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1 Introduction

1.1 Overview

This document describes the LEGOS-Magellium mass balance dataset for Arctic glaciers
regions based on satellite gravimetry. The data product has been developed in
collaboration between LEGOS and Magellium within the scope of the hybridation
challenge funded by the CNES (R&T Hybrid Spatial Gravimetry 2022/2023).

The total mass balance is evaluated for five regions of the 6th version of the Randolph
Glacier Inventory (RGI6, RGI Consortium, 2017), namely the Arctic Canada North, Arctic
Canada South, Iceland, Svalbard and Russian Arctic. The total mass balance of Arctic
glaciers is evaluated mainly based on satellite gravimetry measurements. An ensemble
approach updated from Blazquez et al. (2018) is adopted to evaluate uncertainties
associated with the processing and post-processing of GRACE (Gravity Recovery And
Climate Experiment, Tapley et al., 2004) and GRACE-FO (GRACE-Follow On; Landerer et
al., 2020) data. A priori information from DEM differencing (Hugonnet et al., 2021) is used
to reduce leakage errors associated with the mislocation of signal sources. The effect of
land hydrology is estimated for each region, but not corrected in the total mass balance
dataset, because of the small water mass balance values and large errors inherent to
hydrological models. Total mass changes expressed in Gt are estimated from April 2002 to
September 2022 for five RGI regions. The uncertainty on total mass changes are provided
with a confidence interval of 95%. The dataset is provided in the GlaMBIE CSV file format.

1.2 Document structure

The following document is organized as follows:
● Section 2 describes the study area and period,
● Section 3 summarizes the data and methodology,
● Section 4 provides a brief overview of the data content,
● Section 5 describes the format of the data product.
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1.4 Acronyms

Acronym Description

CNES Centre National d’Études Spatiales
CNRM Centre National de Recherches Météorologiques
CSR Center for Space Research
DEM Digital Elevation Model
ECMWF European Centre for Medium-Range Weather Forecasts
ERA-Interim ECMWF Re-Analysis - Interim
EWH Equivalent Water Height
GFZ GeoForschungsZentrum
GIA Glacial Isostatic Adjustment
GlaMBIE Glacier Mass Balance Intercomparison Exercise
GPCC Global Precipitation Climatology Center
GRACE Gravity Recovery And Climate Experiment
GRACE-FO Gravity Recovery And Climate Experiment- Follow On
ID Identification
ITSG Institute of Geodesy at Graz University of Technology
JPL Jet Propulsion Laboratory
LEGOS Laboratoire d’études en géophysique et océanographie spatiales
RGI Randolph Glacier Inventory
ISBA-CTRIP Interaction Soil Biosphere Atmosphere - CNRM version of Total

Runoff Integrating Pathways
TUGRAZ Technische Universität Graz
RMS Root Mean Square
R&T Recherche & Technologie
SLR Satellite Laser Ranging
SURFEX SURFace EXternalisée
TWS Terrestrial Water Storage

Table 1: List of acronyms.
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2 Study area and period

Time series of mass variations are provided for five RGI regions, namely the Arctic
Canada North (RGI ID 3), Arctic Canada South (RGI ID 4), Iceland (RGI ID 6), Svalbard
(RGI ID 7) and Russian Arctic (RGI ID 9) as shown in Figure 1 (surrounded by a red dotted
line). The region outlines, provided by the RGI6 (RGI Consortium, 2017), have been
discretized over a regular 1°x1° grid. The area occupied by glaciers in each grid cell is
estimated after Li et al., (2021). The glacier area in each region is calculated as the sum of
glacier areas for all grid cells constituting the RGI regions. The glacier area in each region
discretized over a regular 1°x1° grid is consistent with the reference RGI 6.0 glacier area
with a difference of less than 1% (Table 2).

All five regions have total surface areas (first column in Table 2) that are sufficiently large
to be consistent with GRACE and GRACE-FO spatial resolution (~ 100 000 km2). We
assume that the contribution of land hydrology is negligible with respect to the ice mass
changes. As a consequence, even if glaciers occupy only a fraction of the total region area
(third column in Table 2 after Li et al., 2021), the total mass changes over the full region
area can be attributed to ice mass changes from glaciers. We explore the validity of this
assumption in the section 4.2 Hydrological contribution. The contribution of hydrology is
expected to be small with respect to glacier mass changes for Arctic islands, which is the
main reason to limitate our study to these 5 regions.

Ice mass changes are provided for five RGI6 regions with an irregular time sampling from
April 2002 to September 2022, corresponding to the GRACE and GRACE-FO era. The
GRACE and GRACE-FO data are typically provided at a monthly time scale. However,
several data gaps occur due to satellite operations (i.e. shorter than 4 months) and the
time span (12 months) between the end of the GRACE mission (June 2017) and the
beginning of the GRACE-FO mission (June 2018). Mass variations are estimated as the
difference between two consecutive sampled months. As a consequence, there is no data
gap in the dataset, but the time sampling is irregular.
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Figure 1: Linear trends in surface mass anomalies calculated over April 2002- September 2022 based
on GRACE and GRACE-FO measurements. The boundaries of RGI6 regions are shown in red.
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Region
Region

area (km²)
Glacier area

(km²)

Percentage
of glacier
area per

region (%)

RGI6
reference

glacier area
(km²)

Difference in
glacier area

(km²)

Relative
difference in
glacier area

(%)

Arctic Canada North 408 200 104 439 25.5 105 128 689 0.65

Arctic Canada South 324 914 40 673 12.5 40 888 215 0.52

Iceland 111 251 11 013 9.9 11 060 47 0.42

Svalbard 144 157 33 748 23.4 33 958 210 0.62

Russian Arctic 257 018 51 276 19.9 51 591 315 0.61

Table 2: Surface areas of the five RGI6 regions considered in the present study. The glacier area in
each region is taken after Li et al., 2021. The reference glacier area in each region is taken after the
6th RGI (RGI Consortium, 2017).

3 Data and Methods

3.1 Overview

This section describes the methodology to compute the ice mass variations for the five
selected RGI regions (Arctic Canada North, Arctic Canada South, Iceland, Svalbard,
Russian Arctic) from satellite gravimetry measurements.

Section 3.2 describes the data and methodology used to estimate globally gridded surface
mass anomalies, expressed as equivalent water heights (m), at a monthly time scale. An
ensemble approach is adopted to robustly estimate the uncertainties associated with the
processing and post-processing of satellite gravimetry data (Blazquez et al., 2018). An a
priori based on DEM differencing data (Hugonnet et al., 2021) is used to reduce leakage
errors and improve the accuracy of glacier mass balance estimates. An ensemble of 120
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global monthly grids of surface mass anomalies is generated and expressed as equivalent
water heights on a regular 1°x1° grid on the WGS84 ellipsoid.

Section 3.3 describes the calculation of the regional mass balance for the 5 selected RGI
regions (Arctic Canada North, Arctic Canada South, Iceland, Svalbard, Russian Arctic).
For each of the 120 solutions of the ensemble, we calculate the total mass changes over
each RGI region. The final estimate of the glacier mass balance is calculated as the
ensemble mean of the 120 solutions for each region, with an uncertainty provided at 95%
confidence interval based on the statistical distribution of the ensemble.

3.2 Global grids of surface mass anomalies

Gridded surface mass anomalies, expressed as equivalent water heights (m), have been
estimated at global scale from April 2002 to September 2022 at a monthly temporal
resolution and with a grid spacing of 1 degree using an ensemble of GRACE and
GRACE-FO solutions. The GRACE and GRACE-FO ensemble is constituted of 120
solutions, allowing the estimation of uncertainties associated with different processing
strategies and geophysical corrections needed for cryosphere applications.

The ensemble is based on the Earth’s gravitational potential estimated by five different
centers, expressed in Stokes coefficients (i.e. in the spherical harmonic basis) up to
degree 96, including the JPL (RL06, GRACE-FO, 2019a; Yuan, 2019), CSR (RL06,
GRACE-FO, 2019b; Yuan, 2019), GFZ (RL06, Dahle et al., 2018), ITSG (GRACE2018,
Mayer-Gürr et al., 2018), and CNES-GRGS (RL05, Lemoine and Bourgogne, 2020).
However, such coefficients are affected by several sources of errors and limitations that
need to be corrected in several post-processing steps.

● The GRACE and GRACE-FO satellites orbit around the center of mass, therefore
are not sensitive to the geocenter motion, and cannot be used to evaluate the
Stokes coefficients of degree 1. Two different models are used here to evaluate the
geocenter motion (i.e. monthly values of the degree 1 coefficients by Sun et al.,
2016 and Lemoine and Reinquin, 2017).

● The GRACE and GRACE-FO measurements are poorly sensitive to low degrees of
the gravity field, in particular the C20 and C30 coefficients. Here, the C20 (full time
series) and C30 (after May 2016 only) coefficients estimated by the five processing
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centers are replaced by more robust SLR measurements from three different data
centers (Cheng et al., 2013; Lemoine and Reinquin, 2017; Loomis et al., 2019).

● To extract mass variations due to present-day ice melting, GRACE and GRACE-FO
data must be corrected for the ongoing deformations of the visco-elastic Earth due
to the previous deglaciation. Two different GIA models are used here (Peltier et al.,
2018, Caron et al., 2018). No little ice age (LIA) correction is performed.

● Stokes coefficients are affected by systematic correlated errors, easily identified in
the spatial domain as characteristic stripes in the North-South direction. In order to
reduce the anisotropic noise, decorrelation filters, called DDK filters (Kusche et al.,
2009), are applied to GRACE solutions, using two different orders (DDK3 and
DDK6) corresponding to two different levels of filtering.

The combination of five different processing centers, two geocenter models, three
oblateness values (C20, C30), two GIA models and two levels of filtering leads to an
ensemble of 120 solutions. Additional corrections are applied to all ensemble members in
an identical way, related to de-aliasing background models and leakage errors.

The mitigation of leakage errors is critical for cryosphere applications. Leakage errors are
associated with the mislocation of mass changes, due to the satellite configuration (i.e.
limited spatial resolution, along-track correlations etc.) and inversion strategy (i.e. retrieval
of the gravitational potential over a limited number of spherical harmonic coefficients
leading to Gibbs oscillations). Leakage errors are propagated during the filtering step,
which is necessary to extract statistically significant signals in a noisy solution. Leakage
errors are particularly detrimental for cryosphere applications, as they result in an
attenuation of the ice mass loss signal on the continents, leaking in the oceans (e.g. Chen
et al., 2022).

To reduce leakage errors, the spherical harmonics solutions are separated in i) the a priori
part including glacier mass changes from Hugonnet et al. (2021) data and lake mass
changes from Crétaux et al. (2016) and ii) the residual part, which contains the signal to be
filtered. The glaciological dataset evaluates glacier mass changes through the statistical
analysis of DEM based on high-resolution satellite imagery, including the ASTER,
SPOT5-HRS, SPOT 6-7, Pléiades, WorldView missions (see Hugonnet et al., 2021 for
details). The hydrological dataset does not impact our glacier mass balance estimates as
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no large lakes are located in the considered regions.The filter is therefore applied on
smoother data, resulting in less signal loss around glaciers.

In addition, a leakage correction is applied on filtered residuals near the coast, displacing
mass anomalies from the ocean to the near land. The leakage correction is based on the
modeling of near-coast ocean as “region-wise” constant value for each time. In the final
solutions, the a priori and the filtered residuals are added back together. The glacier mass
changes from Hugonnet et al. (2021) are therefore not directly included in the GRACE
data, as they are removed and added back after filtering, but they have a direct impact on
the solution due to the non linearity of leakage correction and DDK filtering.

In the final solutions, ocean dealiasing models are restored using the GAB model from
AOD1B RL06 (Dobslaw et al., 2017), except for the CNES solution using the TUGO model
(Carrere and Lyard, 2003) during the GRACE period (2002-2016). Atmosphere dealiasing
models are not restored. All centers use the GAA model from AOD1B RL06, except the
CNES using ERA-Interim (Dee et al., 2011) during the GRACE period. The C0 coefficients
are corrected to compensate for the total amount of water vapor in the atmosphere
expressed in C0 GAA, in order to ensure the conservation of mass at global scale (Chen
et al., 2019). This approach yields an ensemble of 120 solutions, consisting of monthly
gridded surface mass anomalies, expressed as equivalent water heights over regular
1°x1° global grids (see Fig. 2).

Figure 2: Linear trends in surface mass anomalies over April 2002 - September 2022. a) Ensemble
mean. b) Uncertainty with 95% confidence level derived from the covariance of the ensemble.
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3.3 Regional glacier mass balances

For each selected RGI 6.0 region Ri and each solution of the ensemble, the regional mass
balance is calculated as:

(1)

where MRi (t) is the total mass anomaly at time t expressed in kg, ρwater is the density of
water taken as 1000 kg m-3 (i.e. the same density used to generate the grids in equivalent
water height, cf. section 3.2.2), aj are the surface areas of n individual grid cells constituting
the Ri region expressed in m2 and σj(t) is the surface mass anomalies at time t within the jth

grid cell constituting the Ri region, expressed as equivalent water heights in m. The
regional mass balances are then converted from kg to Gt, using a conversion factor of
10-12.

By applying this process to each of the 120 individual solutions of the GRACE and
GRACE-FO ensemble, we obtain an ensemble of 120 glacier mass time series for each
RGI region. Then, we compute the difference in mass between two consecutive times,
thus obtaining an ensemble of 120 differentiated time series for each region. Finally, the
mass balance over each RGI region is calculated as the mean of the 120 solutions of the
ensemble. Assuming a normal distribution, the uncertainty at the 95% confidence interval
on the glacier mass balance is calculated as the standard deviation of the ensemble
multiplied by the corresponding critical value (C95% = 1.96).
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4 Results

4.1 Total mass changes of Arctic glaciers regions

Total mass changes have been estimated between April 2002 and September 2022 for five
RGI 6.0 regions regrouping Arctic glaciers. The largest and smallest mass loss rates are
observed over the Arctic Canada North (-38.0 +/- 1.7 Gt/yr) and Iceland (-7.8 +/- 0.5 Gt/yr)
respectively, with significant annual (Table 3) and interannual variability (Figure 3).

Figure 3: Regional mass variations of Arctic glaciers from April 2002 to September 2022, 95%
uncertainties.

For each region, we have evaluated several metrics describing ice mass changes,
including a linear trend, annual amplitude and phase and the residual root-mean square
(RMS) of ice mass variations after removing a linear trend and annual sinusoid (Table 3).
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Region Trend (Gt/yr) Annual amplitude (Gt) Annual maximum (date) Residual RMS (Gt)

Arctic Canada North -37.9 +/- 3.4 13.2 +/- 2.8 19 April +/- 13 days 35.9 +/- 3.6

Arctic Canada South -27.5 +/- 5.6 27.8 +/- 2.6 11 April +/- 18 days 23.8 +/- 1.7

Iceland -7.8 +/- 1.0 10.5 +/- 3.6 08 April +/- 51 days 11.9 +/- 0.9

Svalbard -14.9 +/- 1.3 6.3 +/- 5.6 08 April +/- 105 days 30.2 +/- 1.2

Russian Arctic -20.5 +/- 1.8 16.4 +/- 11.0 15 February +/- 25 days 29.1 +/- 4.4

Table 3: Characteristics of the total mass anomalies of Arctic glaciers regions over
April 2002 - September 2022.

We have presented here the total mass anomalies summed over each region, resulting in
the time series displayed in Fig. 3. The dataset submitted to GlaMBIE contains the
differences in total mass anomalies between two consecutively sampled months (see Eq.
3). The differentiation step tends to increase the noise in the time series because of the
irregular time sampling of GRACE and GRACE-FO solutions and the high frequency noise
in the gravimetry based estimates (see red line in Figure 4).

Figure 4: Total mass anomalies (Gt) for the Arctic Canada North. The complete time series (blue) is
analysed in terms of trend for the whole period (green), seasonal signal (yellow), high frequency for
signals between 1 and 6 months (red) and interannual variability including signals over 1 year.
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The noise of this month to month mass change may be reduced by applying lowpass filters
prior to the differentiation step (see for example figure 5). We decided not apply any
lowpass filter in the submitted time series, to allow the reconstruction of the total mass
anomalies at time t+1, as the cumulative sum of mass differences since time t as:

(2)

where:

(3)

Because GRACE and GRACE-FO measurements only allow the estimation of mass
anomalies, MRi(t0) may be fixed to any arbitrary value such as 0. Generally, we recommend
using the total mass anomalies MRi(t) rather than the total mass differences δMRi(t),
suffering from a higher level of noise and a less accurate description of errors (i.e. loss of
information about correlated errors between two consecutive time steps).

Figure 5: Total mass anomalies (Gt) between two consecutively sampled months for the Arctic
Canada North with and without application of a bandpass filter at 6, 11 and 16 months.
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4.2 Hydrological contribution

The contribution of land hydrology is assumed to be negligible in comparison with the ice
mass changes of glaciers present in each region. We explore the validity of this
assumption using the ISBA-CTRIP (Interaction Soil Biosphere Atmosphere - CNRM
(Centre National de Recherches Météorologiques) version of Total Runoff Integrating
Pathways) global land surface modeling system (Decharme et al., 2019).

Figure 6: Regional water mass variations of Arctic glaciers predicted by ISBA-CTRIP from April 2002
to December 2018.

ISBA solves the water and energy balance in the soil, canopy, snow and surface water
bodies, and CTRIP simulates discharges through the global river network, as well as the
dynamic of seasonal floodplains and unconfined aquifers. ISBA and CTRIP are coupled
through the land surface interface SURFEX (Surface Externalisée, in French), allowing
interactions between the atmosphere, land surface, soil and aquifer. ISBA-CTRIP is forced
with the ERA-Interim atmospheric reanalysis (Dee et al., 2011) for air temperature and
humidity, wind speed, surface pressure and total radiative fluxes, and with the
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gauge‐based Global Precipitation Climatology Center (GPCC) Full Data Product V6
(Schneider et al., 2014) for precipitation.

RGI6 region ISBA-CTRIP
trend (Gt/yr)

ISBA-CTRIP
residual
RMS (Gt)

ISBA-CTRIP
annual
amplitude (Gt)

ISBA-CTRIP
annual phase
(°degrees)

GRACE trend
over same
period (Gt/yr)

Ratio of trends:
ISBA-CTRIP to
GRACE (%)

Arctic Canada North -3.0 1.9 5.5 79.7 -27.5 10 %

Arctic Canada South 0.03 7.9 16.7 60.7 -22.1 0.1 %

Iceland 0.8 3.3 6.7 60.7 -6.3 12 %

Russian Arctic -4.8 4.2 1.8 56.8 -11.6 41 %
Table 4: Metrics for the terrestrial water storage variations (excluding glaciers) from ISBA-CTRIP hydrological
model, for each of the RGI regions considered. The last column provides the percentage with respect to the total
mass variations estimated in this study and provided in Table 3.

The total terrestrial water storage (TWS) changes are calculated for each region, using the
same formalism as for the ice mass changes (section 3.3, eq. 1), with σj(t) representing
here the total TWS changes estimated with ISBA-CTRIP over April 2002 - December 2018
(limited before April 2002 by the availability of GRACE data and after December 2018 by
the availability of the ISBA-CTRIP model). The TWS changes predicted from ISBA-CTRIP
are then compared with the total mass changes from the GRACE and GRACE-FO
ensemble over the same period (April 2002- December 2018) and regions (Arctic Canada
North, Arctic Canada South, Svalbard, Iceland, Russian Arctic). For three out of the five
regions, namely the Arctic Canada North, Arctic Canada South and Iceland, the
contribution of land hydrology is small in comparison to the total mass changes estimated
with the GRACE and GRACE-FO (i.e. ranging from 0.1% for the Arctic Canada South to
12% for Iceland). However, the contribution of land hydrology for the Russian Arctic (~
41%) is significant with regard to total ice mass changes estimated with GRACE and
GRACE-FO. Our total mass balance estimates must therefore be taken with careful
consideration over the Russian Arctic, given that land hydrology may have a significant
impact over this region. There are no hydrological predictions over the Svalbard region.

Large uncertainties affect hydrological models at decennal (e.g. Scanlon et al., 2018;
Pfeffer et al., 2023) and interannual (e.g. Pfeffer et al., 2023) time-scales, especially over
Arctic regions (e.g. Pfeffer et al., 2023; Decharme et al., 2019). Most global hydrological
models, including ISBA-CTRIP, do not include glaciers in their modeling framework,
leading to significant errors when predicting river discharge in glaciated regions
(Decharme et al., 2019). It is therefore not recommended to use such hydrological models
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in the vicinity of glaciers. We chose here to provide total mass changes over Arctic
regions, without any correction applied for land hydrology, to avoid introducing the
uncertainty inherent to hydrological model predictions on our glacier mass balance
estimates. The analysis presented above using ISBA-CTRIP allows evaluating the
limitations of this choice.

5 Product description

5.1 File specifications

5.1.1 File format
The product is delivered as a set of CSV files. Metadata attributes are compliant with
GlaMBIE submission requirements.

5.1.2 File naming convention
The product follows the naming standard:

LEGOS-MAGELLIUM.V<VERSION>.RGI<RGI_ID>.<RGI_NAME>.csv

where:

● <VERSION> indicates the version of the dataset
● <RGI_ID> indicates the RGI ID of the region described in the file
● <RGI_NAME> indicates the RGI name of the region described in the file
● .csv is the standard CSV filename extension.

Example: LEGOS-MAGELLIUM.V1.6.0.RGI7.SVALBARD.csv is referring to the time series
of total mass differences estimated over the Svalbard Region by the LEGOS-MAGELLIUM
team.
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5.1.3 Metadata
All metadata included in the csv is contained in the header.

5.2 Variables

The variables defined in the CSV files are the following:

Variables Description Units Data Type

region_id RGI region ID no unit int

start_date start date of observation period
date in format
DD/MM/YYYY date

end_date end date of observation period
date in format
DD/MM/YYYY date

glacier_change_observed
absolute change between
start_date and end_date Gt float

glacier_change_uncertainty

uncertainty on the observed
glacier change corresponding to

95% confidence interval. Gt float

unit

the units of
“glacier_change_observed” and

“glacier_change_uncertainty” no unit string

glacier_area_reference
regional glacier area (km²) of

reference dataset (i.e. RGI 6.0) km² float

glacier_area_observed
regional glacier area (km²)
covered by observations km² float

remarks none no unit string

hydrological_correction_value no correction Gt
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