortium, 2017), for each of the RGI regions (see Table S1 in Support-
ing Information S1 for coefficients):

∆ℎ

∆𝑡𝑡
= 𝑎𝑎0𝑧𝑧

3 + 𝑎𝑎1𝑧𝑧
2 + 𝑎𝑎2𝑧𝑧 + 𝑎𝑎3𝑥𝑥 + 𝑎𝑎4𝑦𝑦 + 𝑎𝑎5, (4)

While hypsometry is the first order control on SMBa, we find some correlation with geographical gradients hence 
the addition of the terms (x, y) (Table S1 in Supporting Information S1). At the regional level, this parametriza-
tion reproduces most of the observed change in elevation over land-terminating glaciers (Figure S1 in Supporting 
Information S1).

We then apply Equation 4 over marine-terminating sectors to estimate the region-wide SMBa, which by differenti-
ation from the measured mass balance gives us a region-wide Da. A comparison with regional climate models and 
in-situ observations shows that this approach is able to reproduce (a) the expected SMBa over marine-terminating 
glaciers, (b) differences in SMBa between land- and marine-terminating sectors stemming from differences in 
hypsometry and spatial distribution between land and marine terminating glaciers, and (c) ice discharge for 
glaciers with a recorded large dynamical imbalance (Figures S2, S3, and Table S2 in Supporting Information S1).

Note that by using a glacier thinning data set we produce a direct measure of imbalance. Equivalent analysis using 
ice discharge requires knowledge of ice discharge of the glacier while in balance. This is an important considera-
tion, since many marine-terminating glaciers have been in imbalance over several decades.

Further details on method, including uncertainty determination, are given as supplementary information.
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3. Results and Discussion
We estimate a global mean mass loss of 272 ± 11 Gt yr −1 (1-sigma uncertainties) between 2010 and 2020, which 
corresponds to a loss of 2% of global glacier ice volume (Farinotti et al., 2019) during the 10-year study period 
(Figure 1; Table 1). All years observed experienced ice loss, however there is considerable variation in the rates 
of loss from year to year. For example, the years 2011 (385 ± 46 Gt yr −1) and 2019 (340 ± 50 Gt yr −1), both years 
with exceptional arctic summer melt, experienced the largest losses, while 2017 (148 ± 49 Gt yr −1) experienced 
the lowest loss (Figure 1a). Between 2010 and 2020, glaciers have contributed 0.75 ± 0.03 mm yr −1 to sea level 
rise, equivalent to the loss of both ice sheets combined over the same period (Velicogna et al., 2020), and equiv-
alent to about 25% of global sea-level budget (Nerem et al., 2018).

Alaska is the highest contributor to global mass change from glaciers with a mass balance of −83.1 ± 7.6 Gt yr −1, 
which equates to a loss of just over 5% of its total ice volume (Farinotti et al., 2019) during the 10-year study period. 
Both the northern and southern regions of the Canadian Arctic, showed extensive mass losses; 23.3 ± 1.9 Gt yr −1 
in Arctic Canada North (ACN) and 23.4 ± 2.0 Gt yr −1 in Arctic Canada South. We observe a total mass loss of 
23.8 ± 2.0 Gt yr −1 from peripheral glaciers in Greenland with most sectors having experienced mass loss. Tempo-
rally resolved changes also highlight large losses in 2011 (68 ± 5 Gt) and 2012 (66 ± 5 Gt) followed by 6 years of 

Figure 1. Glacier mass changes between August 2010 and August 2020. The regions displayed are Alaska (ALA), Arctic Canada North (ACN), Arctic Canada 
South (ACS), Greenland Periphery (GRL), Iceland (IC), Svalbard (SV), Franz-Josef-Land (FJL), Novaya Zemlya (NZ), Severnaya Zemlya (SZ), High Mountain Asia 
(HMA), Southern Andes (SAN) and Antarctic Periphery (ANT). The size of the circles is proportional to the mass loss, with the thickness of the line representing the 
uncertainty (1-sigma). The inner circle slice (purple shading) displays the proportion of mass loss due to discharge anomaly (Da). The numbers display mass change in 
Gigatonnes per year [Gt yr −1]. Glacier location based on the Randolph Glacier Inventory 6.0 masks are indicated in red. Graph (a) displays total cumulative monthly 
mass changes in Gigatonnes [Gt] (gray line and shading, left y-axis), annual mass change [Gt] (red bars and error bars, right y-axis) and 3-year averages of annual 
mass changes (red dotted line, right y-axis). Graph (b) displays various published global estimates of global mass change and their respective time spans with 1-sigma 
uncertainties. Our estimates for Greenland and Antarctic peripheral glaciers are added to Ciracì et al. (2020) and Wouters et al. (2019), which both do not distinguish 
between peripheral glaciers and ice sheet mass change.
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relatively lower mass loss (Figure 2), a pattern also observed over the Greenland Ice Sheet during the same period 
(The IMBIE Team, 2019). The year 2019 marked a return to high loss (46 ± 5 Gt) coinciding with an exception-
ally high melt year (Sasgen et al., 2020). Icelandic ice caps have experienced a mass loss of 3.5 ± 0.6 Gt yr −1 
between 2010 and 2020 with high interannual variability and lower mass loss in the middle of the decade as previ-
ously noted (Foresta et al., 2016; Hock et al., 2019; Wouters et al., 2019). Thinning in Svalbard is amongst the 
highest observed (Figure S4 in Supporting Information S1), with a specific mass loss of 0.54 ± 0.05 m w.e. yr −1 
(−18.4 ± 1.6 Gt yr −1). Particularly noticeable events are the exceptional melt season in 2013 and the surge of 
Basin-3 over Austfonna initiated in 2012 (Dunse et al., 2015; Lang et al., 2015; McMillan et al., 2014). The 
Russian Arctic has lost 18.4 ± 1.0 Gt yr −1 of ice between 2010 and 2020. The highest mass loss has occurred 
in Novaya Zemlya (NZ) (10.7 ± 0.9 Gt yr −1), followed by Franz-Josef-Land (4.6 ± 0.4 Gt yr −1) and Severnaya 
Zemlya (SZ) (3.0 ± 0.3 Gt yr −1), with large interannual variabilities for all sub-regions. The conditions leading 
to high summer melt in Svalbard in 2013 also appear to impact NZ and Franz-Josef-Land with high rate of ice 
loss. In contrast, SZ appears to be under a different forcing regime, with large mass losses in 2011 and post-2015. 
High Mountain Asia has lost over 4% of its total ice volume during the 10-year study period and is a region that 
exhibits one of the largest mass losses, with 26.4 ± 4.5 Gt yr −1. In the southern hemisphere, the fastest thinning is 
seen in the Southern Andes (SAN), with a specific mass loss of 1.02 ± 0.09 m w.e. yr −1 (29.9 ± 2.6 Gt yr −1), of 
which 90% is occurring on the Patagonian Ice Fields (26.9 ± 2.2 Gt yr −1). For Antarctic peripheral glaciers, and 
despite covering the largest glacier area (RGI Consortium, 2017), mass loss was moderate at 3.5 ± 0.3 Gt yr −1. 
Most of the mass loss was recorded on the Antarctica Peninsula (2.5 ± 0.2 Gt yr −1 on the Western Peninsula; 
0.9 ± 0.1 Gt yr −1 on the North-East Peninsula) and Marie Byrd Land (3.2 ± 0.2 Gt yr −1), and most of the mass 
gain in the Bellingshausen Sea sector (1.6 ± 0.2 Gt yr −1) and the Alexander Island (1.8 ± 0.2 Gt yr −1). Rates of ice 
loss of Antarctic peripheral glaciers show considerable variation during the studied period with relatively lower 
loss between 2014 and 2017 (Figure 2), a pattern that is also observed over the ice sheet (Velicogna et al., 2020).

Table 1 
Regional Breakdown of Global Mass Change Between 2010 and 2020

Region
Area 
[km 2]

Mass change 
[Gt yr −1]

Mass change 
[m w.e. yr −1]

SLE 
2010–2020 

[mm]

Volume 
loss 

2010–2020 
[%]

Area land-
terminating 

[%]
SMBa 

[Gt yr −1] Da [Gt yr −1]

1 Alaska 86,700 −83.1 ± 7.6 −0.96 ± 0.09 2.29 ± 0.21 5.2 67.3 −83.0 ± 7.6 −0.1 ± 0.0

3 Arctic Canada North 105,100 −23.2 ± 1.9 −0.22 ± 0.02 0.64 ± 0.05 1.0 53.3 −23.9 ± 1.9 +0.7 ± 0.1

4 Arctic Canada South 40,900 −23.4 ± 2.0 −0.57 ± 0.05 0.65 ± 0.06 3.2 92.6 −23.6 ± 2.0 +0.2 ± 0.0

5 Greenland periphery 89,700 −23.8 ± 2.0 −0.27 ± 0.02 0.66 ± 0.06 1.8 65.3 −25.9 ± 2.0 +2.1 ± 0.2

6 Iceland 11,100 −3.5 ± 0.3 −0.32 ± 0.03 0.10 ± 0.01 1.1 100.0 −3.5 ± 0.3 –

7 Svalbard 34,000 −18.4 ± 1.6 −0.54 ± 0.05 0.51 ± 0.04 2.9 56.1 −11.4 ± 0.9 −7.0 ± 0.7

8 Russian Arctic 51,600 −18.4 ± 1.0 −0.36 ± 0.02 0.51 ± 0.03 1.5 35.2 −10.5 ± 0.9 −7.9 ± 0.4

8(a) Novaya Zemlya 22,100 −10.7 ± 0.9 −0.49 ± 0.04 0.30 ± 0.03 – 38.1 −9.5 ± 0.8 −1.2 ± 0.1

8(b) Franz-Josef-Land 12,800 −4.6 ± 0.4 −0.36 ± 0.03 0.13 ± 0.01 – 9.7 −1.1 ± 0.1 −3.5 ± 0.3

8(c) Severnaya Zemlya 16,700 −3.0 ± 0.3 −0.18 ± 0.02 0.08 ± 0.01 – 50.9 +0.1 ± 0.3 −3.1 ± 0.3

13–15 High Mountain Asia 97,600 −26.4 ± 4.5 −0.27 ± 0.05 0.73 ± 0.12 4.4 100.0 −26.4 ± 4.5 –

17 Southern Andes 29,400 −29.9 ± 2.6 −1.02 ± 0.09 0.83 ± 0.07 6.6 41.6 −16.6 ± 1.3 −13.3 ± 1.3

19 Antarctic periphery 132,900 −3.5 ± 0.4 −0.03 ± 0.00 0.10 ± 0.01 0.1 1.0 +0.1 ± 2.1 −3.6 ± 0.4

Total (CryoSat-2 measured) 679,000 −253.6 ± 10.1 −0.37 ± 0.01 7.00 ± 0.28 1.9 54.5 −224.7 ± 9.9 −28.9 ± 1.6

Remaining regions (not CryoSat-2 measured) 26,800 −18.0 ± 4.0 −0.67 ± 0.15 0.50 ± 0.11 11.4 100.0 −18.0 ± 4.0 –

Total, excluding Greenland and Antarctic 483,200 −244.3 ± 10.6 −0.51 ± 0.02 6.74 ± 0.30 3.0 69.8 −216.9 ± 10.2 −27.4 ± 1.6

Global 705,800 −271.6 ± 10.8 −0.39 ± 0.02 7.49 ± 0.30 2.0 56.3 −242.7 ± 10.1 −28.9 ± 1.5

Note. We display mass change [Gt yr −1], specific mass balance [m w.e. yr −1], sea level equivalent (SLE) [mm per decade], proportion of land-terminating sectors and 
partitioning between Surface Mass Balance anomaly (SMBa) and discharge anomaly (Da) of the mass imbalance. Ice volume loss percentages are calculated using the 
regional glacier volume by Farinotti et al. (2019). Regions not measured by swath data include Western Canada and USA, Scandinavia, North Asia, Central Europe, 
Caucasus and Middle East, Low Latitudes and New Zealand, and are provided using the results of Hugonnet et al. (2021) over the time span 2010 to 2019.
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3.1. Comparison With Other Mass Balance Estimates

While there is some degree of variability in the various global estimates reflecting differences in study time-span, 
potential measurement error and biases (Figure 1b), our global estimate is consistent with other global studies 
(Ciracì et al., 2020; Gardner et al., 2013; Hugonnet et al., 2021; Wouters et al., 2019; Zemp et al., 2019). Compar-
isons at the regional scale is also generally consistent with earlier studies but with some notable differences 
(Ciracì et al., 2020; Hugonnet et al., 2021; Wouters et al., 2019) (Figure S5 in Supporting Information S1).

The spatial and temporal overlap with two direct measures of time-dependent mass changes by GRACE (Ciracì 
et al., 2020; Wouters et al., 2019) allows an assessment of the impact of measurement uncertainties and constant 
density assumption on our short term mass balance estimates. The latter is a somewhat simplified but needed 
assumption given the lack of auxiliary information over glaciers, ignoring variabilities in density over shorter 
time periods (Huss, 2013). We generally find a strong correlation between our annual, 3-year, and 6-year mass 
change assessment and the two GRACE studies with no significant bias (Figures S6, S7, S8, and S9 in Supporting 
Information S1). We also find that the differences between our study and the GRACE studies are of a similar 
magnitude as the differences between the two GRACE studies, indicating that at regional scale, the choice in the 
processing steps for GRACE can lead to differences of similar magnitudes as those stemming from differences 
between geodetic and gravimetry-based methods.

A closer look at interannual variability shows a good agreement in both timing and amplitude with GRACE 
time-series, with well documented events such as the relatively low mass change in Alaska between 2010 and 

Figure 2. Time-dependent glacier mass changes for each Randolph Glacier Inventory glacier region. The gray line (left axis) displays cumulative monthly mass change 
in Gigatonnes [Gt] with confidence interval. The bars (right axis) display annual mass change in Gigatonnes [Gt] with error bars (1-sigma), with the blue shading 
representing mass gain and the red shading representing mass loss. The dotted bars are 3-year averages of annual mass changes.
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2013, or in Iceland between 2013 and 2015 due to recent large winter accumulation (Foresta et al., 2016), the 
rapid mass loss associated with the 2012 Basin-3 surge and the 2013 summer melt in Svalbard, or the exceptional 
2013 and 2016 summer melt in NZ (Ciracì et al., 2018) (Figures S7 and S8 in Supporting Information S1). A more 
recent estimate using high-resolution digital elevation model (DEM) differencing (Hugonnet et al., 2021) appears 
less sensitive to interannual variability, producing notable differences in the Arctic and in the Antarctic Periphery 
regions as seen in the cumulative mass loss time series (Figures S7 and S8 in Supporting Information S1). As 
described in Hugonnet et al. (2021), interannual variability is not captured by the related method because of the 
relatively lower temporal coverage of the DEM differencing study with an average of 39 observations between 
the period of 2000 and 2019. A spatial comparison in Iceland with Hugonnet et al. (2021) over a matching time 
period displays elevation change differences around the ice cap margins, where our coverage is usually lower 
and where interpolation is needed, showing the superior ability of high-resolution DEMs to resolve these local 
rates of change (Figure S10 in Supporting Information S1). However, differences at the ice cap margin cover a 
relatively small area, hence the impact of the elevation change differences on the total volume change is relatively 
low, indeed, most of the volume change difference is found between around 1,000 and 1,500 m elevation. Similar 
observations are made over for example, NZ or ACN (Figure S10 in Supporting Information S1) although varying 
signs of the differences are found. We note that both the amplitude and the signs of the differences correlate with 
the rapid mass change events highlighted by both, CryoSat-2 and GRACE. For example, CryoSat-2 shows lower 
spatial rates of change relative to Hugonnet et al. (2021) in Iceland during the period when higher accumulation 
occurs, but higher spatial rates of change in NZ during the period when higher surface melt occurs. Although 
we cannot rule out sources of uncertainty in both data sets, it suggests that a substantial proportion of the spatial 
differences between this study and the DEM differencing study are related to the relatively lower sensitivity of 
the DEM differencing study to short-term mass change variability.

Despite broad agreement within uncertainty, the spatial and temporal comparison of mass balance estimates reveals 
differences between studies using different sensors and techniques, and even between studies relying on a similar 
sensor. A community-based, multi-sensor comparison and synthesis exercise (The IMBIE Team, 2018, 2019) 
would provide an opportunity to understand these differences better and reduce sources of uncertainty in global 
glacier change. Such a study would also improve process understanding by exploiting differences between meth-
ods related to real geophysical processes.

3.2. Glacier Surface Mass Balance and Ice Discharge

Land-terminating glaciers account for 56% of glacier area and for 65% of the global glaciers mass loss, while 
marine terminating glaciers account for 35% of global glacier mass loss with contribution from both, enhanced 
ice discharged and decreasing SMB. By partitioning mass loss we find that globally atmospheric forcing is the 
dominant process leading to glacier loss, with SMBa accounting for 89% ± 5% of glaciers volume loss, whilst 
discharge anomaly accounts for 11% ± 1% (Figure 1). When excluding land-terminating sectors, Da accounts for 
a significant portion of volume loss (28% ± 2%) (Table S3 in Supporting Information S1), comparable to that 
observed over the Greenland Ice Sheet (Mouginot et al., 2019). There is however considerable variation between 
regions and when accounting for the relative frequency of marine-terminating and land-terminating glaciers. 
Overall, mass loss in Alaska, Arctic Canada, and Greenland periphery is largely due to surface processes during 
the study time period. This is consistent with recent findings showing that glacier discharge has been relatively 
stable, or decreased slightly, over the last 2 decades (Kochtitzky et al., 2022). This is in contrast to the Barents and 
Kara sea regions fringing Svalbard and the Russian arctic. On SZ, mass imbalance is entirely driven by Da, while 
Da accounts for 77% ± 9% and 38% ± 5% of total loss for Franz-Josef-Land and Svalbard respectively. When only 
considering Svalbard's marine-terminating sectors, more than half of the loss is of dynamic origin owing to recent 
speedup of several marine-terminating glaciers (McMillan et al., 2014; Strozzi et al., 2017). In the nearby NZ, 
Da is more moderate, accounting for 11% ± 1% of imbalance, 18% ± 2% if only considering marine-terminating 
sectors. We note that for some of these dynamically active sectors, increase in ice discharge can be associated 
with frontal advance, hence geodetic mass balance reflects sea level contribution while actual glacier mass loss 
may be less. Dynamic thinning from glaciers on the Patagonian Ice fields such as Jorge Montt, Videma, Upsala, 
Grey, and Tyndall are a large contributor to mass loss, whilst we observe mass gain for the Pio Xi glacier. 
Overall Da accounts for a significant proportion of volume loss in the SAN, 45% ± 6% if all glaciers are consid-
ered and 61% ± 8% when excluding land-terminating sectors. Specifically, Da is equal to −3.1 ± 0.3 Gt yr −1 
in marine-terminating sectors and to −10.2 ± 0.9 Gt yr −1 in lake-terminating sectors (Table S4 in Supporting 
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Information S1). Finally, over Antarctic peripheral glaciers Da appears to be the sole cause of ice loss as the 
SMB is generally near-balance. This observation is consistent with observations that ice sheet wide SMB trend 
has been generally constant over the last 40 years, where loss is the result of discharge anomalies in several large 
marine sectors (The IMBIE Team, 2018). Whilst we observe ice loss of dynamic origin in marine-terminating 
sectors, shelf-terminating glaciers tend to show little signs of dynamic loss, potentially pointing to the role of 
ice shelf buttressing in modulating the impact of climate on land ice (Table S4 in Supporting Information S1).

These regions of elevated Da are associated with significant shift in oceanic conditions, such as the Atlantification 
of the Barents and Kara sea sector (Tepes, Nienow, et al., 2021), or with the ubiquity of proglacial lakes and fjords 
in Patagonia enhancing mass loss (Sutherland et al., 2020).

4. Conclusions
Here we present a high spatial and temporal resolution data set of global glacier mass imbalance between August 
2010 and August 2020 from CryoSat-2 swath altimetry (Gourmelen et  al.,  2018). We provide spatially and 
temporally resolved monthly, annual, 3- and 10-yearly averaged estimates of mass changes between 2010 and 
2020 for all larger glacier regions defined in the RGI (RGI Consortium, 2017), the missing RGI regions account 
for 3.8% of global glacier area. We then use a novel altimetry-based approach to model change in glacier elevation 
resulting from SMB anomaly and provide the first global estimate of the partition of mass loss between SMB 
anomaly (SMBa) and ice discharge anomaly (Da). We show that SMB is the main source of mass imbalance glob-
ally, but that Da is non negligible and plays a key role in specific regions undergoing change in oceanic conditions, 
or where glaciers terminates in lakes and fjords.

This first global and time-dependent estimate of glacier volume and mass change from radar altimetry, is a new 
independent data set for monitoring glacier change, and is unique in terms of its combination of high spatial and 
temporal sampling, contributing to the expanding toolbox of glacier mass balance measurements. In the future, 
combining these multiple geodetic, gravimetric, and in-situ observations, coupled with growing modeling capa-
bilities, should lead to an increased accuracy in global glacier health assessment, improve understanding of the 
underlying processes linking glacier loss with climate forcings, as well as improve our ability to project future 
glacier change.

One such insight is the prevalence of SMB driven loss overall, but also that Da drives a significant amount of 
glacier loss globally and plays a major role in key sectors. This highlights the importance of ocean thermal forcing 
and increasing ice discharge in current glacier loss and its potential in driving rapid and large future loss as the 
climate warms. This and future improvements in mass balance partitioning should help process understanding 
as well as support the development of current models in representing glacier behavior under atmospheric and 
oceanic forcing, resulting in better and more reliable projections of future glacier freshwater production and sea 
level contribution (Rounce et al., 2023).

Data Availability Statement
Glacier mass changes presented in this work can be accessed at https://doi.org/10.5281/zenodo.7565993 and 
https://doi.org/10.5281/zenodo.7740808. CryoSat-2 swath data are available through the CryoTEMPO EOLIS 
product at https://cryotempo-eolis.org/product-overview/ (last access: March 2023) and via the cs2eo data 
platform at cs2eo.org (last access: March 2023). Raw CryoSat-2 data are available via the European Space 
Agency at https://earth.esa.int/eogateway/missions/cryosat/data (last access: March 2023). ArcticDEM and 
REMA are available at the Polar Geospatial Center: https://www.pgc.umn.edu/data (last access: March 2023). 
TanDEM-X DEMs are available at the German Space Agency https://download.geoservice.dlr.de/TDM90 
(last access: March 2023). RGI glacier masks and attributes are available at the National Snow and Ice Data 
Center: https://nsidc.org/data/nsidc-0770/versions/6 (last access: March 2023). In-situ glacier mass balance 
are available at the World Glacier Monitoring Service: https://wgms.ch/data-exploration/ (last access: March 
2023).
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