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Materials and Methods 

The analysis presented here involves: (1) comparing surface height measurements 

from ICESat and ICESat-2; and (2) converting those measurements to ice-mass change 

by removing instrument biases, accounting for changes in ice-column density, and 

correcting for deformation of the solid Earth. The nature of the data and corrections 

applied are provided below. 

 

Materials: Data from the ICESat laser altimeter mission  

The ICESat mission (2003-2009) acquired data during 19 separate 8- to 37-day 

campaigns between February 2003 and October 2009 (45). The Geoscience Laser 

Altimeter System (GLAS) onboard ICESat had three redundant lasers, designated Laser 

1, 2, and 3, with only one laser operating at a time (46). Due to faster than expected 

transmit pulse energy decline, Laser 1 failed after only 38 days of operations, completing 

a total of two campaigns (L1a, L1b) during February and March, 2003 (47). Laser 2 

completed three 33- to 37-day campaigns (L2a, L2b, L2c; September 2003 to June 2004) 

before being turned off for transmit-energy considerations. Laser 3 completed 11 

campaigns (L3a to L3k; October 2004 to October 2008) before it failed. Laser 2 was then 

turned back on for three final campaigns (L2d to L2f; November 2008 to November 

2009) with the lowest transmit energy of the mission (mean transmit energy of 2.9-5.3 

mJ/pulse for these campaigns, compared to 13.3-68.0 mJ/pulse for all other campaigns; 

(45)). Here we use only the high energy campaigns (Laser 2a to Laser 3k; 13 October 

2003 to 19 October 2008). 

 

Materials: Data from the ICESat-2 laser altimeter mission 

NASA’s Ice, Cloud and land Elevation Satellite-2 (ICESat-2)’s Advanced 

Topographic Laser Altimetry System (ATLAS) instrument is new technology for 

spaceborne measurement of surface height, vegetation and atmosphere. ATLAS emits 

short-duration (1.6 ns full width at half maximum), green (532 nm) laser pulses at a 10 

kHz repetition rate and detects returns with a “photon-counting” system (48). ATLAS 

splits the transmit pulse using diffractive optics into six beams configured as three beam 

pairs, with spacing within and between pairs determined by spacecraft orientation (Figure 

S1). The times-of-flight for surface returns, combined with knowledge of the spacecraft 

position and orientation, provide estimates of the height of the surface beneath the 

satellite with 10 m horizontal accuracy and 0.03 m vertical precision (see 

calibration/validation discussion below). ATLAS’s high precision, small footprint, 

multiple beams, and negligible penetration into the surface provides an unambiguous 

height measurement, allowing estimates of ice-sheet change, even in areas where cross-

track slope ambiguity prevented robust interpretation of ICESat repeat-track data (24, 

49). The slope-dependent performance of ICESat and ICESat-2 are presented in Figure 

S2. 

In the years leading up to launch, the ICESat-2 Science Definition Team developed 

a set of processing techniques to obtain accurate surface-height measurements from 

ATLAS data for various applications (e.g., geolocated photon clouds (ATL03; (50)); land 

ice (ATL06; (51)); sea ice (ATL07; (52)); vegetation (ATL08; (53, 54))). These 

techniques take advantage of the large number of pulses that ATLAS emits every second 

by aggregating the height data for all photons returned from consecutive pulses, such that 
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surface height estimates are derived from collections of tens or hundreds of photons, as 

opposed to the approximately 3 to 12 photons returned from a single pulse. Following the 

ICESat-2 launch on 15 September 2018 there was a 120-day commissioning phase, 

followed by the public release of these data products to the broader scientific community 

in May 2019.  

The ICESat-2 mission was designed to make repeat measurements over the ice 

sheets, revisiting its 1387 reference ground tracks every 91 days. Because of an on-board 

software problem during the commissioning phase, measurements during the first two 

cycles were displaced between one and four km from the reference tracks. This means 

that the 134 days of data used in this paper (October 14, 2018 - February 23, 2019) have 

smaller spacing between adjacent tracks than anticipated and allow comparisons with 

ICESat data at finer spatial resolution.  

 

Methods: Data corrections and filtering  

ICESat: We used ICESat data product GLA12 release 634 (55) with the “Guassian-

centroid” (G-C) offset correction (56). Data were filtered using on-product variables, 

excluding data that did not meet the following criteria: “i_numPk == 1”, “elev_use_flg 

== 0”, “sigma_att_flg == 0” and “sat_corr_flg < 3”. Finally, the following corrections 

and conversions were applied: 

 

• Converted from Topex/Poseidon ellipsoidal heights to WGS84 ellipsoidal heights. 

• Applied a saturation correction following (45). 

• Applied an inter-laser bias correction: Subtracted 1.7 cm from Laser 2 and added 

1.1 cm to Laser 3 (25). 

• Corrected for ocean tide, load tide, and inverse barometer effects (IBE) over ice 

shelves (57–59) 

 

ICESat-2: ICESat-2 ATL06 land ice data (60) are derived using a segmentation 

technique, where along-track geolocated photon data (ATL03) from each beam are 

divided into short (40 m) overlapping segments (51). For each segment, photon heights 

are fit as a function of along-track distance with a linear model. When both beams in a 

pair (offset by ~90 m across track) detect the surface, the cross-track surface slope is also 

estimated. Data are finally corrected for instrument specific biases (i.e., transmit-pulse 

shape and first-photon bias). Full details of the ATL06 algorithm are presented in (51). 

The final ATL06 product contains latitude, longitude, and height with respect to the 

WGS84 ellipsoid for each segment.  

In this study, we used ICESat-2 data spanning the time period 2018-10-14 to 2019-

02-23 (Release 001). Data were filtered three ways: 

• Data flagged by the on-product ATL06 quality summary 

(“atl06_quality_summary”) were removed. 

• Data with high along-track height variability (adjacent segment height differences 

> 2 m) or containing fits to atmospheric scattering (surface heights > 10,000 m) were 

excluded. 

• Crossover height differences within the ICESat-2 data were calculated, removing 

reference ground tracks (RGTs) associated with crossover errors > 1 m (likely driven by 

geolocation errors associated with orbit maneuvers). 
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Finally, the data collected over ice shelves were corrected for ocean tides, load tides, 

and inverse barometer effects (57–59). 

 

Methods: dh/dt determination by crossover analysis 

To generate surface height changes (dh/dt) from ICESat and ICESat-2, we 

performed a crossover analysis between ICESat and ICEsat-2, separating results for 

grounded and floating ice over Antarctica and Greenland. The result is a series collection 

of dh point measurements spanning ~10-16 years. For each orbital crossing between 

ICESat (single beam) and ICESat-2 (six beams) we obtain six crossovers. This is a 

substantial improvement in crossover-density (Fig. S3) compared with previous crossover 

analyses (61–63), allowing us to characterize small-scale features such as marginal ice 

streams and small ice shelves.  

Local dh/dt outliers were identified by planar regression in 50km bins for Antarctic 

ice shelves and for Greenland, and in 20-km bins for Antarctic grounded ice. Values that 

fell outside of 10-sigma were excluded.  

 

Methods: Correction for changes in accumulation and firn air content  

To remove the height change signal associated with a change in column-averaged 

density, we must compute the change in the total firn air content (FAC) across both 

Greenland and Antarctica over the ICESat and ICESat-2 intervals. At this time, published 

firn densification model (FDM) simulations are not available through the ICESat-2 epoch 

(61, 64, 65); thus, we simulated the evolution of the firn column over the full time-period 

sampled by ICESat and ICESat-2 using the Community Firn Model (CFM) Version 1.0.3 

(66).  

The CFM was built off the Firn Model Intercomparison Experiment (FirnMICE 

(67)) and is open-source, modular in design, and presently contains modules that simulate 

the key physical processes that control the evolution of firn thickness and air content. The 

CFM uses a one-dimensional Langrangian grid; thus, each simulation is run 

independently of all others. The user is allowed to select from a variety of densification 

equations and parameterizations (64, 68–71). Heat transfer, grain growth, densification, 

and meltwater vertical transport (including percolation and refreezing) all depend on 

surface climate forcings: the CFM requires inputs of snow accumulation rate (snowfall-

minus-sublimation), skin temperature, and surface meltwater to model these processes. A 

few different liquid water schemes are available within the CFM (72).  Here, we 

implement a common bucket percolation scheme for efficiency; comparison with field 

data (72) did not indicate that using the more complex schemes would yield more 

accurate results, although the authors noted that a lack of field observations hindered their 

study from robustly quantifying differences between the different liquid water scheme 

model performance. 

To reproduce FAC evolution using the CFM we must (a) generate surface climate 

forcings, (b) derive densification equation calibration coefficients, (c) implement 

simulations for both Greenland and Antarctica, which we describe below. 

 

Climate Forcing: Changes in firn properties (e.g., thickness, FAC) through time are 

a function of anomalies in the long-term ambient climate. Thus, firn densification models 
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require a reference climatology that is long enough to capture the appropriate 

climatological mean. On ice sheets, surface processes operate at length scales shorter than 

can currently be resolved by global atmospheric models (7), and as a result, regional 

climate models (RCMs) are the preferred (1, 2, 8). The improved spatial resolution and 

more advanced surface- and near-surface physics of RCMs come at a significant time 

cost, however, limiting our ability to achieve rapid, up-to-date products. Our approach 

employs a compromise that provides high resolution output at lower computation cost, in 

which we hybridize NASA’s global Modern-Era Retrospective analysis for Research and 

Applications, Version 2 (MERRA-2) with an offline high-resolution MERRA-2 ‘replay,’ 

(described in detail below). 

MERRA-2 is an atmospheric reanalysis developed at the Global Modelling and 

Assimilation Office (GMAO) at NASA Goddard Space Flight Center (73). By 

assimilating satellite, airborne, and ground observations, MERRA-2 provides global 

atmospheric variables spanning the modern satellite era (1980 through present) at a 

relatively short release latency (sub-monthly). Here, we simulate FAC from hourly 

snowfall, evaporation (which includes sublimation), and skin temperature fields from 

January 1, 1980, through March 31, 2019, provided at 0.625° longitude x 0.5° latitude 

resolution. Studies indicate that MERRA-2 provides the most realistic snow 

accumulation rates and temperatures over Antarctica,  compared to other reanalyses (74, 

75).   Where higher resolution is required (i.e., in the presence of steeply sloping surface 

topography), we derive a hybrid, 12.5 km resolution product, referred to as ‘MERRA-2 

Hybrid’, using an offline ‘replay’ run of MERRA-2, referred to as ‘M2R12K’. 

The M2R12K run only spans a 15-year interval (2000-2014), but was run at 12.5 km 

resolution over both Antarctica and Greenland, comparable to RCMs for Greenland (29, 

76) and more refined than RCMs for Antarctica (77, 78). To generate the MERRA-2 

Hybrid, we remove the seasonal cycle in MERRA-2 hourly accumulation and skin 

temperature by removing monthly means, interpolate the residual to the M2R12K 12.5 

km grid, and then combine it with the seasonal signal from the M2R12K. In such a 

manner, we preserve the high-resolution magnitudes and seasonal variations from the 

M2R12K while adding on the higher-frequency variability from MERRA-2. The final 

MERRA-2 Hybrid product is a 12.5 km, hourly representation of the surface climate for 

both the Greenland and Antarctic ice sheets spanning nearly four decades (January 1, 

1980 - March 31, 2019). 

While melt processes are included in MERRA-2, only surface runoff was retained as an 

output variable. Thus, we develop a simple surface meltwater model to use as CFM 

forcing. For both ice sheets, we use a degree-day method approach (79) to estimate 

meltwater fluxes (ΣM): 

𝛴𝑀 =  𝐷𝐷𝐹 ∗ 𝛴 (𝑇𝑠𝑘𝑖𝑛 − 𝑇0)𝛥𝑡; 𝑇𝑠𝑘𝑖𝑛 > 𝑇0.     (1) 

 The degree-day factor (DDF) is a calibrated value (units: kg m-2 per degree day) 

that relates accumulated hourly skin temperature (Tskin) above a given threshold 

temperature (𝑇0) to total meltwater flux over a given time interval (Δt = 1 hour). For 

Antarctica, annual surface meltwater fluxes spanning 1999 to 2009 from (80), 

interpolated to our 12.5 km MERRA-2 Hybrid grid, provide the basis of our degree-day 

factor calibration. We also evaluate the model’s ability to reproduce Antarctic-wide 

annual melt rates by calibrating the model to a range of threshold temperatures (265 K - 

273 K). For each threshold scenario, the degree-day model is calibrated on a cell-by-cell 
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basis by relating the accumulated hourly temperatures above that given threshold over an 

entire year and the annual meltwater flux at that grid cell from (80). Linear regression of 

these variables provides calibrated DDF for each grid cell and each temperature 

threshold. We determine the optimal temperature threshold by assessing how well the 

Antarctic-wide annual meltwater flux from our degree-day model matches that from (80). 

For Antarctica, we use 𝑇0= 269.35 K. Hourly melt values are then calculated using 𝑇0= 

269.35 K and the DDFs calibrated to that temperature threshold.  

Greenland hourly meltwater fluxes are estimated using the same approach; however, 

no observations of surface meltwater fluxes comparable to (80) exist for Greenland. 

Thus, we calibrate the model to annual meltwater fluxes from the MARv3.5.2 RCM (29) 

covering 1980 through 2014. By calibrating to annual fluxes, we allow the MERRA-2 

Hybrid climate to control the variability in melt, while largely retaining the overall 

magnitude of fluxes from MAR.  For Greenland, we find that 𝑇0= 270.00 K best 

replicates Greenland meltwater fluxes from MAR. 

Whereas the aforementioned variables are all generated at hourly resolution, to 

maintain computation efficiency, we develop five-, ten-, and twenty-day resolution 

MERRA-2 Hybrid products that provide forcings for CFM simulations. For the flux 

variables (accumulation and melt), the hourly values are integrated over the desired time 

window. Because firn densification is non-linearly dependent on skin temperature, we 

create effective skin temperatures for each desired time window to capture the effects of 

strong diurnal variability. We do this by calculating the hourly densification rate constant 

(c) using an Arrhenius type sensitivity to temperature (c = e
−E

RT) where E is the activation 

energy, R is the gas constant, and T is the skin temperature. We next take the mean of the 

hourly rate constants over each time window of interest, and then invert the Arrhenius 

equation to recover the effective skin temperature. The result is a temperature product 

that reproduces the mean densification rates over our target window. The activation 

energy used is selected from a calibration process, described below. 

 

Calibration: We calibrated the densification equations in the CFM using a database 

of 256 published depth-density measurements from both Greenland (72) and Antarctica 

(184); thus, the calibration is applicable to both ice sheets. We used the Arthern et al. (71) 

densification equation as the basis of our simulations, and we used the calibration 

database to modify its parameterization. Specifically, the rate of densification is separated 

into two stages: 

 
𝑑𝜌

𝑑𝑡
= 𝑐0(𝜌𝑖 − 𝜌);  𝜌 ≤ 550 𝑘𝑔 𝑚−3,     (2) 

𝑑𝜌

𝑑𝑡
= 𝑐1(𝜌𝑖 − 𝜌);  𝜌 > 550 𝑘𝑔 𝑚−3.     (3) 

 

The densification rate constants depend on the total mass above a given firn parcel 

(here, represented as the mean accumulation rate, 𝑏, experienced since that parcel was 

deposited), the temperature of the parcel, 𝑇, and the mean annual temperature, 𝑇𝑎𝑣𝑔: 

 

𝑐0 = 0.07 𝑏𝛼0  𝑔 𝑒𝑥𝑝(−𝐸𝑐/𝑅𝑇 +  −𝐸𝑔/𝑅𝑇𝑎𝑣𝑔),   (4) 

𝑐1 = 0.03 𝑏𝛼1  𝑔 𝑒𝑥𝑝(−𝐸𝑐/𝑅𝑇 +  −𝐸𝑔/𝑅𝑇𝑎𝑣𝑔),   (5) 
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where g is the gravitational acceleration constant, 𝐸𝑐 is the activation energy for 

lattice diffusion (60 kJ mol-1), 𝐸𝑔is the activation energy for grain growth (42.4 kJ mol-1), 

the constants are empirically derived, and 𝛼0 = 𝛼1 = 1 (71). Results from (64) indicated 

that these densification equations resulted in rates that were too rapid, so the model was 

calibrated using measured depth-density profiles. The authors calibrate the FDM by 

relating the ratio of the observed to modeled depth of critical densities (i.e. 550 kg m-3 

and 830 kg m-3) to the mean annual accumulation rate. Here, we elected to maintain the 

original form of the equations 4-5 by modifying the relationship between the 

densification rates and overburden (𝛼) and temperature (𝐸𝑐). 

The calibration procedure was iterative, as the climate forcing (the effective skin 

temperature) is dependent on the activation energy, Ec. We simulate 226 firn depth-

density profiles with the initial configuration of 𝛼0 = 𝛼1 = 1and Ec = 60 kJ mol-1. The 

number of simulations is less than the actual number of observations (256) as some fall 

within the same 12.5 km grid cell. For each of the simulations, the model spin-up 

involved repeating the 39-year modern climate (1980-2019) for as many years as it takes 

to refresh the firn column to a density of 900 kg m-3. The slope of the density profile with 

depth is approximately linear when taking its logarithm (i.e., 𝑙𝑛(
𝜌

917−𝜌
); (68)), so we 

calculated the slope of the logarithmic density versus depth for the two stages of 

densification and compared it to the equivalent model output using the Arthern et al. 

configuration (71). The ratio of the observed slopes (R) to the modeled slopes provided 

the necessary correction (or calibration coefficient) for each site; however, in order to 

calibrate the model, we must relate these calibration factors to the climate forcing. Fitting 

our calibration procedure to the original model form, the correction term takes the form: 

 

𝑅0 = 𝑏𝛽0𝑒𝑥𝑝(
−𝐸0

𝑅𝑇
),       (6) 

𝑅1 = 𝑏𝛽1 𝑒𝑥𝑝(
−𝐸1

𝑅𝑇
).      (7) 

 

These set of equations are linearized (intercept forced to zero) to allow us to solve 

for the 𝛽0,  𝛽1and E0, E1 using the ratios R: 

 

𝑙𝑛(𝑅0) = 𝛽0 𝑙𝑛(𝑏) − 𝐸0
1

𝑅𝑇
,     (8) 

𝑙𝑛(𝑅1) = 𝛽1 𝑙𝑛(𝑏) − 𝐸1
1

𝑅𝑇
.       (9) 

 

For the calibration, we calculated 𝑏 for both stages of densification as the mean 

overburden, expressed as the mean accumulation rate experienced, within the 

representative stage. Temperature 𝑇 is the mean effective temperature at that site for 

stage 1, and the mean temperature of the firn column for densities higher than 550 kg m-3. 

Since 𝑇 is dependent on the activation energy, which is modified through our calibration 

procedure, we iterated the calibration process, each time updating the activation energy 

and our calculation of effective temperature, until convergence of the calibration 

parameters. 

The calibration coefficients converge to the following: 
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𝛽0  =  −0.1483, 𝛽1  =  −0.3510, 𝐸0  =  −731 𝐽 𝑚𝑜𝑙−1, 𝐸1  =  −2861 𝐽 𝑚𝑜𝑙−1.
 (10) 

 

These required a single iteration for stage 1 and two iterations for stage 2. The new 

coefficients resulted in more rapid densification rates under lower accumulation rates and 

less rapid under higher accumulation rates for both stages, although the impact is stronger 

in the second stage. Similarly, densification rates are reduced with increasing 

temperature, especially in the second stage. For the first stage, the mean absolute error in 

modeled depth-density slope is reduced from 55% of the mean slope when using the 

original Arthern et al. parameterization (71) to 19% when using our calibrated model. For 

the second stage, the improvement in mean absolute error is similar, reduced to 12% from 

55%.  

Greenland GSFC-FDM v0 Simulations. The reference climate interval for the 

Greenland simulations is 1980-1995, ending prior to the onset of extreme melt years. 

Thus, the spin up for all the simulations involved repeating the 1980-1995 climate until 

the firn column was refreshed to a depth where dry snow density equals 900 kg m-3.  

Following spin up, the FDM runs over the full 1980-2019 interval. Approximately 10,900 

of the MERRA-2 Hybrid 12.5 km grid cells fell within our grounded ice sheet mask (81); 

however, we eliminated ~1,300 from the FDM simulations where the mean sublimation 

rates comprised 2/3rds of mean snowfall rates or where the mean of the combined mass 

loss fluxes (melt and sublimation rates) was larger than mean snowfall rate. In total, we 

ran 9,600 GSFC-FDM simulations across the Greenland Ice Sheet at five-daily 

resolution, spanning the full 1980-2019 interval. Applied firn correction is shown in 

Figure S4.  

 

Antarctic GSFC-FDM v0 Simulations. The reference climate interval for the 

Antarctic simulations is 1980-2019 (i.e., the full MERRA-2 Hybrid interval). Similar to 

the Greenland simulations, spin up involved refreshing the firn column to a depth where 

dry snow density equals 900 kg m-3 but differs in that the 1980-2019 climate is instead 

repeated.  Following spin up, the FDM runs over the full 1980-2019 interval. 

Approximately 87,200 of the MERRA-2 Hybrid 12.5 km grid cells fell within our 

grounded and floating ice sheet mask (81), but to make the simulations more 

computationally efficient, we ran the GSFC-FDM at a subset of the total number. This is 

justified by the fact that the spatial scales of the MERRA-2 Hybrid climate are quite 

large, especially over the relatively flat plateau. Specifically, we grouped cells together if 

neighboring cells differ by the following thresholds: mean annual temperature less than 

0.75 K, the root mean square deviation (RMSD) of net accumulation (P-E) is less than 

10% of the mean annual P-E, the RMSD of skin temperature is less than 0.25 K, and the 

RMSD of melt (if any) is less than 0.05 m i.e. yr-1. This subsetting eliminated near-

redundant simulations, saving simulation time and reducing the total simulations by more 

than half (~38,000). It is important to note, that this effort only eliminated simulations 

where local climate differences are very small (i.e., the dry plateau); however, in places 

of strong gradients (e.g., the Antarctic Peninsula, the Transantarctic Mountains, coastal 

escarpment areas, ice shelves), few (if any) were removed, maintaining the gradients 

present within the 12.5 km MERRA-2 Hybrid. As done with the Greenland simulations, 

we eliminated ~1,900 (of the original 87,200) of the simulations where the mean 



 

 

9 

 

sublimation rate comprised 2/3rds of mean snowfall rate or where the mean of the 

combined mass loss fluxes (melt and sublimation rates) was larger than mean snowfall 

rate.  

We further improve efficiency by varying the temporal resolution of the simulations. 

Using the 226 calibration simulations (run at five-, ten-, and twenty-daily resolution), we 

evaluated the differences in the trend in FAC for different time resolutions for every 13-

year interval (equivalent to the ICESat/ICESat-2 interval) over the full 1980-2019 time 

series. Specifically, we estimated the 95% bounds in the difference between the five-daily 

and the ten- and twenty-daily simulations at each site. We fit a linear model to these 

bounds using the mean annual snow accumulation and skin temperature as the predictors. 

The model was then applied to all of Antarctica to approximate the error in FAC trends 

that result from a reduction in the temporal resolution. We aimed to have a similar 

accuracy in FAC change as the measured height change; thus, we assume an error 

threshold of 0.4 cm yr-1 (ICESat-2 Science Requirement; (48)). All cells where the 

modeled ten- or twenty-daily error was less than 0.4 cm yr-1 were run at ten- or twenty-

daily, respectively. The remainder were run at five-daily resolution. The result is near 

concentric rings centered over the plateau of twenty-daily simulations surrounded by a 

narrow ring of ten-daily, ending with a wide band 5-daily around the periphery. All 

simulations were interpolated to five-daily resolution. 

In total, we ran 37,700 GSFC-FDM simulations across the Antarctica Ice Sheet and 

the peripheral ice shelves and islands, spanning the full 1980-2019 interval. This subset is 

then interpolated to the full 12.5 km grid. Applied firn correction is shown in Figure S5. 

Uncertainty in FAC Trends (εFAC).  Due to a lack of constraint on the uncertainties 

in the parameterizations of firn evolution within the CFM as well as in the atmospheric 

forcing, we estimate the uncertainty in ~12.5 year trends (ICESat - ICESat-2 interval) in 

FAC by comparison with IMAU-FDM (63, 82-83).  The IMAU-FDM simulation end 

prior to the ICESat-2 epoch; thus, the model intercomparison covers their 

contemporaneous time interval (January 1980 - December 2016).  Our approach is 

identical for both Greenland and Antarctica. 

The IMAU-FDM FAC is first interpolated to our 5-km grid (see Gridding section) 

and the GSFC-FDM 5-daily time steps.  Because deviations to the long-term mean drive 

firn height changes, we next remove the 1980-2016 mean FAC from each grid cell.  

Rather than solely look at the differences in dFAC/dt over our time window of interest, 

we use information from the entire time series to derive uncertainties.  Specifically, we 

replicate our FAC change estimates at a time scale comparable to that used in the ICESat-

ICESat-2 comparison by calculating dFAC/dt estimates over a running 12.5-year window 

beginning January 1980 for both the GSFC and IMAU-FDMs.  For each 12.5 year 

window, we calculate the difference in dFAC/dt between the two models, and we assign 

an uncertainty in dFAC/dt to that grid cell that is equal to the standard deviation of the 

12.5-year running differences (at five-daily resolution, n = 1582). This defines the 

spatially varying uncertainties to the GSFC-FDM FAC trends that reflect the differences 

in FDM simulations. 

Because atmospheric processes over the ice sheets are typically correlated over long 

length scales, we account for their spatial correlation when propagating uncertainty into 

basin-wide FAC change estimates.  For each basin (Figure S5), we generate a correlation 

matrix based on the time series of differences in dFAC/dt between IMAU-FDM and 
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GSFC-FDM. If the uncertainties between grid cells within a basin are completely 

independent, the correlation will be zero and the combined uncertainty is simply the 

square root of the sum of squares.  If the correlation is greater than zero, the uncertainties 

are spatially correlated, and their combined uncertainty will be larger than the value 

calculated assuming pure independence. If the correlation is less than zero, the 

uncertainties always act opposite one another, and their combined uncertainty will be less 

than the value calculated assuming pure independence as their errors offset.  Once errors 

for each basin have been appropriately propagated, we assume that basin errors are 

largely independent of one another and simply apply the square root of the sum of 

squares to obtain ice-sheet-wide errors.  Analysis of climate-model output (84) suggests 

that atmospheric conditions within basins are often locally correlated as well as distally 

anti-correlated.  Therefore, at the ice-sheet scale, errors will be amplified and dampened 

by a range of heterogeneous atmospheric patterns.  Further experiments propagating 

errors over aggregated basins suggests that errors remain of a similar magnitude but can 

be larger or smaller than assuming basin independence, so we argue that our approach 

provides a robust error estimate at the ice-sheet-scale.           

 

Methods: Solid Earth corrections 

We estimated changes in vertical surface displacement due to Glacial Isostatic 

Adjustment (or post-Glacial Rebound), the long-term viscoelastic response of the Earth to 

changes in ice load since the Last Glacial Maximum (LGM).  Uncertainties in global ice 

history and the Earth’s internal rheological structure lead to uncertainties in modern-day 

vertical displacement. To account for this deformation, we calculated the mean rate of 

vertical displacement using coefficients from three published estimates (85–88) for 

Antarctica and two estimates (88, 89) for Greenland. All fields were truncated to 

spherical harmonic degree and order 120 for consistency and converted to vertical 

motion, following (90). For Antarctica, uncertainty due to GIA was estimated as the 

standard deviation between the three fields; for Greenland, uncertainties were estimated 

as the absolute value of the difference between the two fields. GIA corrections applied to 

our Greenland and Antarctic solutions are shown in Figures S4 and S5, respectively. 

More recent changes in ice sheet mass can induce an elastic response of the solid 

Earth with measurable crustal displacements (91). To estimate this component, we first 

computed surface displacements due to a 1 m change in solid ice over a 5 km grid cell 

using LoadDef (92), assuming a spherically symmetric Earth with a density structure 

from PREM (93). We then used this to generate a matrix G that related mass change in 

each grid cell (m) to the corresponding vertical displacements (d) across the grounded ice 

sheet through d = Gm. We propagated uncertainties in m into uncertainties in d; this 

estimate relies on the assumption that the errors in our knowledge of the density structure 

of the solid earth and that the relationship between changes in surface mass loading and 

corresponding vertical displacements were negligible. Elastic corrections applied to our 

Greenland and Antarctic solutions are shown in Figures S4 and S5, respectively. 

 

Methods: Correction for changing ice shelf area  

Surface height change measurements (dh/dt) taken over floating ice shelves 

represent changes in freeboard, not changes in thickness (as in the grounded ice), thus 

delineating between grounded and floating areas is critical for mass change calculations. 



 

 

11 

 

Ice shelf area increases continuously due to advection and reduces only episodically due 

to calving, with reduction time-scales dependent on the length of the calving cycle (94, 

95). We derived a conservative ice shelf mask using the intersection of ice shelf polygons 

from (96) and (5), and hand-drew a new ice-shelf mask to account for the calving of the 

Western edge of the Thwaites ice shelf. For the Larsen C Ice Shelf, we included a new 

ice boundary to account for calving of iceberg A-68 in July 2017 (97).  To avoid 

including elevation changes associated with ice-front motion or rift propagation, we 

removed all crossovers in which at least one elevation measurement fell within 5 m of 

mean sea level, as well as all floating-ice crossovers whose elevation change reflected a 

mean rate of change greater than 2 m yr-1 (equivalent to ~30 m of surface elevation 

change or ~300 m of thickness change between the two missions). 

 

Methods: Gridding 

Height-change measurements were interpolated onto a 5 km by 5 km grid, using a 

distance-weighted gaussian kernel. The kernel had a correlation length of 10 and 20 km 

for Antarctica and Greenland respectively, incorporating the 200-nearest observations (up 

to 25 km away from the kernel center). Finally, we apply a 3x3 median filter to all 

regions, except to floating ice, to remove or reduce artifacts in in the gridded dh/dt 

values. Corrections required to convert dh/dt to mass were interpolated to the observation 

points, and the resulting dm/dt values were then gridded using the same algorithm 

 

Methods: Uncertainty estimation 

Our analysis contains several sources of uncertainty in both the height change 

estimation and the corrections that are applied to convert between volume/freeboard 

change to mass change. Details on the assumptions used to derive individual sources of 

uncertainty can be found in Sections 2.1 through 2.5. Sources of uncertainty are separated 

into those assumed to be fully correlated on continental or basin scales and those that we 

expect to be uncorrelated at spatial scales greater than 25 km2. 

We refer to the error that is uncorrelated at spatial scales greater than 25 km2 as the 

random error (εr). εr is composed of errors originating from instrument precision, ground 

finding blunders (e.g. low-lying cloud and blowing snow), imprecise tidal corrections 

over floating ice, and interpolation errors. We approximate εr as the standard deviation of 

dh/dt values within each 5 km by 5 km grid cell (Figure S6). This is likely a conservative 

estimate, as the mean of the dh/dt values should exhibit a central tendency (meaning that 

the error in the mean is likely smaller than the standard deviation). εr is added in 

quadrature for each 5 km by 5 km grid cell, and becomes negligible when integrated over 

large spatial scales. 

Correlated errors arise from biases in the altimetric measurements (εA), biases in firn air 

content trends (εFAC), error in the Glacial Isostatic Adjustment (εGIA), and errors in the 

computed elastic response of the solid earth to changes in overburden (εE). εA, εGIA, and 

εE are assumed to be correlated at continental scales. We do not account for uncertainties 

arising from seasonal aliasing (differences in time of year between height measurements. 

Given the long interval between ICESat and ICESat-2 measurements (2003-2009 to 

2018-2019), seasonal aliasing has minimal impact on our solution. 
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Supplementary Text 

ICESat-2 vertical accuracy and precision 

The vertical accuracy and precision of the ATL06 (Release 001) data product were 

assessed using ground-based kinematic GPS data from a region referred to as the 88S 

Traverse (98, 99). The ~750 km traverse route, based out of South Pole Station, includes 

~300 km along the ICESat-2 ground-track convergence zone at 88º S latitude. The 

ground-based kinematic GPS data were post-processed using Precise Point Positioning 

(PPP) methods (100) in a commercial software package (Inertial Explorer) and have an 

uncertainty of 5.3 cm. Further details of ground-based assessment are in (99). 

Direct comparisons were made between the 88S Traverse GPS surface heights and 

the ATL06 surface heights (assuming no change in the surface between the traverse 

epoch and ICESat-2 overflight) to determine the ATL06 bias and precision, reported as 

bias ± the 1σ surface-measurement precision. The data assessed spanned from 14 

October, 2018 to 1 May 2019 (Figure S7). For all six beams, the bias was less than 3 cm 

and the surface measurement precision were less than 9 cm. For the center, strong beam, 

the bias was +1.7 cm (the ATL06 surface is slightly higher than the surface based on the 

ground-based GPS data) with a 7.7 cm 1-sigma standard deviation, which is taken to be 

the per-measurement precision ((99) Table 1). Further details of the ATL06 assessment 

are in (99). 

Borsa et al (25) report an overall ICESat (Release 634) bias and surface 

measurement precision of 0.0 ± 4.0 cm. Thus, based on the 88S Traverse assessment, the 

first 6 months of ICESat-2 ATL06 data are comparable to ICESat data with respect to 

surface height accuracy. 

 

dm/dt by drainage basin  

Ice-sheet scale mass change is presented in Table 1. Those results are broken down 

by drainage basins (Figure S8) in Tables S1 and S2. 
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Fig. S1.  

Schematic of ICESat-2’s ATLAS laser altimeter showing the split-beam pattern. ATLAS 

is a “photon-counting” instrument, i.e. it emits a series of green laser pulses that are 

received and counted by a single-photon detectors. The transmit pulse is divided into 

three “beam pairs”, with 3.3 km between each pair. Each beam pair has a “weak” beam 

and a “strong” beam (where strong is defined as approximately four times brighter than 

weak); this is designed to provide the necessary dynamic range to capture enough return 

photons from both bright (ice) and dark (ocean) surfaces. Reproduced and modified from 

(51). 
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Fig. S2 

Standard deviation from intra-ICESat (solid) and intra-beam ICESat-2 (dashed, release 2) 

crossovers with a time span less than 30-days, as a function of surface slope. ICESat-2 

performs comparably over a range of cross track slopes, while ICESat cross-over errors 

are higher at all slopes, increasing by a factor of 2.5 over the range of slopes sampled. 

The values in the legend represent the estimated geolocation error (𝜎𝑝) and noise-floor 

(𝜎0), calculated by fitting an error model to the data. 
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Fig. S3 

Spatial coverage of ICESat (2003-2009) to ICESat-2 (2018-2019) crossovers, providing 

near-complete coverage of Greenland and Antarctica to 86°S, including the margins with 

steep slopes, the interior, and the ice shelves. This detailed sampling allows for the most 

complete assessment of total ice sheet mass change to date. 
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Fig. S4 

Corrections applied to convert Greenland elevation changes to mass changes.  
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Fig. S5. 

Corrections applied to convert Antarctic elevation changes to mass changes. 
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Fig. S6. 

RMS error of elevation change rates within each 5 km by 5 km solution grid. 
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Fig. S7. 

ATL06 surface height bias (in m, for the center strong beam) relative to the 88S Traverse 

surface heights derived from GPS data. 
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Fig. S8. 

Map of drainage basins for Antarctica and Greenland. Antarctic subdivisions of the 

Antarctic Peninsula (AP: 24-27), West Antarctic Ice Sheet (WAIS: 2-17) and the East 

Antarctic Ice Sheet (EAIS: 1, 18-22, 23) are delineated with heavy black lines. 
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Table S1. 

Volume and mass change of Antarctic grounded and floating ice by drainage basin 

including Firn Air Content (FAC), Elastic and Glacier Isostatic Adjustment (GIA) 

corrections.  

 
 

  

Basin

1 23.3 ± 1.1 5.6 ± 6.9 0.7 ± 0.1 3.9 ± 0.0 12 ± 6 5.2 ± 0.6 6.4 ± 4.8 -15.2 ± 45

2 4.9 ± 1.2 1.2 ± 2.5 0.2 ± 0.1 1.3 ± 0.0 2 ± 3 1.7 ± 0.4 0.5 ± 1.1 9.8 ± 10

3 23.8 ± 1.5 6.4 ± 3.3 -0.5 ± 0.1 -0.6 ± 0.0 17 ± 3 1.8 ± 0.2 0.2 ± 0.2 13.5 ± 3

4 12.3 ± 0.7 3.4 ± 2.3 -0.2 ± 0.1 0.4 ± 0.0 8 ± 2 3.5 ± 0.3 2.7 ± 1.4 5.2 ± 13

5 12.6 ± 0.6 4.0 ± 2.0 -0.2 ± 0.0 0.2 ± 0.0 8 ± 2 2.6 ± 0.3 2.8 ± 0.6 -3.6 ± 6

6 28.6 ± 1.0 6.0 ± 5.2 -0.7 ± 0.1 0.4 ± 0.0 21 ± 5 4.5 ± 0.3 3.6 ± 1.5 4.4 ± 14

7 30.6 ± 0.8 3.4 ± 6.1 -0.6 ± 0.1 0.6 ± 0.0 25 ± 6 0.6 ± 0.1 0.0 ± 0.2 5.2 ± 2

8 10.2 ± 0.5 2.5 ± 1.1 -0.2 ± 0.0 0.2 ± 0.0 7 ± 1 0.0 ± 0.0 0.0 ± 0.0 -0.4 ± 1

9 1.7 ± 0.5 0.4 ± 1.9 -0.1 ± 0.0 0.2 ± 0.0 1 ± 2 1.2 ± 0.2 1.2 ± 0.9 -0.2 ± 9

10 6.4 ± 1.2 1.5 ± 2.8 -0.3 ± 0.1 -0.2 ± 0.0 5 ± 3 1.7 ± 0.2 0.9 ± 0.5 6.2 ± 5

11 1.7 ± 0.6 0.6 ± 1.5 0.0 ± 0.0 0.1 ± 0.0 1 ± 2 0.7 ± 0.1 0.3 ± 0.1 3.1 ± 2

12 -11.6 ± 1.0 -14.2 ± 5.4 0.0 ± 0.1 0.4 ± 0.0 2 ± 5 0.0 ± 0.2 0.1 ± 0.7 -1.0 ± 7

13 -35.2 ± 1.2 -14.5 ± 15.1 0.5 ± 0.1 0.6 ± 0.0 -20 ± 14 0.0 ± 0.1 -0.2 ± 0.6 1.2 ± 6

14 5.6 ± 1.0 2.0 ± 9.5 0.0 ± 0.1 0.3 ± 0.0 3 ± 9 0.8 ± 0.1 0.2 ± 0.5 4.5 ± 5

15 -4.0 ± 0.4 -2.0 ± 2.2 0.1 ± 0.0 0.1 ± 0.0 -2 ± 2 -0.3 ± 0.1 -0.1 ± 0.2 -2.1 ± 2

16 2.5 ± 0.6 -0.8 ± 2.6 0.0 ± 0.1 0.1 ± 0.0 3 ± 2 -0.1 ± 0.1 0.1 ± 0.1 -1.6 ± 1

17 13.1 ± 1.7 3.0 ± 6.9 0.1 ± 0.1 1.4 ± 0.0 8 ± 7 6.8 ± 0.6 -0.4 ± 1.0 61.4 ± 10

18 25.3 ± 0.8 -1.6 ± 2.5 -0.1 ± 0.1 1.9 ± 0.0 23 ± 2 1.7 ± 0.4 -0.7 ± 0.4 21.0 ± 5

19 -4.3 ± 0.8 -2.2 ± 2.0 0.6 ± 0.1 1.6 ± 0.0 -4 ± 2 2.3 ± 0.4 0.1 ± 0.8 19.0 ± 8

20 -53.7 ± 0.6 -7.5 ± 3.6 1.2 ± 0.1 0.5 ± 0.0 -44 ± 3 -6.8 ± 0.3 -1.0 ± 1.0 -48.8 ± 10

21 -88.2 ± 0.6 -0.3 ± 4.5 1.9 ± 0.1 0.7 ± 0.0 -83 ± 4 -4.0 ± 0.1 0.0 ± 1.0 -33.6 ± 9

22 -67.4 ± 0.6 -1.2 ± 3.5 1.6 ± 0.1 0.9 ± 0.0 -63 ± 3 -1.0 ± 0.1 0.2 ± 0.2 -10.1 ± 2

23 -10.7 ± 0.4 -0.7 ± 2.9 0.5 ± 0.0 0.5 ± 0.0 -10 ± 3 0.5 ± 0.2 1.3 ± 0.9 -8.3 ± 8

24 -13.7 ± 0.5 0.5 ± 3.2 0.4 ± 0.1 0.6 ± 0.0 -14 ± 3 -1.0 ± 0.2 1.4 ± 1.9 -22.1 ± 18

25 -10.9 ± 0.2 -0.1 ± 2.5 0.1 ± 0.0 0.1 ± 0.0 -10 ± 2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0

26 -16.1 ± 2.3 0.9 ± 1.8 0.2 ± 1.7 0.2 ± 2.2 -16 ± 3 3.7 ± 0.3 3.1 ± 2.3 3.1 ± 22

27 1.3 ± 0.3 0.1 ± 1.5 0.1 ± 0.0 0.1 ± 0.0 1 ± 1 1.1 ± 0.1 0.5 ± 0.3 5.0 ± 3

EAIS 104.5 ± 3.9 2.8 ± 22.6 -1.9 ± 0.3 5.5 ± 0.0 90 ± 21 25.5 ± 1.0 12.0 ± 3.0 105.6 ± 29

WAIS -175.7 ± 1.9 -7.8 ± 10.5 6.4 ± 0.2 10.1 ± 0.0 -169 ± 10 -2.1 ± 0.9 6.3 ± 5.2 -76.1 ± 49

APIS -39.4 ± 2.4 1.4 ± 4.7 0.8 ± 1.7 0.9 ± 2.2 -39 ± 5 3.8 ± 0.4 5.0 ± 3.0 -14.1 ± 28

AIS -110.5 ± 5.0 -3.7 ± 25.4 5.4 ± 1.8 16.4 ± 2.2 -118 ± 24 27.1 ± 1.5 23.2 ± 6.9 15.4 ± 65

dFAC/dt (km
3
/y) Mass change (Gt/y)

Grounded Ice Ice Shelves

dV/dt (km
3
/y) dFAC/dt (km

3
/y) Elastic uplift (km

3
/y) GIA (km

3
/y) Mass change (Gt/y) dV/dt (km

3
/y)
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Table S2. 

Volume and mass change of Greenland grounded ice by drainage basin including Firn 

Air Content (FAC), Elastic and Glacier Isostatic Adjustment (GIA) corrections  

 

 
 

Basin
1.1 -9.9 ± 0.8 -4.1 ± 1.4 0.3 ± 0.1 0.1 ± 0 -6 ± 1.3

1.2 -3.7 ± 0.6 -2.3 ± 1.0 0.1 ± 0 0.1 ± 0 -1 ± 0.9

1.3 -2.1 ± 0.5 -1.4 ± 0.7 0.0 ± 0 0.2 ± 0 -1 ± 0.7

1.4 -1.5 ± 0.3 -0.5 ± 0.3 0.0 ± 0 0.1 ± 0 -1 ± 0.3

2.1 -0.8 ± 1.1 -3.6 ± 3.3 0.2 ± 0.1 0.1 ± 0 2 ± 3.1

2.2 2.0 ± 0.5 -0.5 ± 0.8 0.0 ± 0 0.0 ± 0 2 ± 0.8

3.1 1.5 ± 0.8 0.7 ± 3.2 0.2 ± 0.1 0.0 ± 0 1 ± 3

3.2 -7.4 ± 0.4 -0.1 ± 1.5 0.1 ± 0 0.0 ± 0 -7 ± 1.4

3.3 -17.8 ± 0.6 -0.7 ± 2.7 0.3 ± 0.1 0.0 ± 0 -16 ± 2.5
4.1 -17.5 ± 0.5 -3.9 ± 2.4 0.3 ± 0.1 0.0 ± 0 -13 ± 2.2

4.2 -16.0 ± 0.5 -3.2 ± 2.7 0.3 ± 0.1 0.0 ± 0 -12 ± 2.5

4.3 -10.8 ± 0.4 -1.9 ± 1.6 0.2 ± 0 0.0 ± 0 -8 ± 1.5

5 -26.3 ± 0.5 16.2 ± 2.4 0.5 ± 0.1 0.0 ± 0 -40 ± 6.2

6.1 -10.2 ± 0.5 -2.4 ± 2.1 0.2 ± 0 0.0 ± 0 -7 ± 1.9

6.2 -20.6 ± 0.8 -4.3 ± 5.4 0.6 ± 0.1 -0.2 ± 0 -15 ± 4.9

7.1 -22.7 ± 0.7 -2.7 ± 3.0 0.4 ± 0.1 -0.2 ± 0 -19 ± 2.8

7.2 -12.7 ± 0.8 -1.5 ± 3.5 0.5 ± 0.1 -0.2 ± 0 -11 ± 3.2

8.1 -49.8 ± 1.1 -6.0 ± 4.0 0.9 ± 0.1 -0.3 ± 0 -41 ± 3.7

8.2 -8.6 ± 0.4 -1.0 ± 1.3 0.1 ± 0 0.0 ± 0 -7 ± 1.2
Total -235.0 ± 2.8 -23.0 ± 11.3 5.4 ± 0.3 -0.5 ± 0.1 -200 ± 12

Grounded Ice (Gt/y)dV/dt (km
3
/y) GIA (km

3
/y)dFAC/dt (km

3
/y) Elastic uplift (km

3
/y)
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