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Abstract. Modelling firn density is crucial for understanding the current mass balance of the Greenland ice sheet (GrIS) and 10 

predicting its future. As snowmelt increases in a warming climate on the GrIS, accurate information about firn density and 

its variability over time and space becomes increasingly important in the percolation zone. Previous research indicates that 

none of the existing models accurately simulate firn properties at sites with varying snowmelt rates due to the limited 

knowledge of liquid water percolation and the complexity of firn densification. Here, we enhance the representation of the 

firn densification model based on the Community Firn Model (CFM) by (i) using the stressed-based dry-firn densification 15 

scheme and recently published parametrizations for firn characteristics, (ii) modifying the expression of irreducible water in 

the Darcy-flow scheme, and (iii) allowing the time step to be adaptive. The improved model is employed at two 

climatologically distinct sites, Dye-2 and KAN_U, two sites in the southwest percolation zone of the GrIS, to evaluate its 

performance. The modelled firn depth-density profiles at the two study sites generally agree well with the in situ 

measurements obtained from 16 firn cores drilled between 2012 and 2019. At Dye-2, with comparatively high accumulation 20 

and low snowmelt rates, the model simulates thin ice lenses and/or ice layers in the top 10 m of the firn column. The 

modelled firn density aligns with the average level of observations, with the relative bias in density ranging from 0.36% to 

6%. At the KAN_U site, characterized by relatively low accumulation and high snowmelt rates, the model captures high-

density layers (~917 kg · m−3) caused by the refreezing of liquid water. The observed ice slabs are partly reproduced, and the 

relative bias in density between simulations and observations at all 8 cores is within ±5%. 25 

 

1 Introduction 

Accurate information about firn density and its variability over time and space is necessary both to understand the current 

mass balance of the Greenland ice sheet (GrIS) and to predict its future for multiple reasons. Firstly, firn depth and density 

are required to convert elevation (volume) changes measured from satellite altimetry to mass changes, which remains a 30 
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primary source of uncertainty in mass balance assessments (Shepherd et al., 2012, 2020; Huss et al., 2013; Thompson et al., 

2023). Secondly, firn depth and density are required to convert firn column thickness to ice thickness to calculate solid-ice 

discharge over the grounding line (Rignot et al., 2019; Veldhuijsen et al., 2023). Thirdly, firn density and spatial distribution 

are required to calculate the amount of air-filled pore space within the firn column (firn air content; FAC), which implies the 

meltwater retention potential and the capacity of firn to buffer surface meltwater into the ocean (Enderlin et al., 2014; 35 

Machguth et al., 2016; van den Broeke et al., 2016; Mottram et al., 2019). Moreover, the FAC of the total firn column is also 

valuable for remotely sensed surface height change correction, enabling the conversion of height changes into mass changes 

(Sørensen et al., 2011; Simonsen et al., 2013; Kuipers Munneke et al., 2015). Given the absence of suitable methodologies or 

techniques for directly measuring firn depth and density throughout the GrIS, firn densification models are typically used to 

obtain vertical variations in density at a particular time and space (Ligtenberg et al., 2011; Morris and Wingham, 2015; Smith 40 

et al., 2020). 

 

The surface of the GrIS can be divided into the accumulation zone and the ablation zone based on the equilibrium line 

altitude (ELA), with the accumulation zone further divided into the dry snow zone and the percolation zone depending on the 

presence of liquid water (Steger et al., 2017). The dry snow zone is not affected by snowmelt and/or rainfall, and firn 45 

densification in this zone is forced by overburden stress, i.e. the weight of overlying snow/firn (Herron and Langway, 1980). 

In the GrIS, this zone is decreasing because areas experiencing snowmelt and/or rainfall have become more widespread and 

denser in response to the warming climate over the past decades. For example, an unprecedented melt event occurred in July 

2012, with surface melt encompassing nearly the entire GrIS (Nghiem et al., 2012). As a result, the percolation zone of the 

GrIS is expanding. Most liquid water (from snowmelt and rainfall) tends to infiltrate into the subsurface firn column in this 50 

zone. Afterwards, it may either be stored in the firn’s pore space (Pfeffer et al., 1991; Harper et al., 2012), or refreeze within 

the firn layer (van den Broeke et al., 2016), or remain unfrozen in firn aquifers (Forster et al., 2014), or depart from the firn 

column via runoff when encountering an impermeable layer (Machguth et al., 2016). Researchers found sharply increased 

firn density and significant density variability within the upper firn column of the percolation zone (Machguth et al., 2016; 

MacFerrin et al., 2019; Rennermalm et al., 2021), which are likely attributed to the refreezing of liquid water. This refreezing 55 

process produces ice lenses (thinner than 0.1 m) or ice layers (between 0.1 and 1 m thick), both of which can accumulate into 

ice slabs (thicker than 1 m) (MacFerrin et al., 2022), primarily influencing firn properties in two ways. Firstly, the release of 

latent heat during refreezing has the potential to induce a notable increase in firn temperature, further accelerating the rate of 

firn densification. Secondly, stress exerted by ice lenses or ice layers further compresses and densifies firn, thus leading to a 

higher density within the firn layer. Furthermore, refreezing potentially acts as a buffer against meltwater entering the ocean, 60 
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delaying mass loss through runoff (Harper et al., 2012). Understanding refreezing processes is therefore critical for 

simulating firn density in the percolation zone, estimating the GrIS’s mass loss and its influence on global sea-level rise. 

 

Numerous semi-empirical and physics-based firn models have been developed to simulate firn properties and compared well 

with observations on both Greenland and Antarctica (e.g. Arthern et al., 2010; Ligtenberg et al., 2011; Kuipers Munneke et 65 

al., 2015; van Kampenhout et al., 2017). However, the agreement between observed and simulated firn densities decreases 

with the increasing snowmelt rates (Kuipers Munneke et al., 2015; Ligtenberg et al., 2018), indicating that firn density 

modelling in the percolation zone remains a challenge. Many observational studies have demonstrated that meltwater 

infiltrates into the firn through two pathways, namely by homogeneous wetting front, also known as matrix flow, and by 

heterogeneous infiltration in the form of discrete vertical channels, also called preferential flow (Pfeffer et al., 1996; 70 

Humphrey et al., 2012). Verjans et al. (2019) indicated that substantial knowledge gaps and poor representation of firn 

percolation processes are significant limiting factors in firn model performance in the percolation zone. Vandecrux et al. 

(2020c) found that none of the nine firn densification models accurately simulated meltwater infiltration at sites with varying 

snowmelt rates. Thompson et al. (2023) used two firn models (the SNOWPACK model and the CFM-GSFC model) to 

quantify firn properties across the GrIS and found that the model bias is highest where liquid water is abundant. 75 

 

In this study, we use the Community Firn Model (CFM; Stevens et al., 2020) as the modelling framework to simulate the firn 

depth-density profile in two climatologically distinct sites in the percolation zone of the GrIS: one characterized by relatively 

low accumulation and high snowmelt rates (KAN_U) and the other by comparatively high accumulation and low snowmelt 

rates (Dye-2). The representation of firn densification is improved by (i) using the stressed-based dry-firn densification 80 

scheme and recently published parametrizations for surface density and thermal conductivity, (ii) modifying the expression 

of the irreducible water in the Darcy-flow scheme to assess the capillary retention, refreezing, and runoff of liquid water 

within the firn layer, and (iii) allowing the time step to be adaptive. The upper boundary of the model is driven by the polar 

version of the Regional Atmospheric Climate Model (RACMO2.3p2; Noël et al., 2019). In Sect. 4, We assess the overall 

capability of the model to reproduce density profiles by comparing the modelled firn density with observations obtained 85 

from the nearest core with a length exceeding 10 m. In addition, we compare the simulation results with previous firn density 

modelling studies at Dye-2 and KAN_U by qualitatively and/or quantitatively comparing them with firn density observations, 

respectively. Finally, the sensitivity of the firn densification model to the choice of dry-firn compaction schemes, water flow 

schemes, and time step sizes are analyzed and discussed. 
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2 Data 90 

2.1 Climatic forcing 

The climatic forcing data of the model used in this study are snow mass accumulation (snowfall minus sublimation), liquid 

water flux (snowmelt plus rainfall), skin temperature, and 2 m air temperature. Rainfall is the difference between total 

precipitation and snowfall. Restricted by the availability of observational data in terms of time and space, these climatic data 

are typically collected from regional climate models (RCMs). The RCMs commonly employed for the investigation of 95 

meteorological and climatic characteristics of the GrIS involve RACMO2.3p2 (the Regional Atmospheric Climate Model 

version 2.3p2), MAR (the Modèle Atmosphérique Régional), PROMICE (Programme for Monitoring of the Greenland Ice 

Sheet), and HIRHAM (the High-Resolution Limited-Area Model). By comparing these RCMs to in situ meteorological data 

and point SEB/SMB measurements, the accuracy of RACMO2.3p2 is higher than the other models over the GrIS (Noël et al., 

2018; Fettweis et al., 2020; Van Dalum et al., 2021). The forcing from RACMO2.3p2 has been demonstrated to yield 100 

significant improvements in modelled firn densification (Ligtenberg et al., 2018). Therefore, in order to precisely simulate 

the firn depth-density profiles, the atmospheric forcing of the model is collected from RACMO2.3p2 in this study. 

 

RACMO2.3p2 is forced at the lateral boundaries by a combination of European Centre for Medium-Range Weather 

Forecasts (ECMWF) reanalysis datasets from ERA-40 over 1958-1978, ERA-Interim over 1979-1989, and ERA5 over 1990-105 

2020 (Noël et al., 2019). The data of snowfall, snowmelt, total precipitation, sublimation, and 2 m air temperature are 

statistically downscaled on a daily basis from RACMO2.3p2 at 5.5 km resolution onto a 1 km grid for the period 1958-2020. 

In addition, skin temperature is available on a daily basis for the same time period but on the native RACMO2.3p2 grid at 

5.5 km. 

2.2 Study sites 110 

In this study, case studies are conducted at Dye-2 (66.48° N, 46.28° W) and KAN_U (67.00° N, 47.02° W), two typical study 

sites in the percolation zone of the southwest GrIS (Fig. 1). Table 1 summarizes the geographical and climatological 

information of the two study sites. Situated in the southwest and at a lower elevation, KAN_U experiences a slightly higher 

annual mean surface temperature (-16.79℃) than Dye-2 (-18.34℃) between 1958 and 2020, resulting in higher snowmelt 

rates. Specifically, KAN_U exhibits an annual mean snowmelt of 282.83 mm w.e. (water equivalent) during this period, and 115 

meanwhile, Dye-2 display corresponding values of 145.97 mm w.e. With the increase in surface temperature of the GrIS 

over the past two decades, both snowfall and snowmelt have changed. A slight reduction in accumulation and an increase in 

snowmelt have been observed in KAN_U since 2008 (Fig. 2). In particular, the annual snowmelt exceeded the annual 
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accumulation in the warm years of 2010, 2012, 2016, and 2019. As a slightly warm site, the annual snowmelt at Dye-2 

typically fluctuates between 32.42 and 310.56 mm w.e., except for the exceptionally high melt year of 2012, during which 120 

the annual snowmelt exceeded the annual mass accumulation. 

 

  

Figure 1. The geographical information of Dye-2 and KAN_U on the Greenland Ice Sheet. 

 125 

 

Table 1. The climatological information about the two study sites. The annual mean surface temperature, accumulation and 

snowmelt are calculated on the basis of the RACMO2.3p2 model for the period from 1958 to 2020. 

Site 
Latitude 

(°) 
Longitude 

(°) 
Elevation 

(m) 

Annual mean surface 

temperature (℃) 
Annual mean 

accumulation (mm w.e.) 

Annual mean 

snowmelt (mm w.e.) 

Dye-2 66.48 -46.28 2119 -18.34 426.32 145.79 

KAN_U 67.00 -47.02 1840 -16.79 463.38 282.83 

 

Characterized by distinct climatic conditions, the control mechanism of firn densification differs in these two sites. High 130 

accumulation and moderate snowmelt at Dye-2 make it a representative percolation zone. The firn densification at this site is 

primarily driven by overburden stress. Meanwhile, liquid water generated at the surface percolates into the firn and releases 

latent heat when refreezing as ice lenses or ice layers, resulting in considerable variability in firn density. Due to relatively 

low accumulation and high snowmelt rates at KAN_U, the firn density at this site is mainly influenced by liquid water and 

remains generally high. Moreover, significant annual snowmelt events favour the formation of ice slabs at KAN_U, 135 

impeding further liquid water infiltration at depth and facilitating liquid water runoff (MacFerrin et al., 2019). These two 
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sites are thus typical for assessing the capability of a firn densification model to simulate firn density under different 

snowmelt rates and control mechanisms in the percolation zone. 

 

 140 

Figure 2. Time series of the annual mean surface temperature, annual accumulation, snowmelt and rainfall from RACMO2.3p2 at 

Dye-2 and KAN_U (1958-2020). 

 

2.3 Firn cores 

In order to validate the modelled firn density profiles, we compared the modelled results to punctual in situ measurements 145 

obtained from firn cores. A set of 16 previously published cores with lengths exceeding 10 m in the study sites are collected 

for this study (Table 2). These cores were primarily drilled in late April or May between 2012 and 2019 (Machguth et al., 

2016; MacFerrin et al., 2019; Vandecrux et al., 2019; Rennermalm et al., 2021), coinciding with substantial snowmelt, which 

provided an optimal condition for observing firn density in the presence of liquid water. The naming of the cores follows the 

same naming convention by Rennermalm et al. (2021), i.e., cores are labelled with the site name, drilling year and a 150 

sequential number if more than one core was drilled in any year (e.g. KAN_U-12-1). All firn core records included data on 

density and ice layer stratigraphy. The density of each core segment was same, and the stratigraphy of each core segment 

was visually inspected at a vertical resolution of 0.01 m (Machguth et al., 2016; MacFerrin et al., 2019; Vandecrux et al., 

2019) or 0.005 m (Rennermalm et al., 2021). To estimate density profiles at the same frequency, we resample firn densities 

to a resolution of 0.01 m. If density data for a specific core segment is absent, we assign it the mean density of the adjacent 155 

two core segments. For density values measured from the cores exceeding 917 kg m-3 (the density of pure ice), we define 

them as unreasonable (Rennermalm et al., 2021) and adjust them to 917 kg m-3. Moreover, if the initial depth of firn core is 

not zero (Dye-2-15, KAN_U-12-1, KAN_U-12-2, KAN_U-12-3, KAN_U-13-2, KAN_U-15, and KAN_U-17), the firn 
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densities preceding the initial depth are set to the mean surface density during 1958-2020, which is 315 and 320 kg m-3 for 

Dye-2 and KAN_U respectively. 160 

 

Table 2. Characteristics of firn cores used in this study, including core retrieval date, location information, elevation, initial and 

end depth below the surface, as well as source. Source refers to 1) Machguth et al., 2016, 2) MacFerrin et al., 2019, 3) Vandecrux et 

al., 2019, and 4) Rennermalm et al., 2021. 

Core name Date Latitude (°) Longitude (°) Elevation (m a.s.l.) Initial depth (m) End depth (m) Source 

KAN_U-12-1 2012-05-01 67.00025 -47.02130 1840 0.80 10.68 1 

KAN_U-12-2 2012-05-01 67.00025 -47.02138 1840 0.59 10.49 1 

KAN_U-12-3 2012-05-01 66.99825 -47.02083 1840 0.17 10.26 1 

KAN_U-13-1 2013-04-27 67.00025 -47.02263 1840 0 19.12 1 

KAN_U-13-2 2013-04-28 66.99837 -47.02213 1840 0.79 15.94 1 

KAN_U-15 2015-05-05 67.00042 -47.02472 1840 0.65 14.40 2 

KAN_U-16 2016-04-28 67.00038 -47.02615 1838 0 16.51 2 

KAN_U-17 2017-04-28 67.00025 -47.02263 1840 0.78 23.27 2 

Dye-2-13-1 2013-05-05 66.47758 -46.28472 2119 0 16.64 1 

Dye-2-13-2 2013-05-05 66.47260 -46.28298 2119 0 16.45 1 

Dye-2-15 2015-05-21 66.47771 -46.28606 2126 0.81 19.27 3 

Dye-2-16 2016-05-06 66.47260 -46.28298 2126 0 17.37 3 

Dye-2-17-1 2017-05-11 66.47260 -46.28298 2126 0 22.97 3 

Dye-2-17-2 2017-05-13 66.47804 -46.28713 2112 0 26.68 4 

Dye-2-18 2018-05-09 66.47800 -46.28700 2112 0 19.78 4 

Dye-2-19 2019-05-19 66.47800 -46.28900 2113 0 20.97 4 

3 Firn densification model 165 

After settling to the surface, fresh snow undergoes compaction under the forcing of overburden stress. Meanwhile, the liquid 

water composed from snowmelt and rainfall percolates downward into the firn column due to the porosity and permeability 

of the firn grains. Liquid water will refreeze and form ice lenses or ice layers when reaching a firn layer with sufficient cold 

content and pore space. Here, cold content refers to the energy required to raise the temperature of the firn to melting 

temperature (Langen et al., 2017). Due to capillary forces, a portion of liquid water is retained within the firn layer, unable to 170 

percolate further or refreeze. In addition, once liquid water encounters an ice layer (between 0.1 and 1 m thick) or ice slab 

(thicker than 1 m), it is challenging to percolate further and thus departs from the firn column through runoff (Fig. 4a). 

 

In order to simulate the firn density under the forcing of overburden stress and liquid water, we establish a 1D vertical 

Lagrangian model with the vertically downward direction as the positive direction (Fig. 4b). The vertical coordinate, z, 175 

increases downwards. The base area of the firn column is defined as 1 m2. The firn column is divided into a finite number of 

firn layers, each with a thickness denoted as dz, which is related to snow accumulation at each time step. This study sets time 

https://doi.org/10.5194/egusphere-2024-1726
Preprint. Discussion started: 21 June 2024
c© Author(s) 2024. CC BY 4.0 License.



8 
 

step sizes as the time required for the snow accumulation to reach a specific value. Through continuous experimentation, the 

optimal accumulation amount here is determined to be 0.014 m w.e. at Dye-2 and 0.017 m w.e. at KAN_U. New added 

surface accumulation is instantly treated as the upper layer of the vertical firn column while removing one firn layer from the 180 

bottom of the firn column. Every individual firn layer is partitioned into distinct contributions from firn, air, ice, and liquid 

water, with each component expressed in terms of m w.e. units. Firn properties change from layer to layer due to the varying 

proportions of these four components. Nevertheless, within each layer, firn properties are assumed to remain constant. We 

keep track of the density of each firn layer during its downward motion to simulate the depth-density profile. 

 185 

 

Figure 3. Schematic representation of firn densification processes (a) and simple layering scheme used in this study (b). 

 

3.1 Fresh-snow density 

An essential boundary condition for the model is the density of the first firn layer within the firn column, 𝜌s (kg m-3). Fresh-190 

snow density is typically stated as a constant value, like 350 kg m-3 (Stevens et al., 2020), or as a function of meteorological 

variables such as temperature and wind speed (Keenan et al., 2021). Considering the dynamic nature of atmospheric 

conditions, which leads to a certain variability in surface density, a parameterized equation may provide a more realistic 

approximation of actual fresh-snow density than a constant value. Differing from earlier investigations, which typically use 

the first 1.0 m of snow (Kuipers Munneke et al., 2015) and thus systematically overestimate the actual snow density at the 195 

surface, Fausto et al. (2018) focused only on the upper 0.1 m of snow at 200 locations of the GrIS to develop a 

parameterization for fresh-snow density and found: 

𝜌s = 362.1 + 2.78 ∙ 𝑇a,  (1) 

 

 0

d 

(a) (b)
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Here, 𝑇a is the annual mean near-surface (usually 2 m) air temperature (℃), 𝜌s represents the fresh-snow density (kg m-3). 

This equation inherently involves densification from wind and drifting snow. Although the actual density of fresh snow could 200 

vary with each accumulation event, the parameterization is derived by fitting the measured snow densities to mean annual 

temperatures. Therefore, in this model, 𝑇a is calculated as the average near-surface air temperature of the year preceding the 

accumulation event to avoid introducing an additional uncertainty. 

3.2 Grain growth and microstructure evolution 

The continuous accumulation of fresh snow subjects the underlying firn layer to augmented stress. Stress disparities develop 205 

at grain boundaries due to variations in grain boundary curvature and stored strain energy among crystal grains. High-stress 

regions on concave surfaces interacting with low-stress regions on other surfaces give rise to an unstable state, prompting 

grain boundary sliding and causing a rearrangement of grain structures. As a result, the system composed of grains 

undergoes motion aimed at minimizing surface area, leading to a gradual engulfing of smaller crystals by bigger ones, a 

phenomenon usually known as grain growth (Ren et al., 2020). 210 

 

The shape of firn grains is typically depicted as sphericity or dendricity. Considering the challenges associated with 

simulating dendritic grain growth and the lack of relevant laboratory observations and model simulations, we simulate firn 

grains as spherical grains. Grain growth is then simulated as a process of radius expansion around the grain's center. Hence, 

the radius of a particle 𝑟 (m) is determined from the initial radius 𝑟0 (m) and the growth rate 𝑅g (m2 s-1) as a function of time: 215 

𝑟2(𝑡) = 𝑅g𝑡 + 𝑟0
2,  (2) 

The Arrhenius equation is used to calculate the growth rate 𝑅g, which is a function of grain growth coefficient 𝑅0 (m2 s-1), 

grain-growth activation energy 𝐸g (kJ mol-1), gas constant 𝑅 (8.314 J (kg K)-1), and firn temperature 𝑇 (K): 

𝑅g = 𝑅0exp⁡(−
𝐸g

𝑅𝑇
),  (3) 

The above parameterization assumes linear grain growth under isothermal conditions. Research indicates that values of 𝐸g 220 

vary between 47 kJ mol-1 (Gow, 1969) and 42.4 kJ mol-1 (Cuffey and Paterson, 2010). Following Arthern et al. (2010), we 

set 𝑅0 to be 1.3 × 10−7 m2 s-1 and 𝐸g to be 42.4 kJ mol-1. The initial grain radius, 𝑟0, usually is prescribed as a constant value, 

such as 0.1 mm (Katsushima et al., 2009). In this study, we use the empirical formula obtained from Linow et al. (2012) to 

calculate the initial grain radius: 

𝑟0 (𝑇̅, 𝑏̅̇) = 𝑏0 + 𝑏1𝑇̅ + 𝑏2𝑏̅̇,  (4) 225 

with 𝑏0 = 0.781 m, 𝑏1 = 0.0085 m K-1, 𝑏2 = −0.279 yr (m w.e.)-1, 𝑇̅ is the mean annual temperature (K), and 𝑏̅̇ is the mean 

annual accumulation rate (m w.e. yr-1). 
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3.3 Firn temperature evolution 

Following the CFM model, the vertical temperature distribution and its evolution are simulated by solving a one-dimensional 

and time-dependent heat-transfer equation (Patankar, 1980): 230 

𝜌𝑐f
𝜕𝑇

𝜕𝑡
=

d𝐾

d𝑧
∙ ∇𝑇 + 𝐾 ∙ ∇2𝑇,  (5) 

In this equation, 𝐾 is the thermal conductivity of the firn (W m-1 K-1), which is related to firn density 𝜌 and firn temperature 

𝑇, thus 
d𝐾

d𝑧
=

𝜕𝐾

𝜕𝜌

𝜕𝜌

𝜕𝑧
+

𝜕𝐾

𝜕𝑇

𝜕𝑇

𝜕𝑧
; 𝑐f is the specific heat capacity of firn (J kg-1 K-1), which is considered to be equal to the specific 

heat capacity of ice here. Under one-dimensional conditions, ∇=
𝜕

𝜕𝑧
. Considering the effect of latent heat released during 

refreezing, the firn temperature will be updated after liquid water refreezing (Sect. 3.5.3). 235 

 

Firn thermal conductivity, a crucial factor in simulating heat diffusion, is extensively investigated based on field and 

laboratory experiments (Van Dusen and Washburn, 1929; Schwerdtfeger, 1963; Yen, 1981; Sturm et al., 1997; Calonne et al., 

2011). Nevertheless, no universally accepted parameterization exists for firn thermal conductivity, and most of the existing 

predictive formulas are developed for a given temperature or density range, making them inapplicable at temperatures or 240 

densities outside of the provided range. Calonne et al. (2019) developed a parameterization of firn thermal conductivity from 

3-D images of snow, firn, or porous ice microstructures, covering a density range from 100 to 888 kg⁡m−3, at different 

temperatures. This parameterization has been confirmed to be valid for a wide range of temperatures and densities typically 

observed in the firn layers of ice sheets, making it appropriate for simulations of the GrIS. Therefore, the firn thermal 

conductivity follows Calonne et al. (2019) in this study. 245 

 

3.4 Dry-firn compaction scheme 

With the accumulation of new snow at the surface (the top of the firn column), the firn is buried deeper and tracked during 

their downward motion. At every time step, each firn layer is compacted under the stress exerted by the gravity of snow/firn 

above it. Therefore, firn properties are directly related to overburden stress, which causes sintering and mechanical creep and 250 

is the dominant force in firn densification (van Kampenhout et al., 2017). The CROCUS model developed for mountain 

snowpack (Brun et al., 1992, Vionnet et al., 2012) has been used to simulate firn densification on the GrIS (Langen et al., 

2017; Verjans et al., 2019). Verjans et al. (2019) indicated that incorporating a percolation scheme into a stress-based 

densification model ensures that mass redistribution caused by percolation appropriately influences the densification process. 
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As in Verjans et al. (2019), we choose the CROCUS model as the dry-firn compaction scheme, which relates the overburden 255 

stress 𝜎 (kg m-1 s-1) to the densification rate with a viscosity 𝜂 (kg s-1 m-1): 

d𝜌

d𝑡
=

𝜌𝜎

𝜂
,  (6) 

𝜂 = 𝑓1𝑓2𝜂0
𝜌

𝑐𝜂
exp⁡(𝑎𝜂(𝑇m − 𝑇) + 𝑏𝜂𝜌),  (7) 

where 𝑇m is the melting temperature (273.15 K), 𝜂0 = 7.62237×106 kg s-1 m-1, 𝑎𝜂 = 0.1 K-1, 𝑏𝜂 = 0.023 m3 kg-1, 𝑐𝜂 = 358 

kg m-3 following van Kampenhout et al. (2017). 𝑓1 and 𝑓2 are two correction factors to snow viscosity that accounts for 260 

viscosity differences due to the presence of liquid water and grain sizes respectively. Following Langen et al. (2017) and van 

Kampenhout et al. (2017), 𝑓2 is set to 4, neglecting the change in 𝜂 for grain sizes smaller than 0.34 mm. 𝑓1 is represented as 

a function of the liquid water content 𝜃w (m3 m-3): 𝑓1 = 1/(1 + 60𝜃w). 

3.5 Liquid water scheme 

As long as liquid water is available at the surface and the porosity of the firn allows percolation, water will percolate to a 265 

deeper layer by gravitation. Percolation proceeds until all the water is depleted or an impermeable layer is encountered, 

where any excess water at that time step is instantly considered as runoff. For some firn layers, the pore space can 

accommodate both air and water. The variable 𝑃 (/) is used to denote the porosity of a firn layer with a thickness of d , 

which is defined as the ratio of the volume of pore space inside the firn layer to the total volume of the firn layer and 

calculated from the firn density 𝜌 and ice density 𝜌  (917 kg m-3): 𝑃 = 1 − 𝜌/𝜌 . The pore space within the firn layer, 270 

denoted as 𝜑 (m3), is determined by multiplying the porosity 𝑃 by the thickness of the layer d . Moreover, the vertical firn 

water flux depends on the firn’s irreducible water content (Coléou and Lesaffre, 1998), the firn’s saturated (Calonne et al., 

2012) and unsaturated (Hirashima et al., 2010) hydraulic conductivities, and a coefficient that accounts for the effect of ice 

content on the firn hydraulic conductivity (Colbeck, 1975). In this study, we use the Darcy-flow scheme in the CFM model 

to simulate water percolation, capillary retention, and refreezing. A slight difference is that we calculate the water-holding 275 

capacity according to Coléou and Lesaffre (1998) and calculate the irreducible water amount within each layer as the product 

of that layer’s liquid water volume and water-holding capacity. 

3.5.1 Water saturation 

The maximal pore space that can be occupied by liquid water is known as the saturated water volume. Considering the 

volume expansion resulting from the refreezing of all liquid water within the pore space into ice, the saturated water content 280 

is expressed as: 𝜃s = 𝑉wm/d  (m3 m-3), where the saturated water volume 𝑉wm = 𝜑 ∗ (𝜌 /𝜌w) (m3). Due to the forcing of 

capillary and adhesive forces, a small fraction of the water will be retained within some of the available pore space of the 
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firn layer and not subject to vertical transfer, often referred to as irreducible water. The maximum water saturation that can 

be sustained by the capillary tension of firn grains is termed the water-holding capacity, 𝑆w  (/), with values employed in 

models varying widely (Langen et al., 2017). For example, a common practice is to use constant values (Colbeck, 1974; 285 

Yamaguchi et al., 2010; Reijmer et al., 2012; Steger et al., 2017). In this study, we follow the formulation from Coléou and 

Lesaffre (1998), where the water-holding capacity 𝑆w  is taken as a function of firn density 𝜌: 

𝑆w =
𝑊mi

1−𝑊mi

𝜌i𝜌

𝜌w(𝜌i−𝜌)
,  (8) 

𝑊m = 0.057
𝜌i−𝜌

𝜌
+ 0.017,  (9) 

Assuming the liquid water volume within one firn layer is 𝑉w  (m3), the irreducible water content 𝜃  (m
3 m-3) can be 290 

represented as 𝜃 = 𝑉w /d , with 𝑉w = 𝑉w ∗ 𝑆w  (m
3). The effective water saturation Θ (/) can be expressed as 

Θ =
𝜃w−𝜃i

𝜃s−𝜃i
,  (10) 

where 𝜃 < 𝜃w < 𝜃s, the liquid water content 𝜃w is given as the ratio of 𝑉w to d . Here, at each time step, the liquid water 

volume in the j-th firn layer, (𝑉w)j, is calculated as 

(𝑉w)j = (𝑉w
′)j + min⁡(𝑉tot − ∑ (𝑉w)n

j−1
n=1 , (𝑉wm)j − (𝑉w

′)j),  (11) 295 

where 𝑉w
′  represents the liquid water volume from the preceding time step that can be refrozen but has not yet refrozen due to 

the limited cold content, 𝑉tot  is the total liquid water input during this time step, (𝑉wm − 𝑉w
′) represents the maximum 

amount of liquid water that can be accommodated in a firn layer (including irreducible water). When encountering an 

impermeable firn layer, all excess liquid water runoff and the liquid water volume below this layer is equal to its value at the 

preceding time step. 300 

3.5.2 liquid water amount within each layer 

Water in excess of the irreducible water volume is allowed to move downward, we define the liquid water volume available 

for flow within a firn layer to be 𝑉av (m w.e.), i.e.: 𝑉av = 𝑉w − 𝑉w . Because firn is a porous material, water flow in the firn 

column can be estimated using Darcy’s law. Water flux 𝑞 (m s-1) is a function of hydraulic conductivity 𝐾w (m s-1) and 

capillary suction ℎ (m): 305 

𝑞 = 𝐾w(
dℎ

d𝑧
+ 1),  (12) 

Here, dℎ/d  is the vertical hydraulic gradient in capillary suction, and the second term (+1) represents gravity. Porosity and 

pore structures influence capillary suction and hydraulic conductivity. However, characterizations such as pore shape, pore 

connectivity, and tortuosity are difficult to measure or simulate directly. In this study, following Hirashima et al. (2010) and 

Langen et al. (2017), the hydraulic conductivity and the capillary suction are parameterized in terms of firn grain radius 𝑟, 310 
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effective liquid saturation Θ, and firn density 𝜌. Shimizu (1970) formulated a saturated hydraulic conductivity based on 

laboratory experiments using kerosene, showing that hydraulic conductivity can be estimated as a function of grain size and 

snow density: 

𝐾s = 0.308
g

𝜈w
𝑟2exp⁡(−0.0078𝜌),  (13) 

Here, g is the acceleration due to gravity (m · s−2), and 𝜈w = 1.787 × 10−6 m2 s-1 is the kinematic viscosity of water. Van 315 

Genuchten (1980) developed an accurate expression for the capillary suction in soil, and Hirashima et al. (2010) further 

optimized the expression: 

ℎ =
1

𝛼
(Θ−

1

m − 1)
1

n,  (14) 

In this equation, 𝛼 = 14.6𝑟 + 1.9, n = 15.68 exp(−0.92𝑟) + 1, m = 1 −
1

n
. Van Genuchten (1980) combined the theory of 

Mualem (1976) to estimate the unsaturated hydraulic conductivity, 𝐾r, as follows: 320 

𝐾r = Θ
1

2[1 − (1 − Θ
1

m)m]2,  (15) 

The hydraulic conductivity of firn can be expressed as the multiplication of the saturated hydraulic conductivity 𝐾s, and the 

unsaturated hydraulic conductivity 𝐾r. Furthermore, the ice lenses or ice layers formed by refreezing have the potential to 

impede the infiltration of liquid water. This effect is parameterized by introducing an additional permeability factor 𝐾f , 

resulting in the equation 𝐾w = 𝐾s ∗ 𝐾r ∗ 𝐾f. In order to make the model more sensitive to the formation of thin ice lenses and 325 

to reduce excessive refreezing, we set a thick of 0.1 m as the impermeable threshold, which is the maximum thickness of ice 

lenses. Therefore, 𝐾f is set to zero when the ice thickness is less than 0.1 m, otherwise 𝐾f = 1. 

 

Based on the above information, we can calculate the water transport amount within a Darcy time step, usually denoted as 

𝑞d𝜏. Hirashima et al. (2010) suggested that the simulations will become unstable if the water transport amount in a Darcy 330 

time step approaches the water content. Thus, the Darcy time steps must be appropriately selected. They pointed out that the 

limit of the water transport amount in a Darcy time step, 𝑞l m (m w.e.), is approximated by the amount needed to reach 

equilibrium conditions between two adjacent vertical layers. Following the CFM model, we initially assume a value of 60 

seconds for d𝜏 and subsequently iteratively adjust this value to approximate the time required for achieving equilibrium 

conditions (Equation 20 in Hirashima et al. (2010)). Finally, the water transport amount in a Darcy time step is calculated as 335 

𝑞l m[1 − exp⁡(−
𝑞

𝑞lim
d𝜏)] (m w.e. units). Considering the liquid water volume available for flow, the actual water transport 

amount in a firn layer is the minimal value between 𝑞l m[1 − exp⁡(−
𝑞

𝑞lim
d𝜏)] and 𝑉av, and we denote it using 𝑢. The inflow 

into the j-th firn layer is the outflow from the (j-1)-th firn layer. Therefore, the liquid water volume within j-th layer is 
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updated as (𝑉w)j + 𝑢j−1 − 𝑢j − 𝑅j , where 𝑉w  is the liquid water volume before water flow, calculated by Eq. (11); 𝑅j 

represents the liquid water loss through lateral runoff in j-th firn layer calculated by the Darcy parameterization. 340 

3.5.3 Refreezing 

The increased mass of a given firn layer caused by refreezing is calculated according to its maximum refreezing potential, 𝐶r 

(kg), and the liquid water amount available for refreezing, 𝑉w (m w.e.), within the firn layer: 

𝑚r = min⁡(𝐶r, 𝑉w ∗ 𝜌w),  (16) 

Given the specific heat capacity of ice, 𝑐 = 152.5 + 7.122𝑇 (Cuffey and Paterson, 2010), and the latent heat of fusion, ℒ 345 

(3.335 × 105 J kg-1), the maximum refreezing potential can be defined as 

𝐶r =
𝑄cold

ℒ
=

𝑐i∗𝑚∗(𝑇m−𝑇)

ℒ
,  (17) 

where 𝑄cold is the cold content of the firn layer, 𝑚 is the mass of the firn layer before refreezing. Considering the latent heat 

released by refreezing, which can be calculated as: 𝑄L = 𝑚r ∗ ℒ, the firn temperature is updated to  

𝑇 = 𝑇m −
𝑄cold−𝑄L

𝑐i(𝑚+𝑚r)
,  (18) 350 

Finally, the firn density in each firn layer with the presence of liquid water may be calculated as 𝜌 = (𝑚 + 𝑚r)/d . 

3.6 Model Initialization 

The initial model density, temperature, grain size, and liquid water content in the firn column are obtained by repeatedly 

applying the spin-up period 1958-1979, which is considered representative of the climate of the preceding few hundred years 

and during which the forcing (i.e. surface accumulation, liquid water flux, and skin temperature) is assumed to have 355 

remained reasonably constant (van den Broeke et al., 2009; Brils et al., 2022). Observations and model studies support the 

assumption that the Greenland climate and surface mass balance (SMB) started to change significantly in the 1990s 

(Enderlin et al., 2014; McMillan et al., 2016), confirming that the period 1958-1979 can be selected for initialization 

purposes. Initialization is considered complete until the firn layer is in equilibrium with the surface climate. The equilibrium 

is roughly reached when the entire firn column (defined here as the depth where the density reaches the pore close-off 360 

density of 830 kg m−3) has been fully refreshed by accumulation (Veldhuijsen et al., 2023). Due to variable snow 

accumulation rates, the required spin-up time can vary significantly, resulting in a self-adaptive time frame where the 22-year 

climate interval is repeated to provide a time series long enough for a full firn column refreshment. If the spin-up time 

required is not divisible by 22, we round up to the next integer to exceed the required time. 
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3.7 Metrics of model evaluation 365 

Several metrics are used to compare the modelled firn density to both the observations and the previous firn density 

modelling studies. The root mean square error (RMSE) is a statistical measure used to assess the accuracy of a model’s 

simulations compared to observations. A lower RMSE value indicates better agreement between simulations and 

observations, implying higher accuracy of the model. The formula for RMSE is 

RMSE = √
∑ (𝑀𝑖−𝑂𝑖)

2𝑛
𝑖=1

𝑛
, (19) 370 

where 𝑀𝑖 is the modelled value, 𝑂𝑖  is the observed value, and 𝑖 iterates over 𝑛 number of values. To quantify the goodness of 

fit of model simulations, we use the Nash-Sutcliffe efficiency coefficient (NSE), which is typically employed in hydrological 

modelling (Nash and Sutcliffe, 1970). The value of NSE ranges from negative infinity to 1, with values closer to 1 indicating 

superior simulation accuracy. A value of 1 indicates perfect model performance and a value of 0 suggests that the simulated 

results align with the mean level of the observed values. It is calculated as: 375 

NSE = 1 −
∑ (𝑂𝑖−𝑀𝑖)

2𝑛
𝑖=1

∑ (𝑂𝑖−𝑂̅)2𝑛
𝑖=1

, (20) 

where 𝑂̅ is the mean of observations. Moreover, we use the correlation coefficient (r) to quantify the relationship between 

observations and simulations. In order to estimate the overall capability of the model to reproduce density profiles and the 

extent to which the model underestimates or overestimates, we calculate the relative bias between observed and modelled 

firn density and FAC. The relative bias in firn density is calculated as 380 

Relative bias =
∑ (𝑀𝑖−𝑂𝑖)

𝑛
𝑖=1

∑ (𝑂𝑖)
𝑛
𝑖=1

× 100%,  (21) 

The FAC is the integrated volume of air contained within the firn from the surface to a certain depth per unit area (van 

Angelen et al., 2013; Ligtenberg et al., 2018), which is represented as 

FAC = ∫
𝜌i−𝜌(z)

𝜌i
dz

zm

0
,  (22) 

where zm is the maximal observation depth, 𝜌(z) is the firn density at a given depth. For comparison, we resample the 385 

observed and simulated density to a resolution of 0.01 m, so dz = 0.01 here. 

4 Results 

4.1 Dye-2 

Based on the initial firn depth-density profile obtained from the spin-up procedure, we run the established firn densification 

model to calculate the firn density for each firn layer at each time step between 1958 and 2020. To qualitatively assess the 390 

accuracy of the firn densification model in forming a depth-density profile, we compare the modelled firn density with the 

observed density profile and ice layer stratigraphy from the core of the closest date (Fig. 4). Compared to the dry-firn density 
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profile, the modelled firn density increases sharply for all 8 cores, especially in the top 10 m of the firn column. This result 

can be attributed to the increased snowmelt in recent years and the subsequent refreezing within the firn layer, which forms 

ice lenses and/or ice layers. Due to the high snowmelt rate in 2012, a meter-thick ice layer formed and was later buried in the 395 

following months and years, emerging at approximately 5 m depth in the Dye-2-19 core. Below this ice layer, several thin 

ice lenses and density variability are exhibited as a result of seasonal and interannual variations in snowmelt. Compared to 

observations, the model partly simulates the high-density firn layers observed in the first 10 m of the firn column while 

underestimating the density variability observed. 

 400 

 

Figure 4. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at Dye-2. Ice layer stratigraphy is 

shown as cyan horizontal lines. The gray-shaded regions indicate no data. The thin inclined line denotes the dry firn density 

simulated using the CROCUS model. The correlation coefficient (r), Nash-Sutcliffe efficiency coefficient (NSE), and root mean 

square error (RMSE) are displayed in the bottom left of each panel.  405 
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To quantify the model’s performance in reproducing the heterogeneity of firn density, we employed three evaluation metrics: 

r, NSE, and RMSE. Additionally, the relative bias in firn density and FAC are calculated to understand the overall capability 

of the model in reproducing density profiles and the extent to which the model underestimates or overestimates (Table 3). In 

general, the simulations align with the average level of observations, with the relative bias in density ranging from 0.36% 410 

(Dye-2-13-2) to 6% (Dye-2-17-1), and the smallest NSE being 0.02 (Dye-2-17-1). Moreover, the correlation coefficient (r) is 

around 0.5 for all cores, also indicating that the model is able to capture the general trend of observations at Dye-2 to some 

extent, but it does not accurately reproduce the specific characteristics of the observed density. The Dye-2-16 core exhibits 

the largest process error (RMSE=147.57 kg m-3) among all 8 cores, likely due to the greatest density variability in this core. 

However, the relative bias in density and FAC of this core is not the highest, possibly due to the model’s overestimations and 415 

underestimations of the observed density counterbalancing each other. The Dye-2-17-2 core exhibits the highest relative bias 

in density (6%) among 8 cores. This may be attributed to the dry-firn density, which is theoretically expected to closely 

match the low-density peaks in the observed density profiles, being overestimated in this core. 

 

Table 3. Statistics and model outputs of 8 firn cores drilled at Dye-2 between 2013 and 2019, including the mean observed and 420 

modelled firn density for the entire core depth range (𝝆̅𝐎 and 𝝆̅𝐌), relative bias in density, observed and modelled FAC and their 

relative bias. 

Core name 𝜌̅O (kg m-3) 𝜌̅M (kg m-3) 
Relative bias in 

density (%) 
Observed FAC (m) Modelled FAC (m) 

Relative bias in 

FAC (%) 

Dye-2-13-1 630.68 645.38 2.33 5.20 4.93 -5.13 

Dye-2-13-2 642.98 645.32 0.36 4.92 4.87 -0.85 

Dye-2-15 616.34 641.28 4.05 6.32 5.79 -8.29 

Dye-2-16 629.60 644.75 2.41 5.44 5.16 -5.27 

Dye-2-17-1 615.72 652.66 6.00 7.55 6.62 -12.26 

Dye-2-17-2 646.11 656.76 1.65 7.88 7.57 -3.93 

Dye-2-18 625.25 640.99 2.52 6.29 5.95 -5.40 

Dye-2-19 615.12 642.36 4.43 6.90 6.28 -9.02 

 

4.2 KAN_U 

Characterized by warm climatic conditions and abundant snowmelt, the modelled firn density generally remains high at 425 

KAN_U (Fig. 5). For the KAN_U-13-1 and KAN_U-13-2 cores, many high-density firn layers are observed within the 1-4 

m depth range of the firn column, which is primarily attributed to high snowmelt rates in 2010, 2011, and 2012, as well as 

the subsequent refreezing. These high-density layers form an approximately three-meter-thick ice slab, which becomes 

buried downward in the following months and years. In the observations, an almost continuous ice slab is observed in the 

upper of all cores, with varying thicknesses among the cores. Taking the KAN_U-13-1 core as an example, the model 430 
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reproduces the high-density layers at 1-4 m depth. In the approximately 4-6 m depth range, the firn density is slightly 

underestimated, possibly related to the percolation scheme of matrix flow. The matrix flow typically remains constrained to 

the upper several meters of the firn column and cannot transfer water below ice layers (Verjans et al., 2019). As a result, 

during the high-snowmelt summers from 2010 to 2012, liquid water leaves the firn column through runoff after encountering 

ice layers. However, in reality, in sites like KAN_U where liquid water is abundant, preferential flow is likely to bypass ice 435 

layers and thus refreeze the cold underlying firn layers, resulting in thicker ice slabs than simulations. 

 

 

Figure 5. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at KAN_U. Ice layer stratigraphy is 

shown as cyan horizontal lines. The gray-shaded regions indicate no data. The thin inclined line denotes dry firn density simulated 440 

using the CROCUS model. The correlation coefficient (r), Nash-Sutcliffe efficiency coefficient (NSE), and root mean square error 

(RMSE) are displayed in the bottom left of each panel.  

 

The modelled depth-density profiles compare well within uncertainties to observations for all cores, primarily due to the 

model capturing the high-density layers and partly reproducing the presence of ice slabs. The relative deviation in density is 445 
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within ±5%, and NSE ranges from 0.27 (KAN_U-13-2) to 0.56 (KAN_U-15). However, the model is unable to accurately 

simulate low-density firn layers that are either unaffected or minimally affected by liquid water, despite the fact that these 

low-density layers are few at KAN_U. As a result, the model demonstrates the best performance in the KAN_U-15 core 

(r=0.77, NSE = 0.56, and RMSE = 102.90 kg m-3), which has the fewest low-density firn layers among all 8 cores. The 

KAN_U-17 core exhibits the largest density bias (-4.71%) and FAC bias (30.96%) among all cores, possibly associated with 450 

underestimated density within the 1-8 m depth range. In this range, numerous observed density values are deemed 

unreasonable (exceeding 917 kg m-3), and we set these values to 917 kg m-3. 

 

Table 4. Statistics and model outputs of 8 firn cores drilled at KAN_U between 2012 and 2017, including the mean observed and 

modelled firn density for the entire core depth range (𝝆̅𝐎 and 𝝆̅𝐌), relative bias in density, observed and modelled FAC and their 455 

relative bias. 

Core name 𝜌̅O (kg m-3) 𝜌̅M (kg m-3) 
Relative bias in 

density (%) 
Observed FAC (m) Modelled FAC (m) 

Relative bias in 

FAC (%) 

KAN_U-12-1 705.15 733.06 3.96 2.47 2.14 -13.18 

KAN_U-12-2 714.41 732.29 2.50 2.32 2.11 -8.82 

KAN_U-12-3 738.78 731.58 -0.98 1.99 2.07 4.04 

KAN_U-13-1 766.33 766.11 -0.03 3.14 3.15 0.14 

KAN_U-13-2 766.24 768.40 0.28 2.62 2.58 -1.43 

KAN_U-15 771.56 752.97 -2.41 2.28 2.58 12.79 

KAN_U-16 742.03 759.12 2.30 3.15 2.84 -9.77 

KAN_U-17 796.00 758.54 -4.71 3.07 4.02 30.96 

 

5 Discussion 

5.1 Comparison with previous studies 

In this section, we compare the simulation results obtained at Dye-2 and KAN_U with previous firn density modelling 460 

studies at these two sites by qualitatively and/or quantitatively comparing them with firn density observations, respectively. 

Specifically, the modelled firn density at Dye-2 provided by Vandecrux et al. (2020c) and the modelled FAC at KAN_U 

provided by Verjans et al. (2019) are compared to our simulations. Here, the Dye-2-13-2 core is selected for mutual 

comparison of the models by considering the principle of selecting a longer core to compare more information and choosing 

a core with fewer outliers within the available time ranges. Nine firn densification models used in Vandecrux et al. (2020c) 465 

are listed in Table 5. To compare the modelled firn density of each model with the observations from the Dye-2-13-2 core, 

we select the simulated depth-density profiles corresponding to midnight on the core drilling date from the outputs of the 

nine models and then resample them to a vertical resolution of 0.01m. The modelled firn density in the KAN_U-13-1 core is 
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selected to calculate the top 15 m FAC, which is then compared with the FAC results simulated using different densification 

schemes in this core by Verjans et al. (2019). We refer the reader to Verjans et al. (2019) for the modelled density profiles of 470 

different densification schemes and more details on the parameterization of different densification schemes. 

 

Table 5. List of firn densification models used for comparison at Dye-2, including the dry-firn densification scheme and water flow 

scheme used in each model. The model abbreviation is consistent with the model code name in Vandecrux et al., 2020c. 

Model abbreviation Dry-firn densification scheme Water flow scheme Reference 

CFMCr CROCUS (Vionnet et al., 2012) Deep percolation Stevens et al. (2020) 

CFMKM KM (Kuipers Munneke et al., 2015) Deep percolation Verjans et al. (2019) 

DMIHH CROCUS (Vionnet et al., 2012) Darcy’s law Langen et al. (2017) 

DTU 
SIM (Sørensen et al., 2011; 

Simonsen et al., 2013) 
Bucket scheme 

Sørensen et al. (2011); 

Simonsen et al. (2013) 

GEUS CROCUS (Vionnet et al., 2012) Darcy’s law Vandecrux et al. (2018, 2020a) 

IMAUFDM KM (Kuipers Munneke et al., 2015) Bucket scheme 
Ligtenberg et al. (2011, 2018); 

Kuipers Munneke et al. (2015) 

MeyerHewitt HL (Herron and Langway, 1980) Darcy’s law Meyer and Hewitt (2017) 

UppsalaUniBucket LIG (Ligtenberg et al., 2011) Bucket scheme Van Pelt et al. (2012, 2019) 

UppsalaUniDeepPerc LIG (Ligtenberg et al., 2011) Deep percolation Marchenko et al. (2017) 

This study CROCUS (Vionnet et al., 2012) Darcy’s law -- 

 475 

 

Figure 6. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at the Dye-2-13-2 core. 
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At the Dye-2-13-2 core, compared to the other nine models, the model in this study exhibits the smallest relative bias in 

density (0.36%) and FAC (-0.85%), as well as the highest accuracy, with the lowest RMSE of 122.36 kg m-3 and the highest 480 

NSE of 0.25 (Fig. 6 and Table 6). The CFMCr, CFMKM, and UppsalaUniDeepPerc models build up an ice slab of several 

meters thick near the surface, where no such ice slabs are observed, possibly attributed to the fact that these three models 

consider both matrix flow and preferential flow. Preferential flow pathways enable water to bypass ice layers and refreeze 

within the cold underlying firn, resulting in an overestimation of firn density at the minimal snowmelt production site of 

Dye-2 (with the relative density bias of 8.57%, 16.40%, and 20.55%, respectively). The sharp contrasts between low-density 485 

layers and high-density layers are smoothed in the DMIHH and MeyerHewitt models, which follow an Eulerian framework. 

Using the matrix flow scheme (bucket-type percolation scheme or Darcy-flow scheme), as well as a Lagrangian framework, 

the DTU, GEUS, IMAUFDM, UppsalaUniBucket, and our models all simulate thin, high-density layers formed by 

refreezing. The DTU model only allows water retention and refreezing in the top firn layer, thus underestimating the overall 

firn density (-12.72%). The GEUS model underestimates the firn density below 9 m (-5.67%). The IMAUFDM and 490 

UppsalaUniBucket models exhibit density variability within the top 10 m, with overestimation of firn density at certain 

depths, resulting in large RMSE values (148.78 kg m-3 and 147.03 kg m-3, respectively). 

 

Table 6. Statistics and model outputs of firn density profiles simulated by 10 firn densification models at Dye-2-13-2, including the 

mean firn density and FAC for the entire core depth range, relative bias in density and FAC. A slash indicates no data. 495 

Model 
Mean density 

(kg m-3) 

Relative bias in 

density (%) 
FAC (m) 

Relative bias in 

FAC (%) 

Observation 642.98 / 4.92 / 

This study 645.32 0.36 4.87 -0.85 

CFMCr 698.09 8.57 3.93 -20.11 

CFMKM 748.44 16.40 3.02 -38.49 

DMIHH 552.66 -14.05 6.54 32.96 

DTU 561.21 -12.72 6.38 29.84 

GEUS 606.50 -5.67 5.57 13.31 

IMAUFDM 626.91 -2.50 5.20 5.87 

MeyerHewitt 592.93 -7.79 5.81 18.27 

UppsalaUniBucket 645.69 0.42 4.87 -0.99 

UppsalaUniDeepPerc 775.09 20.55 2.55 -48.21 

 

At the KAN_U-13-1 core, the simulated top 15 m FAC in this study aligns well with the observed FAC in the top 15 m, with 

a relative bias of 1.22% (Table 7), indicating that the model successfully captures the overall characteristics of the upper firn 

density. In the density profile of the KAN_U-13-1 core, an almost continuous ice slab is observed over the 1-7 m depth range 
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(Fig. 5 in this study and Fig. 8 in Verjans et al. (2019)). Below this ice slab, the firn density becomes more variable but 500 

remains generally high. In this study, the modelled density in the top 4 m closely aligns with the observed density, 

reproducing the presence of the ice slab observed (Fig. 5). Additionally, the model captures the high-density layers around 

11-14 m depth. All three percolation schemes in Verjans et al. (2019) do not capture the high-density firn layers caused by 

the formation of ice slabs, with the modelled maximum density reaching approximately 830 kg m-3 (Fig. 8 in Verjans et al. 

(2019)). The BK and R1M schemes significantly overestimate the top 15 m FAC (59.35% and 50%), which implies a 505 

significant underestimation of firn density, likely due to the matrix flow being unable to percolate liquid water to deeper 

depths and thus underestimating refreezing. The top 15 m FAC of the DPM scheme closely matches the observation (-

2.44%). However, the DPM density profile exhibits a nearly constant density value within the depth range of 3 to 17 m, 

approximately 810 kg m-3, not reproducing the density fluctuations between high-density layers and low-density layers 

observed. 510 

 

Table 7. The top 15 m FAC and its relative bias with observation at the KAN_U-13-1 core, which is both studied in Verjans et al. 

(2019) and this study. Verjans et al. (2019) implemented three types of water percolation schemes: the so-called bucket approach 

(BK), the Richards equation (Richards, 1931) in a single domain (R1M), and the Richards equation in a dual domain (DPM). 

Among three percolation schemes, the BK and R1M schemes only consider matrix flow, while the DPM scheme accounts for both 515 

matrix flow and preferential flow. We refer to Verjans et al. (2019) more details on different densification schemes. A slash 

indicates no data. 

Model Top 15 m FAC (m) 
Relative bias with 

observed FAC (%) 

Observation 2.46 / 

This study 2.49 1.22 

CROCUS BK wh02 ip810 3.92 59.35 

CROCUS R1M grLK ip810 3.69 50.00 

CROCUS DPM grLK ip810 2.40 -2.44 

 

5.2 Comparison of different dry-firn densification schemes 

To investigate differences in the depth-density profiles caused by different dry-firn densification schemes, we conducted 520 

simulations using five dry-firn densification schemes listed in Table 5, which are CROCUS, HL, KM, LIG, and SIM. Except 

for the dry-firn densification schemes, the model configurations and climatic forcing for all five models are identical. We 

select the longest two firn cores at two sites (Dye-2-17-2 and KAN_U-13-1, respectively) to compare the simulated firn 

density with observations. Note that KAN_U-17 is the longest core at KAN_U, but it is not selected due to the high number 

of outliers (density greater than 917 kg m-3) at this core. 525 
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The stress-based CROCUS model exhibits the closest mean density (1.65% at Dye-2, and -0.03% at KAN_U) and FAC (-

3.93% at Dye-2, and 0.14% at KAN_U) to observations than the other four accumulation-rate-based models (HL, KM, LIG, 

SIM). This is possibly attributed to the stress-based nature of the CROCUS model ensuring appropriate mass redistribution 

related to percolation, which affects densification (Verjans et al., 2019). The density profile simulated by the HL model is 530 

generally similar to that of the CROCUS model and exhibits more density variability. In contrast, the CROCUS model shows 

closer agreement with observations below 12 m depth at KAN_U. The constitutive equations of the KM, LIG, and SIM 

models are all based on Arthern et al. (2010), resulting in relatively similar simulation results for these three models at both 

Dye-2 and KAN_U. Compared to the CROCUS and HL models, these three models exhibit more sensitivity to temperature, 

resulting in an overestimation of firn density, particularly below 15 m depth. Among them, the SIM model demonstrates the 535 

most pronounced overestimation, causing the highest mean density (11.13% at Dye-2, and 8.54% at KAN_U) and the 

smallest FAC (-26.55% at Dye-2, and -43.44% at KAN_U). 

 

 

Figure 8. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at the Dye-2-17-2 and KAN_U-13-1 540 

cores. The modelled density profiles are driven by different dry-firn densification schemes. Ice layer stratigraphy is shown as cyan 

horizontal lines. The gray-shaded regions indicate no data. The thin inclined line denotes dry firn density simulated using the 

corresponding dry-firn densification models. The correlation coefficient (r), Nash-Sutcliffe efficiency coefficient (NSE), and root 

mean square error (RMSE) are displayed in the bottom left of each panel. 
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Table 8. Statistics and model outputs of firn density profiles at the Dye-2-17-2 and KAN_U-13-1 cores, including the mean firn 

density and FAC for the entire core depth range, relative bias in density and FAC. A slash indicates no data. 

Core name Model 
Mean density 

(kg m-3) 

Relative bias in 

density (%) 
FAC (m) 

Relative bias in 

FAC (%) 

Dye-2-17-2 

Observation 646.11 / 7.88 / 

CROCUS 656.76 1.65 7.57 -3.93 

HL 667.53 3.32 7.26 -7.91 

KM 677.98 4.93 6.95 -11.76 

LIG 691.45 7.02 6.56 -16.74 

SIM 718.03 11.13 5.79 -26.55 

KAN_U-13-1 

Observation 766.33 / 3.14 / 

CROCUS 766.11 -0.03 3.15 0.14 

HL 788.38 2.88 2.68 -14.64 

KM 816.99 6.61 2.09 -33.62 

LIG 820.76 7.10 2.01 -36.13 

SIM 831.77 8.54 1.78 -43.44 

 

5.3 Comparison of different water flow schemes 

Besides the dry-firn densification scheme, the choice of water flow scheme is also a crucial step in modelling firn density in 550 

the percolation zone. Verjans et al. (2019) demonstrated that apart from considering preferential flow, differences in the 

depth-density profiles simulated by schemes only employing matrix flow are minimal. In this section, we compare the depth-

density profiles simulated using three different matrix flow schemes: the water flow scheme in Sect. 3.5, the Darcy-flow 

scheme, and the bucket percolation scheme. The latter two flow schemes are directly obtained from the CFM model and 

share the same model configurations as the scheme in this study. Consistent with Sect. 5.2, the Dye-2-17-2 and KAN_U-13-1 555 

cores are selected to compare the firn depth-density profiles simulated by the three flow schemes with observations. 

 

All three schemes are demonstrated to have the ability to reproduce the bulk density condition of the firn column at both 

Dye-2 and KAN_U, with a maximum relative bias of 2.64% (Table 9). Among three percolation schemes, the scheme used in 

this study exhibits the highest simulation accuracy, with the highest correlation coefficient (0.50 at Dye-2, and 0.62 at 560 

KAN_U), the highest NSE (0.18 at Dye-2, and 0.35 at KAN_U), and the smallest RMSE (107.01 kg m-3 at Dye-2, and 

112.12 kg m-3 at KAN_U). At the Dye-2-17-2 core, each flow scheme exhibits density variability in the first 10 m and 

simulates an ice layer at around 3 m depth. In contrast, the schemes using Darcy’s law and bucket percolation slightly 

underestimate the thickness of the ice layer (Fig. 9). At the KAN_U-13-1 core, none of the schemes reproduces the density 

variability within the 7-11 m depth range. The scheme used in this study might compensate for high and low densities within 565 

this range, resulting in the model's overall performance closest to observations (-0.03% for mean density and 0.14% for 
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FAC). Both the Darcy-flow and bucket schemes exhibit density overestimation within this range, particularly the bucket 

scheme, leading to the highest mean density (2.38%) and lowest FAC (-12.09%) among the three models. 

 

 570 

Figure 9. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at the Dye-2-17-2 and KAN_U-13-1 

cores. The modelled density profiles are driven by different percolation schemes. Ice layer stratigraphy is shown as cyan 

horizontal lines. The gray-shaded regions indicate no data. The thin inclined line denotes dry firn density simulated using the 

CROCUS model. The correlation coefficient (r), Nash-Sutcliffe efficiency coefficient (NSE), and root mean square error (RMSE) 

are displayed in the bottom left of each panel. 575 

 

Table 9. Statistics and model outputs of firn density profiles at the Dye-2-17-2 and KAN_U-13-1 cores, including the mean firn 

density and FAC for the entire core depth range, relative bias in density and FAC. A slash indicates no data. 

Core name Model 
Mean density 

(kg m-3) 

Relative bias in 

density (%) 
FAC (m) 

Relative bias in 

FAC (%) 

Dye-2-17-2 

Observation 646.11 / 7.88 / 

This study 656.76 1.65 7.57 -3.93 

Darcy’s law 655.17 1.40 7.62 -3.35 

Bucket acheme 663.13 2.64 7.39 -6.29 

KAN_U-13-1 

Observation 766.33 / 3.14 / 

This study 766.11 -0.03 3.15 0.14 

Darcy’s law 767.00 0.09 3.13 -0.45 

Bucket acheme 784.55 2.38 2.76 -12.09 

 

5.4 Comparison of time step sizes 580 

The time step is an essential factor in firn densification models, representing the progression of time and the advection of firn 

layers. At each time step, new snow accumulation is added as a new firn layer at the top of the firn column and firn density is 

calculated based on the refreshed firn parameters such as layer mass, temperature, and liquid water content. In many 
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previous studies, the time step is set to a constant value, leading to a varied snow accumulation within each time step with 

different climatic conditions. For example, Verjans et al. (2019) and Vandecrux et al. (2020c) ran models with three-hourly 585 

time steps; Stevens et al. (2020) ran the CFM model with monthly time steps. We refer to this time-fixed model driving 

method as time-driven, which has a limitation that it may overlook the impact of short-term weather fluctuations on 

densification. A smaller amount of snowfall within a time step is more susceptible to being influenced by wind and is blown 

from the surface of the firn column. As a result, negative snowfall amounts occur within certain time steps in the 

RACMO2.3p2 model, which are ignored in the time-driven method. Moreover, running the model with fewer snowfall 590 

amounts within a time step also increases the computational burden. Here, we run the model driven by accumulation, 

defining the time step sizes as the time required for the snow accumulation to reach a certain value, referred to as 

accumulation-driven. By waiting for the snow accumulation to reach a certain threshold before computation, it is possible to 

simulate the effects of accumulation on firn more accurately and reduce making biased predictions when snowfall amounts 

are minimal or negative. Due to the significant computational resources required by Darcy’s law and the extensive data 595 

needed to run daily time steps from 1958 to 2020, we compare results simulated using the bucket percolation scheme under 

both accumulation-driven and time-driven conditions. 

 

 

Figure 10. Observed (gray dotted line) and modelled (red solid line) firn depth-density profiles at the Dye-2-17-2 and KAN_U-13-1 600 

cores. The modelled density profiles are driven by accumulation and time, respectively. The gray-shaded regions indicate no data. 

The thin inclined line denotes dry firn density simulated using the CROCUS model. The correlation coefficient (r), Nash-Sutcliffe 

efficiency coefficient (NSE), and root mean square error (RMSE) are displayed in the bottom left of each panel. 

 

The accumulation-driven method successfully captures the high-density layers at KAN_U (Fig. 10), resulting in a smaller 605 

relative bias in density (2.38%) compared to that of the time-driven method (-6.77%) (Table 10). Moreover, this method also 
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simulates firn density relatively close to observations at Dye-2, with a relative density bias of 2.64%. At both sites, the time-

driven method underestimates firn density, resulting in the modelled firn density being closer to the low-density peaks 

observed and the dry-firn density profiles, with a relative density bias of -1.79% at Dye-2 and -6.77% at KAN_U. This 

underestimation is likely related to the lower amount of snowmelt during most time steps in the time-driven method and the 610 

limitations of matrix flow schemes. Specially, compared to schemes that account for preferential flow, a percolation scheme 

that only considers matrix flow is challenging to penetrate liquid water to greater depths (Vandecrux et al., 2020c; Verjans et 

al., 2019), inherently underestimating the liquid water refreezing. As a result, this scheme tends to perform better at sites 

with minimal snowmelt production, such as Dye-2. However, it encounters challenges in accurately capturing ice slab 

formation at KAN_U, where liquid water is more abundant, leading to an underestimation of firn density at this site. 615 

Additionally, the scheme incorporating preferential flow produces overall results closer to observations at KAN_U, but it 

significantly overestimates firn density at Dye-2 (Sect. 5.1). In this study, the accumulation-driven method accumulated a 

certain amount of snowfall and snowmelt at each time step, potentially compensating for the inability of matrix flow to 

penetrate liquid water to deeper depths. 

 620 

Table 10. Statistics and model outputs of firn density profiles at the Dye-2-17-2 and KAN_U-13-1 cores, including the mean firn 

density and FAC for the entire core depth range, relative bias in density and FAC. A slash indicates no data. 

Core name Model 
Mean density 

(kg m-3) 

Relative bias in 

density (%) 
FAC (m) 

Relative bias in 

FAC (%) 

Dye-2-17-2 

Observation 646.11 / 7.88 / 

Accumulation-driven 663.13 2.64 7.39 -6.29 

Time-driven 634.56 -1.79 8.22 4.26 

KAN_U-13-1 

Observation 766.33 / 3.14 / 

Accumulation-driven 784.55 2.38 2.76 -12.09 

Time-driven 714.43 -6.77 4.22 34.45 

 

6 Conclusion 

This study uses the CFM model as the foundational framework to simulate firn density at Dye-2 and KAN_U, two sites in 625 

the percolation zone of the southwest GrIS, with the model’s upper boundary forced by the daily output of the region climate 

model RACMO2.3p2. The CROCUS compaction scheme and the Darcy-flow scheme are coupled to simulate firn properties. 

Various processes are considered in the firn densification model, including fresh-snow density variability, initial grain size 

variability, grain size growth, density-dependent and temperature-dependent thermal conductivity, dry-firn compaction, state-

dependent hydraulic conductivity, retention, refreezing, and runoff. The expression of the irreducible water in the Darcy-flow 630 
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scheme is modified by the parameterization of Coléou and Lesaffre (1998). Moreover, the time step is set to the time 

required for the accumulation to reach a specific value in this study rather than being set to a fixed interval (such as hours, 

days, weeks, months, or years). 

 

Comparison with the in situ measurements obtained from 16 firn cores shows that the model in this study performs well at 635 

both Dye-2 and KAN_U, two climatologically distinct sites in the southwest percolation zone of the GrIS. At the minimal 

snowmelt production site of Dye-2, the model reproduces thin ice lenses or ice layers in the top 10 m of the firn column, 

which are caused by the increased snowmelt in recent years. The modelled firn density aligns with the average level of 

observations, with the relative bias in density ranging from 0.36% (Dye-2-13-2) to 6% (Dye-2-17-1). At the ice slab site of 

KAN_U, the model captures the high-density firn layers and partly reproduces the observed ice slabs. For all 8 cores, the 640 

modelled density profiles compare well within uncertainties to observations, with a relative density bias being within ±5%. 

As indicated by comparisons of dry-firn densification schemes, water flow schemes, and time step sizes, the model used in 

this study exhibits good agreement within uncertainties with observations at both Dye-2 and KAN_U, possibly associated 

with the choice of time step. This study relates the time step with snow accumulation, which potentially compensates for the 

limitation of the matrix flow scheme, enabling the model to capture the formation of high-density firn layers at KAN_U. 645 

Meanwhile, the nature of matrix flow enables the model in this study to exhibit good performance at Dye-2 as well. 

 

Our study indicates that the high-density firn layers and overall characteristics of the upper firn density in the percolation 

zone could be captured by the choice of appropriate model configurations and climatic forcing data. However, the variability 

in firn density has yet to be fully reproduced due to the limited understanding and knowledge gaps of densification processes 650 

in the presence of liquid water. For example, the overestimation of low-density peaks may be caused by the limited 

knowledge of how the ice lenses and/or ice layers persist in the deep firn layers after formation. The power-law creep 

mechanisms or shear forces may induce the newly formed thin ice lenses and/or ice layers to break, potentially leading to a 

lower firn density compared to the direct downward shift of ice lenses and/or ice layers. In future firn densification 

modelling, machine learning methods should be considered to integrate data-driven and physical mechanisms, reducing 655 

uncertainties arising from poorly understood firn densification processes. 

 

Code and Data availability. The RACMO2.3p2 data is available from Brice Noël without conditions (Noël et al., 2019). The 

Community Firn Model code is publicly available under the MIT license at https://doi.org/10.5281/zenodo.8083362 (Stevens 

et al., 2023). The depth-density profiles and ice layer stratigraphy of 16 cores used in this study can be found at 660 
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https://doi.org/10.18739/A2NP1WK6M (Thompson et al., 2022) and http://doi.org/10.18739/A2CZ3263B (Xiao et al., 2022), 

respectively. The model outputs of Vandecrux et al. (2020c) are available online at https://doi.org/10.22008/FK2/CVPUJL 

(Vandecrux et al., 2020b). The codes and outputs of this study are available from the authors. 
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