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Key Points: 

 We evaluate simulated Greenland snow and firn density from the MAR regional 

climate model to address surface mass balance uncertainty. 

 A -10% model bias in density of the top 1 m could lead to a -10% SMB bias from 

remote sensing estimates in dry snow areas. 

 Meltwater processes produce a positive model density bias of 10% for 1 to 10 m 

depth, limiting the snow liquid water retention capacity. 
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Abstract  

Modeling vertical profiles of snow and firn density near the surface of the Greenland ice 

sheet (GrIS) is key to estimating GrIS mass balance, and by extension, global sea level 

change.  To understand sources of error in simulated GrIS density, we compare GrIS density 

profiles from a leading regional climate model with coincident in situ measurements.  We 

identify key contributors to model density and mass balance biases, including underestimated 

simulated fresh snow density (which leads to underestimation of density in the top 1 m of 

snow by ~10%).  In areas undergoing frequent melting, positive density biases (of 7% in the 

top 1 m, and 10% between 1 and 10 m) are likely associated with errors in representing 

meltwater production, retention and refreezing.  The results highlight the importance of 

accurately capturing fresh snow density and meltwater processes in models used to estimate 

GrIS mass balance change. 

 

Plain Language Summary 

The density of snow (and firn – high density compacted snow) on the Greenland ice sheet is 

an important parameter because it is used to convert changes in ice sheet thickness measured 

from satellite and airborne instruments into changes in mass, which is key to estimating the 

ice sheet contribution to sea level change.  The simulation of density in climate models such 

as the one examined in this study is therefore important to making estimates of current and 

future sea level change from ice sheets.  In this study we compare snow density values 

simulated by a climate model with a large collection of measurements taken on the Greenland 

ice sheet.  We find that the model tends to underestimate density near the surface in dry 

regions, and overestimates it where there is substantial meltwater produced during summer 

months that subsequently refreezes, which could lead to errors in mass change estimates.  We 

provide suggestions regarding model adjustments that will likely improve the simulation of 

snow density and which are likely also relevant to other climate model simulations. 

1 Introduction 

The density of snow and firn over the Greenland and Antarctic ice sheets (GrIS and AIS) is 

crucial for understanding ice sheet contribution to changing sea level (e.g. Shepherd et al., 

2018; Mouginot et al., 2019).  Spatially and temporally distributed estimates of snow and firn 

density and densification are required to convert observed thickness changes from satellite 

laser and radar altimetry (e.g. ICEsat-2; Markus et al., 2017; and Cryosat-2; Helm et al., 

2014), and from radar-derived estimates of annual or seasonal snow accumulation (e.g. 
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Koenig et al., 2016; Medley et al., 2013) into mass changes (e.g. Zwally et al., 2011, 2005).   

Due to the sparse distribution of snow and firn density measurements, firn densification 

models (FDMs; e.g. Kuipers Munneke et al., 2015; Ligtenberg et al., 2011; Li and Zwally, 

2011) are generally used to simulate densification and perform the thickness to mass change 

conversion. 

     For the Greenland ice sheet, firn density can also influence the storage of meltwater in firn 

aquifers (e.g. Harper et al., 2012; Forster et al., 2013; Koenig et al., 2014).  Higher snow and 

firn density enhances surface runoff by preventing percolation of new meltwater into the 

snow and firn (Machguth et al., 2016; Noël et al., 2017), and surface snow density can affect 

the wind-driven transport of snow, particularly over Antarctica (Lenaerts et al., 2012; Agosta 

et al., 2019), and near-surface temperature variability in winter (Fréville et al., 2014).  

     Evaluation of models simulating snow density is essential to improving estimates of 

Greenland mass change. Previous publications have focused on stand-alone firn densification 

models (FDMs) or snow models (e.g. Arthern et al., 2010; Ligtenberg et al., 2011; Kuipers 

Munneke et al., 2015; Steger et al., 2017; Ligtenberg et al., 2018). Fewer studies (Vandecrux 

et al., 2019; Langen et al., 2017; Koenig et al. 2016) have focused on regional climate model 

(RCM) simulations, which unlike FDMs, capture two-way surface atmosphere feedbacks.  In 

order to identify RCM biases and key processes responsible for them, we perform a broad-

scale evaluation of snow density over the Greenland ice sheet (GrIS) simulated by one of the 

leading RCMs used to estimate ice sheet SMB, the Modèle Atmosphérique Regionale (MAR; 

Fettweis et al., 2017).     We test different model configurations and identify several key 

biases and factors contributing to them that are common to other RCMs and FDMs and which 

could contribute to substantial errors in GrIS mass balance estimates. 

 

 

2 Data and Methods 

2.1 MAR regional climate model 

     The MAR RCM (e.g. Fettweis et al., 2017; Gallée and Schayes, 1994; DeRidder and 

Schayes, 1997) simulates the coupled surface-atmosphere system within a regional domain 

forced at the lateral boundaries and ocean surface with climate reanalysis or global climate 

model outputs.  MAR agrees well with SMB-related quantities over the GrIS (e.g. Fettweis et 

al., 2017, 2011; Colgan et al., 2015).  The MAR snow model (CROCUS; Brun et al., 1992) 
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simulates a fixed number of snow, ice, or firn layers of variable thickness, and transfers mass 

and energy between them.  Snow densification occurs through mechanical compaction from 

overlying snow, and through liquid water retention (up to a maximum percentage of pore 

space, the irreducible water saturation) and refreezing.  Section S1 of the supplemental 

information supplies further details on the densification process.  We focus our analysis on 

the latest version of MAR, v3.9.3, which features minor fixes and tuning relative to MAR 

v3.5.2 (Fettweis et al., 2017).  MAR v3.9.3 simulations are forced by the European Center for 

Medium Range Weather Forecasts Interim Reanalysis (ERA-Interim; Dee et al., 2011) for 

1980 through 2017, and are run at spatial resolutions of 7.5, 15, 20, and 25 km.  (For most of 

the analysis we focus on the 7.5 km resolution simulation.)  One additional 20 km resolution 

simulation is forced with data from the National Centers for Environmental Prediction – 

National Center for Atmospheric Research Reanalysis version 1 (NCEP-NCARv1; Kalnay et 

al., 1996).  We also compare simulations at 25 km for MAR versions 3.9.3, 3.5.2 and 3.2 (e.g. 

used by Alexander et al., 2014). Relevant differences between the simulations are the 

minimum initial fresh snow density, set to 0.2 g/cm
3
 for v3.9 and v3.5.2, and 0.05 g/cm

3
 for 

v3.2, the irreducible water saturation, set to 10% in v3.9, and 7% in v3.5.2 and v.3.2, and the 

density at which pores are assumed to close off, eliminating liquid water retention (0.83 

g/cm
3
 in v3.2, and a range between 0.83 and 0.9 g/cm

3
 in v3.5.2 and v3.9).  

2.2 The SUMup community dataset 

We compare MAR with snow and firn density measurements from the Surface Mass Balance 

and Snow on Sea Ice Working Group (SUMup) dataset (Koenig and Montgomery, 2018; 

Montgomery et al., 2018), which is a compilation of density measurements from multiple 

sources (Alley, 1999; Baker, 2016; Benson, 2013, 2017; Bolzan and Strobel, 1999a-g, 

2001a,b; Chellman, 2016; Conway 2003; Cooper et al., 2018; Dibb and Fahnestock, 2004; 

Dibb et al., 2007; Harper et al., 2012; Hawley et al., 2014; Koenig et al., 2014; Vandecrux et 

al., 2019; Machguth et al., 2016; Mayewski and Whitlow, 2009a-d; Miège et al., 2013; Miller 

and Schwager, 2000a,b; Mosley-Thompson et al., 2001; Ohmura, 1991, 1992; Renaud, 1959; 

Schaller et al., 2016, 2017; Wilhelms, 2000a-d).  The 2018 version of the SUMup dataset 

contains 761 unique profiles collected at 633 locations on the Greenland ice sheet.  It contains 

measurements collected using a variety of methods as described by Montgomery et al. 

(2018).  The data for the GrIS span 1950 to present, but we only utilized data beginning 1980 

as this was the starting point for the model simulations.  We also excluded measurements of 

ice density in the Greenland ice sheet ablation zone from Cooper et al. (2018), as our focus is 
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on snow and firn density.  Three profiles where MAR v3.2 predicted subsurface ice in the 

percolation zone (likely due to initialization errors) were also excluded from the comparison 

with MAR v3.2.  We add one density profile not included in the 2018 SUMup dataset 

collected in 2010 at the Greenland ice sheet Summit camp (Tedesco and Marshall, 2019).  

The profiles examined here consist of 522 unique profiles collected at 417 locations (Figure 

1a).  

2.3 Data processing and methods of comparison 

We compared observed profiles from SUMup with coincident profiles in space and time from 

MAR.  All except one measurement location (ETH camp in the ablation zone; Ohmura 1991, 

1992; Lefebre et al., 2003) fall into areas of net accumulation as defined by MAR average 

SMB for September 1983 through August 2017.  Areas of net positive SMB were sub-

divided into relatively “wet” and relatively “dry” areas based on the average number of melt 

days.  A melt day was defined as a day in which meltwater production exceeded 8.25 mm 

water equivalent per day (e.g. Fettweis et al., 2011).   The number of days of melting varies 

smoothly across the GrIS, so we chose a somewhat arbitrary threshold of 5 melt days to 

define “wet” vs. “dry” areas.   This threshold is approximately the median between the 

median number of annual melt days for a given   
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model pixel (1.4) and the average (14.6 days), and divides the distribution of average melt 

days between the upper 37
th
 and lower 63

rd
 percentiles.  Figure 1a shows the average 1983 

through 2017 MAR SMB, along with all SUMup points used in this study (consisting of 522 

profiles), with colors indicating different divisions of profiles. 

To compare MAR with SUMup, we computed average depth-density profiles by extracting 

the average value (and standard deviation) across all profiles and separated into 96 wet and 

323 dry profiles, and 103 profiles from the ETH camp site.  We do not include ETH camp in 

the compilation of “wet” profiles because it includes a seasonal snowpack and subsurface ice, 

but find it useful to examine given its unique location and multiple measurements collected 

over two seasons. Modeled values are excluded at depths where there are missing 

observations.  We also compute average values over fixed depth ranges (top 1 m, 1-10 m) for 

models and observations, only considering locations where data are available over 90% of the 

depth range.  We constrain our analysis to the top 10 m of snow and firn as the majority of 

SUMup profiles do not extend below this depth. 

3 Observed vs. Modeled Density Profiles 

A comparison between MAR and observed density profiles from SUMup is shown in Figure 

1. The averaged observations span multiple years, seasons, and measurement types.  The goal 

is not to establish an ice-sheet wide “standard” density profile, but to identify systematic 

biases in modeled density. 

 

Within the relatively dry regions of the ice sheet (Figure 1b, Table 1), MAR captures the 

average profile and the range of variability between profiles very well between 1 and 10 m in 

depth (with a bias of -0.013 ± 0.046 g/cm
3
), but underestimates density within the top 1 m (by 

-0.063 ± 0.042 g/cm
3
).  The standard deviation for modeled and observed profiles is also 

quite low (~0.030 g/cm
3
 for observed profiles and ~0.020 to 0.030 g/cm

3
 for model profiles; 

Table 1), indicating a fairly low variability in time and space in dry areas. The negative biases 

in the top 1 m are likely associated with dry snow processes, in particular the initial fresh 

snow density (Fausto et al., 2018), as discussed further in Section 4. 

In wetter regions of the ice sheet, there is larger variability between profiles, as indicated by 

the large standard deviation for both MAR and SUMup at all depths (Figure 1c, Table 1).  

This likely results from intermittent rapid densification due to meltwater retention and 

refreezing.  MAR also underestimates near-surface density within the top 1 m in wet areas 

(by -0.029 ± 0.098 g/cm
3
), but the uncertainty associated with variability between profiles is 
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larger than the bias.  For wet areas between 1 and 10 meters in depth, MAR tends to slightly 

overestimate density on average (by +0.057 ± 0.069 g/cm
3
) although the bias is still within 

the uncertainty range.  At the ETH camp location, MAR also tends to overestimate density 

within the top 1 m (by 0.118 ± 0.117 g/cm
3
, Table 1, Figure S1).  This is likely a result of 

high melt and meltwater refreezing in MAR, which produce a snowpack that is both too 

shallow and too dense (Figure S1). 

 

The negative bias from MAR relative to SUMup in the top 1 m persists across most of the ice 

sheet, with the exception of positive biases below 2000 m in elevation along the western ice 

sheet margin (Fig. 2a).  A scatter plot of MAR vs. observed average values in the top 1 m 

(Fig 2c) also indicates that the MAR bias is consistently negative for low-density values 

(corresponding with dry areas) but becomes positive for higher density values.   An analysis 

of top 1 m biases according to time of year (Figure S2a) indicates that the positive MAR 

biases occur primarily in the summer months of June and July in melt areas and at ETH camp 

(with an average June and July bias of +0.133 ± 0.095 g/cm
3
).  At ETH camp, the bias also 

tends to increase over the course of the season.  At this location, MAR underestimates snow 

depth (Figure S3a). The top 1 m density bias at ETH camp therefore partly results from the 

presence of ice within the top 1 m in MAR, in addition to overestimated MAR snow density 

(Figure S3b).  In contrast, for measurements taken during April and May at both ETH camp 

and other “wet” locations, MAR exhibits a negative bias (-0.070 ± 0.063 g/cm
3
) as snowpack 

density in the 1
st
 meter in these areas mainly results from fresh snow accumulation in winter, 

and has not yet experienced summer melt and refreezing.  

 

The collective evidence indicates that positive MAR biases in the top 1 m occur in areas of 

melt, retention and refreezing during summer months, and are therefore associated with melt 

processes.  The positive biases in the top 1 m are also generally associated with higher 

amounts of refreezing over the time period that the top 1 m is deposited (Figure S2b).  

Contributing factors could include overestimation of melt, thermodynamic processes 

contributing to too much refreezing, or overestimated liquid water retention.   The value of 

the irreducible water saturation in MAR is relatively high (7-10%) compared to the 

RACMO2.3p2 RCM (Noël et al., 2018) (1%), and could potentially lead to overestimated 

liquid water retention. 
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Between 1 and 10 m in depth, biases cluster regionally (Fig. 2a), with MAR overestimating 

density in low elevation areas and in northeast Greenland, and underestimating density 

elsewhere.  The positive biases in low elevation areas are likely due to the same processes 

contributing to positive biases in the top 1 m; they are generally associated with higher 

refreezing rates (Fig. S2c).  The positive bias in northeast Greenland is likely related to a low 

accumulation rate (of below ~15 cm water equivalent per year) in this area.  Indeed, a lower 

accumulation rate tends to produce a larger 1 to 10 m density bias for “dry” snow areas 

(Figure S2d).  In “wet” areas there is no clear relationship likely due to the influence of 

meltwater processes.  In the dry, low accumulation areas with less than 15 cm water 

equivalent accumulation, the MAR simulation spin-up time of 5 years is inadequate for 

completely refreshing the snowpack. In fact, more than 60 years of spin-up time are required 

to fully refresh the snowpack in these areas (Figure S4).  Therefore, density profile biases 

below 1 m in low-accumulation areas likely originate from the initial prescribed snow density 

profile, rather than accumulated snowfall. 

 

4 Modeled Density Profile Sensitivity 

To better understand the sensitivity of MAR-simulated density to atmospheric parameters, 

spatial resolution and physical assumptions, we evaluated simulated profiles from multiple 

MAR simulations featuring different spatial resolutions, reanalysis forcing and 

parameterizations.  This gives an indication of the controls on model-simulated GrIS density. 

 

Simulated profiles from different MAR versions (v3.9.3, v3.5.2, and v3.2) are shown in 

Figure 3.  Results from MAR v3.9.3 run at different spatial resolutions (7.5, 15, 20, and 25 

km), all forced with the ERA-Interim reanalysis, and a 20 km spatial resolution simulation 

with MAR v3.9.3 forced with the NCEP-NCAR reanalysis, are shown in Figure S5.  In both 

wet and dry areas, changing the spatial resolution in MAR v3.9.3 produced little difference in 

the average density profiles at SUMup sites (Fig S5 a,b; Table S1).  Forcing MAR v3.9.3 

with different reanalysis products (ERA-Interim vs. the NCEP-NCAR reanalysis) also had a 

minor impact on average profiles (Fig. S5 c,d; Table S1).  At the ETH camp location, 

changing the spatial resolution did have an impact on density profiles (Fig. S6; Table S1), 

likely due to the effect of spatial resolution on grid box elevation.  The grid box containing 

ETH camp is about 100 m higher in elevation for the 25 km resolution simulation compared 
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with the 7.5 km resolution simulation, leading to colder temperatures, less melt and 

refreezing and lower density values. 

 

Overall, the largest differences in model profiles result from differences in model version 

(Fig. 3; Table S2), in particular between MAR v3.2 and the other model versions, due to the 

different assumptions and initialization methods.  The differences between MAR v3.9.3 and 

v3.5.2 are small, as there are no differences in initialization or fresh snow density between the 

simulations.  The two models do differ in the representation of irreducible water content 

(10% in MAR v3.9 vs. 7% for MAR v3.5.2), which suggests that the 3% difference in this 

value does not have a large impact on the average profiles.  Close to the surface, MAR v3.2 

density values are lower than the other model versions (Figure 3, Table S2).  This results 

from a lower initial fresh snow density in MAR v3.2 compared with the other versions (0.05 

g/cm
3
 vs. 0.2 g/cm

3
), confirming the importance of this factor.  Between 1 and 10 m in depth 

MAR v3.2 density values are higher than other model versions for both wet and dry areas.  

The source of these differences is not entirely clear.  One possibility is differences in 

snowpack initialization.  For each year of outputs from MAR, the snow profile is initialized 

with an earlier simulation and spun up over a 5-year period.  MAR v3.9 and v3.5.2 are 

initialized with profiles from an older version of MAR (v3.4), while MAR v3.2 is initialized 

with a much earlier version of MAR (v1.0).  Another possibility is that the very low-density 

layers near the surface in MAR v3.2 allow for excess meltwater retention and small melt 

events can lead to accumulated refrozen melt over time.  Further sensitivity studies are 

needed to determine the causes of these differences. 

 

5 Conclusions  

Our results point to several factors that can introduce biases in simulated GrIS snow density 

profiles, leading to errors in estimated surface mass balance, from both remote sensing 

measurements of GrIS accumulation (e.g. Koenig et al., 2016), and from climate model 

estimates of liquid water retention and refreezing.  These include (1) errors in near surface 

density values resulting from errors in the parameterized density of freshly fallen snow, (2) 

errors in surface and subsurface density in areas of high melt, liquid water retention and 

refreezing, and (3) errors associated with model initialization, especially in locations of low 

accumulation, where a lengthy model spin-up time may be required to properly initialize the 

snowpack.   
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Specifically, we find that in the MAR regional climate model, density within the top 1 m of 

snow is underestimated by 10%.  This translates to an error of roughly 36 Gt, or 10% of 

annual average SMB derived from snow accumulation thickness in  “dry snow” areas (Text 

S2, Supplementary information).  The near-surface density value is highly sensitive to the 

choice of the initial freshly fallen snow density, and suggests that the fresh snow density 

simulated by MAR (a function of temperature and wind speed) is too low on average.  

Adjustments to the minimum fresh snow density in MAR v3.5.2 and v3.9 improved the 

agreement with observations, while still producing a systematic bias near the surface.  These 

results are consistent with the study of Fausto et al. (2018), who found that a fresh snow 

density of 0.315 g cm
-3

 was a better choice for estimating near-surface density than estimates 

from model parameterizations. When combining snow and firn model density estimates with 

remote sensing-derived thickness change measurements, care should be taken to verify the 

accuracy of near-surface density values, and the values should be corrected using 

observations (as done by Koenig et al., 2016).  Adjustments to the minimum initial falling 

snow density (e.g. as done by Agosta et al., 2019 for MAR over Antarctica), are likely 

sufficient to improve agreement with observations. 

We found an overestimation of sub-surface density values (by ~10%) in areas with greater 

than 5 days of melt per year in MAR.  If extended across the “relatively wet” areas over the 

ice sheet, the density bias between 1 and 10 m translates to an average underestimate of 223 

Gt on average (~50% of 1980-1999 annual average SMB; Text S2, Supplementary 

information), although the variability in density values leads to an uncertainty of 270 Gt.  A 

similar overestimation was found in the IMAU-FDM firn model of Ligtenberg et al. (2018), 

which is forced by the RACMO2.3 RCM (Noël et al., 2018).  The IMAU-FDM tended to 

underestimate firn air content (i.e. overestimate snow density) as a result of an apparent 

overestimation of melt from RACMO2.3.  Reduced melt in the latest RACMO2.3p2 version 

substantially reduced the observed biases (Ligtenberg et al., 2018).  The cause of the bias 

could be similar in the case of MAR.  It is also possible that the relatively high irreducible 

water saturation from MAR (10% vs. 1% in RACMO) contributes to overestimated liquid 

water retention and refreezing.  This factor was found to influence SMB and snow 

temperature profiles in the HIRHAM5 RCM (Langen et al., 2017), though the effects were 

smaller than melt-albedo effects.   Further research is required to better understand the impact 

of meltwater production rate vs. parameterization of meltwater retention and refreezing in 

models simulating snow and firn density, given the potentially large impact on estimated 

SMB.    
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We find that in areas of low accumulation rate, the model spin-up time can also contribute to 

subsurface density biases.  In areas of low accumulation (below 15 cm w.e. per year), the 

MAR snowpack has likely not been spun up for a sufficient length of time to completely 

refresh the snowpack, leading to positive biases in simulated density. For these low 

accumulation areas, an offline spin-up of a standalone snowpack model is necessary (as is 

done for the standalone IMAU-FDM model of Ligtenberg et al., 2011, 2018) and can help to 

improve the model accuracy.   

 

Finally, additional measurements and model evaluation are required in the GrIS ablation 

zone, where errors in snow depth over ice can further complicate calculations of mass from 

elevation change as well as estimates of liquid water retention and refreezing. 
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Table 1: Average and standard deviations of observed (SUMup) and modeled (MAR) density 

values (in g/cm
3
) for different snow/firn pack depth ranges for all profiles and profile subsets. 

The “N” column indicates the sample size used for each category. 

 

 

  SUMup MARv3.9 7.5 km MAR - SUMup N 

All Profiles 0 – 1 m 0.354 ± 0.057 0.320 ± 0.125 -0.034 ± 0.090 407 

 1 – 10 m 0.515 ± 0.101 0.541 ± 0.140 +0.026 ± 0.069 111 

“Dry” Profiles 
0 – 1 m 0.331 ± 0.035 0.268 ± 0.020 -0.063 ± 0.042 293 

1 – 10 m 0.442 ± 0.029 0.429 ± 0.028 -0.013 ± 0.046 49 

“Wet” Profiles 
0 – 1 m 0.392 ± 0.059 0.362 ± 0.120 -0.029 ± 0.098 60 

1 – 10 m 0.573 ± 0.101 0.630 ± 0.129  +0.057 ± 0.069 62 

ETH Camp 0 – 1 m 0.439 ± 0.052 0.557 ± 0.165 +0.118 ± 0.117 54 
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Figure 1: (a) MAR v3.9.3 average annual GrIS SMB for September 1983 through August 

2017 (mm water equivalent per day), plotted with the location of SUMup density profiles.  

Red points are located in the mean ablation zone, blue points experience >5 days of melt per 

year, and black points exhibit <5 days per melt per year on average according to MAR.  (b) 

Average observed and MAR v3.9.3 (7.5 km resolution) profiles for dry snow locations (c) 

Same as (b) for “wet snow” locations. Shading indicates one standard deviation for all 

measurement or model points at a given depth level. 
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Figure 2: (a) Average density bias in the top 1 m of the snowpack (MAR v3.9.3 – observed 

values).  (b) Same as (a) for 1 to 10 meters in depth.  (c) Scatter plot of modeled vs. observed 

density in the top 1 m, with different regions identified.  (d) Same as (c) for the 1 to 10 m 

depth range.  

 

 

  



 

 

©2019 American Geophysical Union. All rights reserved. 

 
Figure 3: Average density profiles for different versions of the MAR RCM (a) for dry snow 

locations from MAR v3.2, v3.5.2, and v3.9.3 and (b) same as (a) for wet snow locations. 
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Introduction  

Here we provide a description of the process of snow and firn densification simulated in the 

Modèle Atmosphérique Régianale (MAR) regional climate model, a description of an 

estimation of SMB errors associated with density biases identified in the main text, and a series 

of supplementary figures and tables supporting the findings discussed in the main 

manuscript.  
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Text S1 Simulated density and densification in the MAR regional climate model 

     Two processes, compaction and meltwater refreezing, contribute to snow densification in 

MAR.  The compaction of snow and firn is simulated according to Brun et al. (1989) (as 

described by Koenig et al., 2016).  The equations are obtained from Navarre (1975) and in turn 

from the work of Kojima (1954, 1967), who determined an expression for snow deformation as 

a function of strain rate according to Maxwell’s description of deformation of a viscoelastic 

material.   In MAR, the rate of change of thickness of a model layer of thickness δz is given by: 

 !"#
!$ =

&'"#
(  (1) 

where σ is the vertical stress from the overlying snow firn and ice, and η is a snow/firn viscosity 

that is defined as follows: 

 ) = *+,,!./4123456,789:;.=|?6|@ (2) 
where ρs,dry is the dry snow density, Ts is the snow layer temperature (in °C), and C is a function 

of snow grain size and liquid water content.   

 
For air temperatures greater than -5°C, the initial density of precipitated snow over the 

Greenland ice sheet is a function of wind speed 10 meters above the surface (V in m/s) and the 

surface air temperature 3 m above the surface (Tair in °C): 

 +,,; = ABC2+DEF, 0.109 + 0.006LME. + 0.026√P@ (3) 

where rmin is the minimum falling snow density in g/cm3, and for cases where the surface air 

temperature is less than -5°C and the wind speed is greater than 6 m/s,  

 +,,; = ABC2+DEF, 104√P@. (4) 
Otherwise, rs,0 is set to the value of rmin.  For the simulations evaluated here, rmin is set to a 

value of 0.2 g/cm3 for MAR v3.5.2 and v3.9, while for v3.2 it is set to 0.05 g/cm3.  Over the 

Antarctic ice sheet, a different parameterization for fresh snow density is used in MAR as 

described by Agosta et al. (2019).   

 

MAR has the capability of retaining liquid water within the snow/firn pack according to the 

representation of Vionnet et al. (2012).  The amount of water that can be retained by a layer 

(Wret) is given by: 

 Q.R$ = STE+TUV W1 −
56,789
;.Y Z (5) 

where Swi is the irreducible water saturation, the fraction of pore volume that can store water, 

set to 0.07 in MAR v3.5 and MAR v3.2 and 0.1 in MAR v3.9.3, rw is the density of water in g/cm3, 

dz is the layer thickness, rs,dry is the dry snow density.   Meltwater is retained according to a 
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tipping bucket scheme, in which excess meltwater from a layer that has reached its retention 

capacity is passed to the layer below, until it reaches the bottom of the snow/firn pack, or 

reaches an impermeable layer, at which point the meltwater becomes runoff.     In MAR v3.2, a 

layer is deemed impermeable if the density exceeds a pore-hole close-off density of 0.83 

g/cm3. In MAR v3.5.2 and 3.9, the percentage of excess water reaching a high-density layer 

that becomes runoff increases linearly from 0% at 0.83 g/cm3 to 100% at 0.9 g/cm3.   Runoff in 

MAR is temporarily stored as “surface water” before it becomes runoff to the oceans (e.g. as 

noted by Smith et al., 2017).  Only the mass of this water is tracked, and it does not interact 

with the snow/firn afterward.  Refreezing occurs when the net energy balance of a layer 

containing liquid water is negative; a fraction of the liquid water in the layer refreezes in 

proportion to the latent heat of fusion. 
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Text S2 Calculation of potential impact of density biases on GrIS mass balance estimates 

To calculate the potential impact of the identified MAR biases on GrIS SMB estimates, we 

performed a set of simple calculations, as follows: 

First, we estimated the error in SMB that might result from combining MAR density with snow 

accumulation thickness measurements (e.g. from snow radar), taking into account the bias in 

the top 1 m for the dry areas identified in the main text.  We used the 1980-1999 average 

annual surface elevation change from snow accumulation calculated by MAR as a rough 

estimate of spatially distributed annual accumulation.  For “dry snow” areas with fewer than 5 

melt days per year, MAR thickness change averages ~0.6 m/yr with a maximum of 3.7 m/yr.    

The MAR thickness change was corrected for the density bias using the average SUMup 

density for dry areas.  The average thickness change (DZMAR) is given by: 

 ∆\]^_ = S`a]^_ 5bcde8
56,fgh

 (6) 

where rwater is the density of water (1 g/cm3) and rs,MAR is the density of snow and firn from 

MAR.   The thickness change corrected for the top 1 m bias is given by: 

 ∆\]^_,ij... = ∆\]^_ + 	ABC(∆\]^_, 1	A)
"56,fgh
56,no6

 (7) 

where rs,Obs is the average density from SUMup, and drs,MAR is the density bias from MAR .  The 

bias in mass balance derived from the thickness change is then given by the density bias 

multiplied by the corrected thickness change, summed over each grid cell, i:   

 S`a	pqBr = 	∑ ∆\]^_,ij..,E ∗ 	U+,,]^_ ∗ uEv
Ew=  (8) 

where Ai is the grid cell area, and N is the number of “dry snow” grid cells.   

 The resulting SMB error was estimated to be -36 Gt (with a range of -52 to -14 Gt).  This is 

roughly 10% of the average annual SMB (343 Gt/yr) in “dry areas” with less than 5 days of melt 

per year. 

Next, we estimated the error in total water storage that could result from the positive density 

bias between 1 and 10 m in MAR for relatively “wet areas”.    This was estimated with a simple 

calculation of error in firn air content (the volume of air within the snow and firn translated 
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into an equivalent thickness (e.g. Van de crux et al., 2019), where the firn air content in meters 

is given by: 

 xu* = 	∆\yFjT,zE.F W
5{|e&	56}~b,�{8}	

5{|e
Z	 (9) 

 where DZsnow,firn is the snow and firn thickness, rsnow,firn is the average density of the snow or 

firnpack, and rice is the density of ice, assumed to be 0.917 g/cm3.  The firn air content bias 

(dFAC) is then: 

 Uxu* =	∆\yFjT,zE.F W
&"56}~b,�{8}

5{|e
Z	 (10) 

where drsnow,firn is the snow/firn density bias. Taking the MAR bias of +0.057 ± 0.069 g/cm3 for 

wet areas between the depths of 1 and 10 m, and a value for DZsnow,firn of 9 m, the firn air 

content bias from MAR  is -0.6 ± 0.7 m.  Assuming that water completely fills up air space in the 

form of an aquifer or refrozen meltwater, the storage capacity error is given by:  

 USÄÅÇBÉ1 = 	Uxu* ∗	+TM$R. ∗ uTR$  (11) 

 where Awet is the total area of “wet snow” grid cells.  The error in storage capacity is calculated 

as -223 ± 270 Gt, with the average value equal to 46% of annual average GrIS-wide SMB (483 

Gt/yr for 1980-1999 from MAR.  
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Figure S1.  Average observed (black) and MAR v3.9.3 (7.5 km resolution, blue) profiles and 
standard deviation (shading) for ETH camp in the west coast GrIS ablation zone (location on 
Figure 1a).  
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Figure S2.  (a) Scatter plot of MAR average density bias (MAR – observed) in the top 1 m of the 
snowpack (MAR – observations) vs. day of year for all profiles with measurements covering at 
least 90% of the top 1 m.  (b) Density bias in the top 1 m vs. the total amount of refreezing 
during the time over which the top 1 m was deposited. (c) Same as (b) for 1 – 10 m in depth. 
(d) Density bias in the top 1-10 m vs. average accumulation rate during the time of deposition 
of the snow/firn between 1 and 10 m in depth.  Accumulation rate is calculated from MAR v 
3.9.3 (1980-2017), MAR v3.5.2 (1960-1979), and a seasonal average from MAR v3.9.3 for periods 
extending before 1960 (1980-1999), depending on the length of time represented in the top 
10 m. 
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Figure S3.  (a) Snow depth at ETH camp obtained from the maximum depth of density 
measurements from the SUMup dataset, vs. MAR snow depth over ice (v3.9.3, 7.5 km spatial 
resolution) for measurements taken over the course of two seasons in 1990 and 1991.   Colors 
indicate the measurement date. (b) MAR v3.9.3 7.5 km density vs. observed density for ETH 
camp (1990 and 1991), for the top 1 m.  Black points show average vs. observed density for the 
top 1 m (including snow and ice in MAR).  Red points show MAR average snow density within 
the top 1 m (excluding ice) vs. observed density for the same depth range as MAR.  For both 
the black and red points, only cases where measurements cover at least 90% of the top 1 m 
are considered.  
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Figure S4.  Length of time (in years) represented by (a) the top 1 m of snow and (b) the top 10 
m of snow for SUMup profile locations, computed from the SUMup profile date and timeseries’ 
of MAR simulated SMB (from MAR v3.9.3, 7.5 km resolution, for the period 1980-2017, MAR 
v3.5.2, 25 km resolution for the period 1960 to 1980, and using the 1980-1999 average for 
years prior to 1960.  Locations for which the average 1980-1999 accumulation was used are 
outlined in blue. 
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Figure S5: Average SUMup and MARv3.9.3 modeled density profiles for (a) “dry snow” areas, 
changing model resolution, (b) same as (a) for “wet snow” areas, (c) “dry snow” areas, changing 
model forcing (NCEP1 vs. ERA-Interim reanalysis), and (d) same as (c) for “wet snow” areas.  
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Figure S6.  (a) Same as Figure S1 for different MAR versions.  (b) Same as Fig. S5a,b for ETH 
camp, and (c) Same as FigS5, c,d for ETH camp.  
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  SUMup (avg) 7.5 km (ERA-I) 
(bias) 

15 km (ERA-I) 
(bias) 

20 km (ERA-I) 
(bias) 

20 km (NCEP) 
(bias) 

25 km (ERA-I) 
(bias)     N 

All Profiles 
0 – 1 m 0.354 ± 0.058 -0.034 ± 0.091 -0.045 ± 0.086 -0.050 ± 0.073 -0.052 ± 0.070 -0.054 ± 0.069 399 
1 – 10 m 0.514 ± 0.101 +0.026 ± 0.070 +0.023 ± 0.068 +0.017 ± 0.063 +0.020 ± 0.062 +0.022 ± 0.073 104 

“Dry” Profiles 0 – 1 m 0.331 ± 0.035 -0.063 ± 0.042 -0.071 ± 0.041   -0.070 ± 0.040 -0.072 ± 0.044 -0.069 ± 0.042 291 
1 – 10 m 0.442 ± 0.029 -0.014 ± 0.045 -0.019 ± 0.026   -0.012 ± 0.034 -0.012 ± 0.034 -0.017 ± 0.038 46 

“Wet” Profiles 0 – 1 m  0.393 ± 0.062 -0.027 ± 0.102 -0.030 ± 0.109 -0.034 ± 0.103 -0.034 ± 0.095 -0.045 ± 0.107 54 
1 – 10 m  0.571 ± 0.101 +0.057 ± 0.070 +0.056 ± 0.073 +0.039 ± 0.072 +0.044 ± 0.068 +0.052 ± 0.080 58 

ETH Camp 
(Ablation Zone) 0 – 1 m  0.439 ± 0.052  +0.118 ± 0.117 +0.085 ± 0.115 +0.047 ± 0.092  +0.039 ± 0.076  +0.020 ± 0.085 54 

Table S1.  Same as Table 1, with SUMup average density and MAR v3.9.3 biases (g/cm3) for different spatial resolutions and atmospheric 
forcings.  
  1 
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  SUMup MAR v3.9 
(25 km ERA-I) 

MAR v3.5.2 
(25 km ERA-I) 

MAR v3.2 
(25 km ERA-I) N 

All Profiles 0 – 1 m 0.340 ± 0.045 -0.058 ± 0.057 -0.033 ± 0.052 -0.038 ± 0.089 219 
 1 – 10 m 0.530 ± 0.097 +0.033 ± 0.081 +0.040 ± 0.075 +0.152 ± 0.104 72 

“Dry” Profiles 0 – 1 m 0.327 ± 0.020 -0.065 ± 0.029 -0.038 ± 0.024 -0.062 ± 0.060 182 
 1 – 10 m 0.453 ± 0.022 -0.030 ± 0.033 -0.019 ± 0.026 +0.072 ± 0.045 24 

“Wet” Profiles 0 – 1 m 0.406 ± 0.069 -0.023 ± 0.118 -0.007 ± 0.114 +0.083 ± 0.110 37 
 1 – 10 m 0.569 ± 0.097 +0.064 ± 0.080 +0.069 ± 0.074 +0.192 ± 0.103 48 

Table S2.  Same as Table S1, showing average density and biases (g/cm3) for different versions of the MAR regional climate model run at a 2 
spatial resolution of 25 km.  Note that profiles in the ETH camp location for 1990-1991 are not available for MAR v3.2.   3 


