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Abstract. Perennial snow, or firn, covers 80% of the Greenland ice sheet and has the capacity to retain part of the surface
meltwater, buffering the ice sheet’s contribution to sea level. Multi-layer firn models are traditionally used to simulate the firn
processes and estimate meltwater retention. We present the output from nine firn models, forced by weather-station-derived
mass and energy fluxes at four sites representative of the dry snow, percolation, ice slab and firn aquifer areas. We compare
the model outputs and evaluate them against in situ observations. Models that explicitly account for deep meltwater
percolation overestimate percolation depth and consequently firn temperature at the percolation and ice slab sites although
they accurately simulate the recharge of the firn aquifer. Models using Darcy’s law and a bucket scheme compare favourably
to observations at the percolation site but only the Darcy models accurately simulate firn temperature and thus meltwater
percolation at the ice slab site. We find that Eulerian models, that transfer firn through fixed layers, smooth sharp gradients

in firn temperature and density over time. From the model spread, we find that simulated densities (respectively temperature)
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have an uncertainty envelope of +60 kg m (resp. £14 °C) in the dry snow area and up to +280 kg m3 (resp. +15-18 °C) at

warmer sites.

1. Introduction

Responding to higher air temperatures and increased surface melt, the Greenland ice sheet has been losing mass at an
accelerating rate over the last decades and is responsible for about 20% of the current global sea level rise (Van den Broeke
etal. 2016, IMBIE Team 2019). The temperature increase has introduced melt at higher elevations, where melt was seldomly
seen (Nghiem et al. 2012). In these colder, elevated areas, snow builds up into a thick layer of firn. Increased surface melt in
the firn area of the Greenland ice sheet was seen to affect the firn structure (Machguth et al. 2016; Mikkelsen et al. 2015),
density (De La Pefia et al. 2015; Vandecrux et al. 2018), air content (van Angelen et al. 2013; Vandecrux et al. 2019) and
temperature (Polashenski et al. 2014; Van den Broeke et al., 2016). Changing firn characteristics affect how much meltwater
can be refrozen within the firn (Braithwaite et al., 1994; Pfeffer et al., 1991) or retained as long-term liquid water storage in
perennial firn aquifers (e.g. Forster et al. 2014; Miege et al. 2016) and therefore the ice-sheet contribution to sea-level rise
(Harper et al., 2012; Machguth et al. 2016; Mikkelsen et al. 2015; Van As et al. 2017). Meltwater refreezing can saturate the
firn, forming continuous ice layers of several meters in thickness (MacFerrin et al. 2019). These ice slabs impede meltwater
percolation of meltwater, enhance meltwater runoff, and lower the surface albedo (Charalampidis et al. 2015) further
amplifying Greenland’s contribution to sea-level rise. The firn on the Greenland ice sheet has been investigated for two
additional reasons. First, knowledge about how firn air content evolves through time is necessary for the conversion of space-
borne observations of ice sheet volume change into mass change (e.g. Simonsen et al. 2013; Sgrensen et al. 2011). Secondly,
the depth of firn to ice transition as well as the mobility of gases through the firn before they are trapped in bubbles within
glacial ice are necessary for the interpretation of ice cores and heavily depend on the fine coupling between the firn

characteristics and the surface conditions (Spencer et al., 2001; Goujon et al., 2003).

Snow and firn models have been coupled to regional climate models to describe the evolution of firn characteristics and
meltwater retention. However, various models have been used, all using differing formulations and numerical strategies to
describe the firn processes. Earlier, Reijmer at al. (2012) showed that, provided reasonable tuning, simple parameterizations
of the subsurface processes return similar refreezing rates for the Greenland ice sheet, which were also in agreement with the
results from two physically based layered subsurface models. However, the spatial patterns varied widely and validation
against field observations remained challenging. The meltwater Retention Model Intercomparison Project (RetMIP) aims at
comparing some of the models currently used on the Greenland ice sheet coordinated by using the same surface inputs of
mass and energy for all participating firn models. In this publication, we evaluate nine firn models at four sites where surface

conditions could be derived from automatic weather station observations and where firn observations are available.
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We here aim to answer the following questions: What is the model-induced variability in simulated firn density, temperature
and liquid water content? What is the impact of model design on the output and what are the uncertainties that apply to the
firn models’ outputs? We address these questions at four sites that are representative of different firn regimes: a dry snow site,
a site in the percolation area, an ice slabs site and lastly a firn aquifer location. At each site, the models are forced by weather-
station-derived mass and energy fluxes and initialized with observed profiles of firn temperature and density. The model
outputs are thereafter compared to observations of firn density, temperature, percolation depth and their variability,

performance and uncertainties are discussed.

2. Models

The multi-layer firn models investigated here are listed in Table 1 and all have density, temperature, and liquid water content
as prognostic variables. They all follow the general framework: they divide the firn into multiple layers for which firn
characteristics can be calculated. The number of layers vary in each model (Table 2) and we distinguish between two distinct
types of layer management strategies: All models except DMIHH and MeyerHewitt follow a Lagrangian framework: they
add new layers at the top of the model column during snowfall and these layers are advected downward as new material
accumulates at the surface. DMIHH and MeyerHewitt follow a Eulerian framework in which the layers have either fixed mass
or fixed volumes. During snowfall, new material is added to the first layer and an equivalent mass/volume is transferred by
each layer to the underlying neighbour. At each time step, the models calculate firn density according to various densification
laws and update the layer temperature using different values of thermal conductivity (Table 2). The DMIHH, GEUS and DTU
models have a fixed temperature at the bottom of their column (Dirichlet boundary condition) while other models have fixed
temperature gradient (Neuman boundary condition). All models simulate meltwater percolation and transfer water from one
layer to the next according to the routines listed in Table 2, as well as meltwater refreezing and latent heat release. All models
simulate the retention of meltwater within a layer due to capillary suction, either explicitly (MeyerHewitt and CFM model)
or, for all other models, through the use of an irreducible water content as parameterised by Coléou and Lesaffre (1991).
When meltwater cannot be transferred to the next layer or be retained within the layer by capillary suction, lateral runoff can
occur according to certain rules depending on the model (Table 2). The models background and specificities are described in

greater detail in the following paragraphs.
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Model code name

Table 1: Models evaluated in this study.

Developing institute

The Cryosphere

Discussions

References

CFM-Cr University of Washington, University of Stevens et al. (2020) Verjans et

CFM-KM Lancaster al. (2019)

DTU Technical University of Denmark — Sgrensen etal. (2011); Simonsen
National Space Institute etal. (2013)

DMIHH Danish Meteorological Institute Langen et al. (2017)
Geological Survey of Denmark and

GEUS Vandecrux et al. (2018)
Greenland
Institute for Marine and Atmospheric Ligtenberg et al. (2011), Kuipers

IMAU-FDM research Utrecht (IMAU), Utrecht Munneke et al. (2015;
University Ligtenberg et al. (2018)

) Thayer  School of  Engineering, )

MeyerHewitt Meyer and Hewitt (2017)
Dartmouth College

UppsalaUniBucket Van Pelt et al. (2012)
Uppsala University Marchenko et al. (2017)

UppsalaUniDeepPerc

Van Pelt et al. (2019)

2.1. CFM-Cr and CFM-KM

4

The Community Firn Model (CFM) is an open-source, modular model framework designed to simulate numerous physical
processes in firn (Stevens, 2018). The number of layers is not fixed; new snow accumulation at each time step is added as a
new layer, and a layer-merging routine prevents the number of layers from becoming too large. The CFM-Cr and CFM-KM
use different densification scheme (Table 2) and the same meltwater percolation scheme: a dual-domain approach that closely
follows the implementation of the SNOWPACK snow model (Wever et al. 2016). It accounts for the duality of water flow in
firn by simulating both slow matrix flow and fast, localised, preferential flow after Verjans et al. (2019). In the matrix flow
domain, water percolation is prescribed by the Richards Equation, ice layers are impermeable, and runoff is allowed. In
contrast, preferential flow can bypass such barriers and no runoff is simulated. Water is exchanged between both domains as

a function of the firn layer properties: density, temperature and grain size. As such, when water in the matrix flow domain
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accumulates above an ice layer, it is progressively depleted by runoff and by transfer of water in the preferential flow domain.
In the deepest firn layers, above the impermeable ice-sheet, water accumulates, and no runoff is prescribed, which allows for

the build-up of firn aquifers.

2.2. DTU

The DTU firn model was developed to aid the interpretation of elevation change observations from NASA’s ICESat satellite
altimeter mission in relation to deriving the Greenland ice sheet mass balance (Sgrensen et al., 2011). Further, the DTU model
development was targeted at modelling the inter-annual stratigraphy of the dry-snow zone along the EGIG-line in central
Greenland as mapped by the ASIRAS-instrument, an airborne version of the ESAs CRYOSat-2 satellite altimeter mission.

The DTU model is founded in the empirical frame of the HL-model as modified by Arthern et al. (2010). The model isa 1D
column model which includes the formation of ice lenses following the formulation by Reeh (2005). Meltwater retention
follows the bucket approach to distribute rain or meltwater from the surface. If meltwater is conveyed to a model layer, the
water is refrozen if there are sufficient pore space and cold content available in the layer. Additional liquid water can be
retained in a layer by capillary forces (Schneider and Jansson 2004). This formulation does not allow for the formation of firn
aquifers. Percolation continues until the water encounters a layer at ice density or the bottom of the model where, in both
cases, it is assumed to run off. The model follows a Lagrangian scheme of advection of layers down into the firn and the
model layering is defined by the time-stepping of the model. Model layers may be empty if no precipitation is received at the

surface a given time step or if the surface layer is melted away by meltwater production ascribed by the forcing.

2.3. DMIHH

The DMIHH model was developed to provide firn subsurface details for the HIRHAM regional climate model experiments
(Langen et al., 2017). DMIHH employs 32 layers of time-constant water equivalent thicknesses divided into contributions
from snow, ice and liquid water. Layer thicknesses increase with depth to increase resolution near the surface and give a full
model depth of 60 m w.e.. Mass added at the surface (e.g., snowfall) or removed as runoff causes the scheme to advect mass
downward or upward to ensure the constant w.e. layer thicknesses. In addition to the saturated and unsaturated hydraulic
conductivities (Table 2), the water flow through layers containing ice follows the analytical model of Colbeck (1975) for a
snowpack with interspersed ice layers. A parameter describing the ratio between the width of holes in the ice and the width
of the ice must be chosen and we choose here a value of 1, meaning that ice has a horizontal extent of half the unit area. A
layer is considered impermeable if its bulk dry density exceeds 810 kg m=. Runoff is calculated from the water in excess of
the irreducible saturation with a characteristic local runoff time-scale that increases as the surface slope tends to zero (Zuo

and Oerlemans, 1996), with the coefficients of the time-scale parameterization from Lefebre et al. (2003). DMIHH has an
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initial value of 0.1 mm for the grain diameter of freshly fallen snow. The column grain size distribution is initialized in these

experiments as columns taken at the specific sites from the spinup experiments performed by Langen et al. (2017).

2.4. GEUS

The GEUS model is based on the DMIHH model (Langen et al., 2017) and is further developed in Vandecrux et al. (2018, in
review). As in the DMIHH model, the layer’s ice content decreases its hydraulic conductivity according to Colbeck (1974)
but we set the geometry parameter to 0.1 as detailed in Vandecrux et al. (2018). At the end of a time step, water exceeding
the irreducible water content that could not be percolated downward is assumed to runoff and removed from the layer at a rate
that depends on the firn characteristics and on surface slope according to Darcy’s law. See more details about this runoff

scheme in the Supplementary text S1.

2.5. IMAU-FDM

The IMAU-FDM model has been used in combination with the RACMO regional model in Greenland, on Arctic Canada and
Antarctica. Firn compaction follows a semi-empirical, temperature-based equation from Arthern (2010). The compaction rate
is tuned to observations from Greenland firn cores using an accumulation-based correction factor (Kuipers Munneke et al.,
2015). IMAU-FDM includes meltwater percolation following a tipping-bucket approach. Percolating meltwater is refrozen if
there is space available in the layer, and if the latent heat of refreezing can be released in the layer. As opposed to other models
in this study, runoff is not allowed over ice layers, but only when percolating meltwater has reached the pore close-off depth.
Upon reaching that depth, runoff is instantaneous. The rationale for allowing percolation through thick ice slabs is that IMAU-
FDM is mainly used to simulate firn at scales of tens to hundreds of square kilometres, and at these spatial scales, meltwater

is assumed to always find a way through even the thickest of ice slabs.

2.6. MeyerHewitt

Meyer and Hewitt (2017) present a continuum model for meltwater percolation in compacting snow and firn. The
MeyerHewitt model includes heat conduction, meltwater percolation and refreezing, as well as mechanical compaction using
the empirical Herron and Langway (1980) model. In the MeyerHewitt model, water percolation is described using Darcy's
law, allowing for both partially and fully saturated pore space. Water is allowed to run off from the surface if the snow is fully
saturated. Using an enthalpy formulation for the problem, the MeyerHewitt model is discretized using the conservative finite
volume method that is fixed in the frame of the firn surface and is Eulerian, meaning that material can flow into and out of

the domain.
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. N Meltwater Hydraulic Firn Runoff Thermal
Model Discretization - L R . .
routing conductivity densification calculation conductivity
Richards equation Vionnet et al.
CFM-Cr Unlimited and dual-domain (2012)
. van Zuo and
number of preferential flow Anderson
Genuchten - Oerlemans
layers. scheme (Wever et Kuipers (1976)
. T\ Jae (1980) (1996)
CFM-KM Lagrangian al., 2016; Verjans Munneke et al.
etal., 2019) (2015)
Dynamically
allocated, based Sgrensen etal.  Immediate
on accumulation (2011); runoff on Schwander et
DTV rates, timestep Bucket scheme i Simonsen et topofanice al. (1997)
and depth range. al. (2013) layer
Lagrangian
dynamically Parameterization . Calonne et al.
GEUS allocated of Darcy’s law Calonne et al. cell given (2011)
' Y (2012), Vionnetetal.  surface
Lagrangian Hirashima et (2012) slope
al. (2010) Zuo and
32 layers,
DMIHH Eulerian Oerlemans Yen (1981)
(1996)
maximum of Kuipers Only at the Anderson
IMAU-FDM 3000 layers, Bucket scheme - Munneke etal.  bottom of (1976)
Lagrangian (2015) the column
finite volume, Carman- Herron and Excess
MeyerHewitt Eulerian, 600 Darcy’s law Langway surface constant
Kozeny
layers (1980) water
UppsalaUniBucket Bucket scheme
600 layers, max
' . Only at the
?hl Ew layer Deep percolation - I_Ilgtsglljirg et botfom of Sltgsr;r; etal.
L ICKnEss. scheme; linear al. ( ) the column ( )
UppsalaUniDeepPerc agrangian distribution down

to 6 m (Marchenko
et al. 2017)

2.7. UppsalaUniBucket & UppsalaUniDeepPerc

UppsalaUniBucket and UppsalaUniDeepPerc have been developed for the Norwegian Arctic (Van Pelt et al. 2012; 2019;
Marchenko et al., 2017) and only differ in their representation of vertical water transport. UppsalaUniBucket simulates melt
170  water percolation according to the tipping-bucket scheme while UppsalaUniDeepPerc uses a deep percolation scheme which
mimics the effect of fast vertical transport due to preferential flow (Marchenko et al. 2017). The water transport model

incorporates irreducible water storage but does not allow for standing water to accumulate on top of the impermeable ice;
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instead all water that reaches the base of the firn column is set to runoff instantaneously. References for the parameterizations

used for gravitational settling, thermal conductivity, irreducible water storage and water percolation are given in Table 2.

3. Methods

3.1. Forcing data

Differences between firn-model outputs and observations depend as much on the model formulation as on the forcing data
that is given to the model (e.g., Ligtenberg et al., 2018). Any bias in forcing data propagates into the model output. To make
sure we compare and evaluate the models independently of biases that may exist in forcing datasets that come from RCMs,
we use meteorological fields derived from five weather stations at four sites. These sites represent a wide range of climatic
conditions on the Greenland ice sheet (Table 4, Figure 1) that produce a wide variety of firn density and temperature profiles.
For example, the cold and dry climate at Summit Station produces cold firn with low compaction rates representative of the
“dry snow” area as defined by Benson (1962). Located in an area with higher melt (Table 3), Dye-2 is representative of the
“percolation area” (Benson, 1962) where meltwater generated at the surface percolates into the firn and releases latent heat
when refreezing into ice lenses. The Firn Aquifer (FA) site in Southeast Greenland, has both high surface melt and high
accumulation rate, leading to the formation of a perennial body of liquid water at a depth of 20 m and below (Forster et al.,
2012; Kuipers Munneke et al. 2014). At the KAN_U site, lower accumulation rates and increasing melt have led to the

formation thick ice slabs (Machguth et al., 2016; MacFerrin et al., 2019) that impede meltwater percolation below 5 m.

We use data from GC-Net weather stations at Dye-2 and Summit (Steffen et al., 1996) from the PROMICE station at KAN_U
(Ahlstrgm, et al., 2008; Charalampidis, et al., 2015), from IMAU, Utrecht University at the Firn Aquifer site (see
Supplementary Text S2 for station description), and a weather station installed by Samira Samimi and Shawn Marshall at
Dye-2 in 2016 (see Supplementary Text S2 for station description). The use of a different station at Dye-2 in 2016 (which
was more recently installed than the GC-Net station), ensures the best meteorological forcing for the models over that melting

season, during which an extensive validation dataset is available.
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Figure 1: Map of the four study sites.

The data from each weather station are quality checked and obvious sensor malfunctions are discarded. The data availability
after filtering of erroneous data at Summit, KAN_U and Dye-2_long is reported in Table S1. No data was discarded at FA
and Dye-2_16. The data gaps were filled using either nearby stations or HIRHAMD5 data as in Vandecrux, et al. (2018).
Downward longwave radiation is not monitored by the GC-Net stations (Dye-2 and Summit) and is taken entirely from
HIRHAMS output. The surface energy balance model developed by van As et al. (2005) was used as in Vandecrux et al.
(2018) to calculate surface “skin" temperature, meltwater generation and net snow accumulation (precipitation — sublimation
+ deposition). These data averaged to three-hourly values were used to force all the firn models. When necessary, the given
input data were adapted to match the specific needs of certain firn models (see Supplementary Text S1). Rain is not monitored
at any site, so it is not included in the mass fluxes. Tilt of the radiation sensor was not corrected for at Dye-2 and Summit
stations although this correction was seen to increase the calculated melt by 35 mm w.e. yr'* at Dye-2 (Vandecrux et al., in

review). The surface forcing data is illustrated in Figure S1.

3.2. Boundary conditions

To allow comparison of the various firn models, as many boundary conditions as possible were given to all models. A key
parameter to all firn models is the density of fresh snow when it is added at the top of the model column. Here, we use the
value of 315 kg m™ from Fausto et al. (2018) which is derived from a compilation of top 10 cm snow density observations

from the Greenland ice sheet. The long-term accumulation and annual near-surface air temperature as well as the local surface
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slope was prescribed according to Table 3. Initial profiles for density, temperature and liquid water content (only at FA) are
provided to all models and illustrated in Figure S2. The origin of the initial density profiles is given in Table 3. Initial
temperature profiles were calculated using the first reading of air temperature (as first guess of surface temperature), the first
valid measurement of firn temperature, and the deep firn temperature (Table 3). The deep firn temperature was calculated as
the long-term mean at the deepest firn temperature measurement. Initial liquid water content at FA is calculated according to

the observations from Koenig et al. (2014) indicating pore saturation below 12.2 m depth.

3.3. Intercomparison and validation of model output

Participating models provided firn density, temperature and liquid water content in 3 h time steps, interpolated to a common
10 cm grid from the surface to 20 m depth. Additionally, three-hourly vertically integrated refreezing and runoff were
calculated by each model.

Three types of validation datasets are available at our sites: i) a set of firn-temperature observations either from the GC-Net
stations (Vandecrux et al.in review), at Dye-2 in 2016 (Heilig et al., 2018), at KAN_U (Charalampidis et al., 2015) and at the
FA station (Koenig et al., 2014); ii) A collection of firn density profiles (Table S2); iii) The observation of percolation depth
and liquid water content at Dye-2 over the summer 2016 (Heilig et al., 2018).

For firn density, we first compare the simulated density profiles to the firn core data. We also calculate for each time step the
average firn density over the 0-1 m, 1-10 m and 10-20 m depth ranges and discuss the standard deviation of these values
among models and their bias compared to punctual observations from firn cores. Hourly measurements of firn temperatures
are compared to the interpolated temperature from the closest model layers. The Root Mean Squared Error (RMSE), mean
bias and coefficient of determination (R?) are then discussed to quantify the performance of the models in terms of firn

temperature.

4. Results

4.1. Firndensity

The compared models do not always produce similar top 20 m firn density profiles (Figure 2). The site where density evolution
is the most similar is at Summit and the differences between models is more visible at Dye-2 and KAN_U. At FA only one
melt season is investigated which is not enough for models’ outputs to significantly diverge. At Dye-2, CFM-Cr, CFM-KM
and UppsalaUniDeepPerc build up higher density firn from the surface to 10 m depth. In contrast, DTU, GEUS, IMAUFDM
and UppsalaUniBucket simulate thinner high-density layers that are generated each summer at the surface and buried in the

following months and years. Extremes (high or low) in density layers are harder to identify in DMIHH and MeyerHewitt. At
11
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KAN_U, the simulated evolution of a pre-existing ice slab can be investigated in each model. The evolution of the density
250 profile at KAN_U depends on whether the model allows percolation past the ice slab (Figure 2). DMIHH and GEUS models
do not allow such percolation, and refreezing-related densification only occurs atop the ice slab. CFM-Cr, CFM-KM,
IMAUFDM, UppsalaUniBucket and UppsalaUniDeepPerc models percolate meltwater past the ice slab to 10-15 m. As a
result, the available pore space within the ice slab is used for refreezing (Figure 2). Nevertheless, the sealing of the ice slab in
these models does not prevent the meltwater from percolating through, and meltwater refreezing continues to occur at depth

255  and to densify the firn there.

Firn density (kg m=3)
400 500 600 700 800 900

a) Summit

2005 2010 2015

c) KANU

0 20
2013 2014 2015 2016 2017 2013 2014 2015 2016 2017 2013 2014 2015 2016 2017 Ju-14  Oct-14

Figure 2: Simulated firn density at the four study sites.

260 At all sites, the models start with similar average densities due to the common initialisation (Figure 3). In the course of the

simulation, the standard deviation of simulated firn density values increases. At Summit, the models agree relatively well on
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the average density independently of the depth range with a maximal standard deviation among models of 15 kg m-3 for the
top 1 m average density, 27 kg m for the 1-10 m range and 23 kg m- during the 15 year long simulation period. However,

in the areas where more melt occurs, the differences between the simulated firn density are larger. At Dye-2, the maximum

265  standard deviation in top 1 m, 1-10 m and 10-20 m average firn densities are 161, 141 and 29 kg m respectively. At KAN_U,
the standard deviation in average firn density among models can be as high as 181 kg m for the top 1 m, 110 kg m for the
1-10 m depth range and 35 kg m-3 between 10 and 20 m depth. The models spread is highest close to the surface and diminish
further at depth.
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270 ® Observations
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Figure 3: Modelled (coloured lines) and observed (black dots with 40 kg m-3 uncertainty bars) average firn density for the top 1 m
(a,d), for the 1-10 m depth range (b,e) and 10-20 depth range (c,f) at KAN_U (a,b,c) and Dye-2 (d,e,f).

275  Comparison with firn cores from Summit in 2015, KAN_U in 2013 and 2016 and at Dye-2 in 2011 allow to identify the
models that reach closest agreement with observations on specific dates. At Summit, all models reproduce the firn density
within observation uncertainties (Figure 3). At KAN_U, the near-surface ice layer is prescribed at the initialization for all
models in spring 2012. Most models still have this feature in 2016. Only MeyerHewitt and DMIHH model gradually smooth
the initial density profile. Yet, they still simulate a firn layer of higher density at 5 m depth for DMIHH and around 12 m

280  depth for MeyerHewitt. A low-density bias is also present in these two models close to the surface, both in 2013 and 2016.
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Figure 4: Observed and simulated density at Summit (a), KAN_U (b) and Dye-2 (c)

4.2. Firntemperature

Simulated firn temperature is most consistent among the 9 models at Summit, site with lowest melt. Given the same surface

285  forcing in terms of skin temperature, snowfall and sublimation and in the absence of meltwater infiltration, Summit provides

290

the opportunity of validating the capacity of the models to simulate heat conduction and advection through the firn. At Summit,
there are some visible differences between the models (Figure 5). MeyerHewitt is the model that propagates annual
temperature fluctuations the deepest. UppsalaUniDeepPerc allows the small amount of surface meltwater to percolate to depth
where it refreezes and releases latent heat. The DMIHH, GEUS, IMAU-FDM, UppsalaUniBucket are very similar at Summit.

The CFM models propagate heat slightly deeper than the previous models, but not as much as UppsalaUniDeepPerc.

14
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Figure 5: Simulated firn temperature at the four study sites.
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Figure 6: Deviation of simulated firn temperature from observations at the four study sites.
At Dye-2, the simulated firn temperatures are more model-dependent and their spread can be evaluated both on the long term
with the 1998-2015 simulation as well as over the 2016 melting season with greater accuracy in the surface forcing (Figure
305  5). The spread in temperature can mainly be explained by the various meltwater routing schemes and will be discussed further

in the next section.

The ability of the firn models to realistically simulate firn temperature is evaluated using the R2, RMSE and ME statistics

(Figure 6). Most models show a warm bias at Summit. At Dye-2, CFM-Cr, CFM-KM and UppsalaUniDeepPerc have a warm
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310 bias while the other models can over- or under-estimate firn temperature depending on the season. At KAN_U, the DTU,
DMIHH and MeyerHewitt have a cold bias, the GEUS bias show the lowest bias while all other models overestimate firn
temperature. The case of FA is discussed in Section 5.3.

4.3. Meltwater percolation
Liquid water content (mm)
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Figure 7: Simulated liquid water content at Dye-2 (a,b), KAN_U (c) and FA (d).
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The high-quality forcing and boundary conditions available at Dye-2 over the 2016 melt season provides the best test situation
for the percolation schemes. The site has sufficient surface melt and the firn, although interspersed with ice layers, does not
prevent downward percolation. Simulated meltwater percolation depth varies greatly among the models (Figure 7). In the
DTU model, meltwater is only allowed in the top layer. This is due to the restriction of water not being able to penetrate ice
layers in the firn. UppsalaUniDeepPerc presents the deepest percolation. IMAUFDM and UppsalaUniBucket give similar
results and percolate water down to 2-3 m. The percolation pattern in CFM-Cr and CFM-KM is markedly different than all
other models with percolation down to 10 m. DMIHH and GEUS simulate similar maximum percolation depth with slightly
deeper percolation for GEUS model. The simulated firn density and temperature evolution for the 2016 melt season at Dye-2

are presented in Figure S4.
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Figure 8: Comparison of the simulated (coloured lines) and observed (black line) meltwater percolation depth at Dye-2 over the
2016 melting season.

The observations from upward-looking ground penetrating radar (up-GPR) (Heilig et al., 2018) enable validating the
meltwater dynamics at Dye-2, a site representative of the percolation area of the Greenland ice sheet. Observations from up-
GPR show that the meltwater front did not reach below 2 m depth during the 2016 melt season. The melt was concentrated
around three periods of increasing intensity between May and June and a period when meltwater was continuously present in
the firn between 20 July and 25 September. We also note that the total melt for 2016 calculated from the up-GPR observation
is consistent with the melt amount derived from the weather station data and used to force all firn models, increasing our
confidence that firn models are here evaluated with forcing as close as possible to the in-situ weather. The CFM-CR and

CFM-KM models substantially overestimate percolation (Figure 8a, red and blue lines). The very large simulated percolation
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depth (~10 m) can be attributed to the dual flow scheme, which exaggerates the effects of preferential flow. The other models

give a more percolation depth closer to observations.

5. Discussion

5.1. Impact of the model design on simulated density, temperature and water content

The variability in firn density, temperature and water content and the deviation between simulations and observations (Section
4) can be explained by the various ways physical processes are accounted for in the models. In this section we detail what can

be learned from the comparison and define potential improvement for future firn models.

5.1.1. Equivalence of the firn densification schemes at a dry snow site

At Summit, representative of dry snow conditions, this validation effort suggests that with appropriate forcing, the various
densification laws perform similarly and within observational uncertainty. Our finding is not surprising as most of the
densification schemes are calibrated against firn density profiles from dry snow areas. The good performance of firn models
in the dry snow area has been established from previous comparisons (Steger et al., 2017; Lundin et al., 2017; Alexander et
al., 2019).

5.1.2. Bucket schemes, irreducible water content and ice slabs

IMAUFDM and UppsalaUniBucket have in common their bucket scheme and the use of irreducible water content by Coléou
and Lesaffre (1998). They consequently present similar percolation depth at KAN_U and Dye-2 (Figure 7). IMAUFDM and
UppsalaUniBucket slightly underestimate percolation depth at Dye-2 in 2016 (Figure 8). This might be corrected by using a
slightly lower irreducible water content. Indeed, the commonly used water content parametrization from Coléou and Lesaffre
(1998) could be complemented by observations in natural firn or adapted to the specific needs of bucket scheme models. On
the one hand, meltwater routing in bucket scheme models compare favourably to observations and to the DMIHH and GEUS
models which include more advanced meltwater routing schemes (Figure 8). Yet again, the two bucket scheme models both
overestimate percolation at KAN_U in presence of an ice slab, evident from a warm bias there (Figure 6). Indeed, it was
known that they can overestimate percolation depth and more advanced routing schemes show slightly better performance in
simulating meltwater runoff from alpine snowpack (Wever et al. 2014). We therefore conclude that bucket schemes perform
relatively well but accuracy in percolation depth could benefit from an improved representation of flow-impeding ice layers

and from a slightly lower irreducible water content.
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5.1.3. Numerical diffusion

In Lagrangian models, layers follow the firn as layers get buried under accumulating snow. In Eulerian models the firn is
being transferred through fixed layers. Eulerian models such as DMIHH and MeyerHewitt, smooth the firn density profile
and dissipate contrast in firn density (Figure 2). This appears to be independent of the model resolution since MeyerHewitt
has 18 times more layers than DMIHH. At KAN_U, these two models gradually lose the contrast between the layers that
compose the ice slab and the firn below (Figure 2). Therefore, Eularian models tend to represent ice slabs in terms of a depth

range with increased density, rather than marked layers of ice.

5.1.4. Deep percolation in low melt areas

At Summit, minimal amounts of meltwater are produced at the surface. Yet, the models that explicitly include deep percolation
(CFM-Cr, CFM-KM and UppsalaDeepPerc) present a warm bias (Figure 6). We interpret this as the signature of refreezing
events at depth in the models. The deep percolation schemes seem less adapted for areas with minor melt until the conditions

in which deep percolation occurs will be better constrained.

5.1.5. Spread in simulated firn temperature at Summit

In the dry snow zone where melt rarely occurs, temperature profiles are more strongly governed by the thermal conductivity
parameterization. At Summit, models produce slightly different firn temperature and DTU and MeyerHewitt models even
show seasonal deviations compared to observations (Figure 6a). We see in this model spread the lack of agreement between
various parameterizations of thermal conductivity. Errors due to inappropriate thermal conductivity propagate to firn
temperature, densification rates and meltwater refreezing potential. Further work will therefore need to give better constrains

to the firn thermal conductivity as.

5.1.6. Ice slab creation at Dye-2 in deep percolation models

At Dye-2, more variations occur among the simulated density profiles (Figure 2). For instance, CFM-Cr, CFM-KM and
UppsalaUniDeepPerc grow a several-meter-thick ice layer near the surface. The differing model behaviour can be explained
by the simulation of water percolation bypassing ice layers and thus refreezing in cold underlying firn. The models that
explicitly account for deep percolation (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) all overestimate the near-surface firn

density at Dye-2.
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5.1.7. Performance of the deep percolation schemes

The lack of preferential flow routine has recently been described as a caveat for firn models (e.g. van As et al., 2016). Yet,
little is known about how often this phenomenon occurs in the firn, how deep meltwater is transported, nor which parameter
or process triggers preferential flow. Here, the models that include deep percolation explicitly overestimate percolation depth
and firn temperature at Summit and grow an ice slab at Dye-2. It therefore appears that a better understanding of deep

percolation is needed before its inclusion in firn model becomes beneficial.

5.1.8. Insufficient heat at depth in the shallow percolation models

Models that keep meltwater close to the surface (DTU, DMIHH, GEUS, IMAUFDM, UppsalaUniBucket) also present a
noticeable cold bias at most sites (Figure 6). The cold bias could be attributed to insufficient meltwater percolation. However,
the validation at Dye-2 in 2016 indicates a reasonable percolation depth for all these models except DTU. Additionally, this
cold bias is still present at Summit where little meltwater is available for percolation. We interpret these findings as an
indication that heat transfer through the firn is still not accurately handled in most firn models. Especially, the heterogeneous
nature of the firn, the presence of vertical ice features in the firn, the variability in surface snow density/thermal conductivity

as well as firn ventilation are processes not currently included in the models and should be subject of future research.

5.1.9. Ice slab and impermeability threshold

At KAN_U, the DMIHH model gives the firn temperature with lowest RMSE and highest R? when compared to observations
(Figure 6). The performance of DMIHH at KAN_U can be explained by the absence, in the simulation, of meltwater
infiltration below the ice slab (Figure 7) which agrees with recent field evidences of the ice slabs’ impermeability (MacFerrin
et al., 2019). In DMIHH, the blocking of percolation originates from a simple permeability criterion: if a layer’s density is
higher than 810 kg m3, then the layer is impermeable, and any incoming meltwater is sent to runoff. The choice of this value
was based on work in Antarctica which found that firn permeability reaches zero over a range of densities centred on 810 kg
m3 (Gregory et al., 2014). Unfortunately, no similar study is available in Greenland or in ice-saturated firn. The DTU model
uses a similar threshold density to characterize a layer’s impermeability but found that 917 kg m™ gave the best match
observed firn density profiles (Simonsen et al., 2013). On the contrary, the IMAU-FDM assumes that, at the horizontal
resolution it usually operates (1-25 km?), ice layers can be assumed discontinuous and are therefore never impermeable.
Although we compare the models at KAN_U, few observations are available to evaluate these three approaches over a larger
region or under different firn conditions. More work is therefore needed to quantify the permeability of ice-dominated firn in

relation to the firn density, the ice layer thickness and the various spatial and temporal scale at which the firn models are used.
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5.1.10. Fresh snow density

In this study, we used a constant density at which new snow is added to the top of the model columns. However, modelling
studies revealed that the fresh snow density parameter significantly impacts the simulated firn densities (Steger et al., 2017;
van Kampenhout et al., 2017; Alexander et al., 2019). Historically, parameterizations have been constructed on observations
of the top 1 m snow density (Reeh et al., 2005; Kuipers Munneke et al., 2015). Other values such as 344-350 kg m3 were used
in Svalbard by Van Pelt et al. (2014; 2019), a density of 400 kg m has been used by Charalampidis et al. (2015) on the
Greenland ice sheet and Verjans et al. (2019) used values between 240 and 365 kg m® based on site-specific observations.
Fausto et al. (2018) concluded from a large Greenland dataset that no robust parametrization could be found based on mean
annual air temperature, mean annual accumulation, elevation, latitude or longitude. For this reason, we here use a site-invariant
fresh snow density of 315 kg m (Fausto et al., 2018). The use of this fresh snow value was found to improve the result of a
firn model in Greenland (Steger et al., 2017). A constant value is nevertheless far from the observed variability and leads to
an overly simplistic boundary condition for densification schemes. Additionally, inaccurate fresh snow density can have
drastic impact on the heat transfer through the very top of the snowpack. Hence, it is necessary to develop our understanding
of fresh snow density in firn models and how this boundary condition may interact with the densification and heat transfer

scheme.

5.2. Uncertainty in model-derived firn characteristics and mass balance

5.2.1. Uncertainty applying to simulated firn characteristics

Given the complexity of the firn models, it is hard to propagate uncertainty and account for model assumptions and
parameterisations. As a consequence, model results have commonly been given without uncertainty range which prevents
assessing the strength of model-based inferences. We see from Figure 2 to 7 that the spread between models increases as we
move from the dry snow area to the percolation area, peaking in areas with high-melt features such as ice slabs and firn
aquifers. We suggest that the model spread presented here can provide a baseline for uncertainty whenever a single model is
used. At Summit, representative of the dry snow area, the standard deviation across models of average density in the 1-10 m
depth range is 27 kg m-3. Hence, an uncertainty envelope of +60kg m-3 can be used to describe the modelling uncertainty. At,
Dye-2, representative of the percolation area, models have a standard deviation of 141 kg m- at the end of the 15 year-long
simulation. This indicates a substantial level of uncertainty (280 kg m) that applies to simulated firn densities in the
percolation area. In the same way as for density, the models’ spread in simulated firn temperature can be investigated by
calculating the standard deviation in average firn temperature for the top 1 m, 1-10 m and 10-20 m depth range (Figure S5).
At Summit the model spread is largest close to the surface with a standard deviation of 7°C. This implies an uncertainty
envelope of +14°C. This model uncertainty envelope increases with melt to £15°C at Dye-2 and +18°C at KAN_U and

decreases with depth with an uncertainty envelope of +8°C on the 10-20 m average firn temperature. These uncertainties
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applying to simulated firn density and temperature represent model-based estimates and would apply in the absence of

observations to evaluate model performance directly.

5.2.2. Uncertainty in modelled mass balance

All the models agree on the total refreezing of meltwater at Summit. At other sites, the difference in simulated firn density,
temperature and the liquid water distribution cause the models to allow different amounts of meltwater to refreeze and runoff

and therefore affect the surface mass balance.

At KAN_U, for instance, the impact of the ice slab on the surface mass balance is critical. The differing simulated percolation
patterns lead to varying total amounts of meltwater either refrozen or runoff (Figure 7 and 9). The bucket schemes in
IMAUFDM and UppsalaUniBucket percolate meltwater through the firn and all the meltwater refreezes below the ice slab in
these models. The deep percolation scheme in UppsalaDeepPerc leads to the same result. In the CFM models, the Richards
equation in the matrix flow domain prescribes relatively slow meltwater percolation through the ice layer and the preferential
flow domain is unable to accommodate all the incoming water. As a result, part of the meltwater is sent to lateral runoff. In
all the other models, the presence of ice layers triggers meltwater ponding and runoff. In 2012, the DTU model presents the
highest runoff, followed by the DMIHH model. In the following years, only DTU, CFM-Cr, CFM-KM and DMIHH models
still calculate minor runoff. Machguth et al. (2016) calculated from firn cores that a 75 + 15% of the surface meltwater went
to runoff at KAN_U in 2012. Although the observations are subject to considerable uncertainty, they indicate that most of the
models underestimate the runoff at KAN_U in 2012.

At Dye-2, all models agree that runoff is minimal compared to refreezing. Yet most models, except the ones using bucket
schemes (IMAUFDM and UppsalaUniBucket), indicate that runoff occurs regularly. Runoff peaked in all models in 2012,
when above average melt was available at the surface. If melt continues to increase and the near-surface firn permeability

further decrease, Dye-2 has the potential to turn into an ice slab site as hypothesized by Vandecrux et al. (2018, 2019).
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Figure 9. Yearly totals for meltwater runoff and refreezing at KAN_U (a) and Dye-2 (b).

5.3. Firn aquifer

5.3.1. Subsurface runoff at a firn aquifer site

The presence of water in excess of irreducible water content is not allowed in some of the models: IMAUFDM, Uppsala. This
implies that, at the initiation of these models, all the excess water within the aquifer is sent to runoff instantaneously. The
DMIHH model runs off excess water according to the parametrization by Zuo and Oerlemans (1996). This leads to the gradual
decrease of water content within the aquifer. The GEUS model incorporates a Darcy-like parametrization of the subsurface

runoff and calculates much faster drainage of the aquifer.

5.3.2. Representation of aquifers in firn models

Aquifers are currently poorly represented in models, which poses the question of the suitability of the models to simulate
aquifers in Greenland. Forster et al. (2015) used the output from RACMO to map aquifer over the entire ice sheet. However,
the RACMO RCM, using the IMAUFDM firn model, is incapable of modelling actual aquifer (defined as saturated firn).
Instead, areas where the model showed residual subsurface water (within the irreducible water content) remaining in spring
was used as an indicator of areas where firn aquifers might be present. Although this approach succeeds at mapping the current
firn aquifer areas, the difference between what is tracked in the model and what actually happens at firn aquifer puts doubt on

the current capacity of firn models to predict firn aquifer evolution in future climate. In reality, horizontal water flow at depth
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plays a crucial role in the evolution of firn aquifers. However, current firn models are one-dimensional. As such, lateral water

movement is governed by poorly constrained parameterizations, which are unlikely to accurately represent horizontal flow.

5.3.3. Recharge of the firn aquifer

Another challenging question for our understanding of these aquifer sites is: Where and when does the meltwater generated
at the surface percolate down to the aquifer? Firn temperature observations (Figure S3) show that the top 20 m of firn remained
at melting point during the 2014 melt season. This indicates that meltwater from the surface reached the aquifer. The firn
models do not conclusively answer how and where deep percolation to the firn aquifer takes place. Given the same surface
forcing and initial firn conditions, few of the models: CFM-Cr, CFM-KM, UppsalaUniBucket and UppsalaUniDeepPerc,
route water past 10 m depth. These are the models that use either a dedicated deep percolation scheme or a bucket-type routing

scheme within which the irreducible water content might be set to account for deep percolation.

6. Conclusions

Nine state-of-the-art firn models are forced with mass and energy fluxes calculated from weather station data at four sites
representative of various climate zones of the Greenland ice sheet. From the comparison of their simulated firn temperature,
density and water content and from the validation against various firn observations, we identify specific routines within the
models that are responsible for the models’ behaviours. We later quantify uncertainties that apply to the firn model outputs

and identify key topics for future development of models and for the investigation of firn processes.

Model spread and deviation between simulated and observed firn density and temperature is largest at the sites that experience
more melt. Using twice the models’ standard deviation as an indicator of uncertainty envelop, we find that firn models can
estimate firn density within +60 kg m= at a dry snow site and that uncertainty increases to +280 kg m™ for certain depth ranges
at percolation sites. Runoff-enhancing ice slabs were formed in certain models at the Dye-2 site where they were not observed.
At the KAN_U site, where models were initialized with multi-meter ice layer according to observations, models did not agree
on whether meltwater could percolate through. Eulerian models appear to smooth the firn density profile and dissipate contrast
in firn density independently of the model resolution. Further testing of such models should investigate how this numerical
diffusion affect the firn characteristics over longer runs and in particular how runoff-enhancing ice slabs are represented in
these models. The good performance of all models at the nearly-melt-free Summit site indicates that for the top 20 m of firn,
the densification laws perform similarly under dry snow conditions given identical forcing. Variability in simulated firn
temperature at Summit indicates that heat transfer through the firn is still not handled consistently in firn models. The
heterogeneous nature of the firn, the presence of vertical ice features in the firn, the variability in surface snow density/thermal
conductivity as well as firn ventilation are processes not currently included in the models and should be subject of future

research.
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Differences in simulated firn characteristics lead to different amounts of meltwater retained through refreezing or escaping
the site through runoff. Models that percolate meltwater deeper (resp. shallower) calculate higher (resp. lower) retention
through refreezing and therefore less (resp. more) lateral runoff. Models that include explicit deep percolation schemes did
not compare better to observations of firn temperature and of meltwater percolation at an ice slab site. Yet they were able to
simulate successfully meltwater percolation at ~10 m depth at a firn aquifer site. At that aquifer site, models that used the
Darcy’s law and bucket schemes did not percolate meltwater deep enough to recharge the aquifer but presented satisfactory
results at a cold firn site. Only the models using Darcy’s law compared favourably to observation at the ice slab site. These
mixed results show that even the latest models need development to perform satisfactorily under multiple climate and with
various firn structure. This can only be done with better laboratory and in situ observations of both horizontal and vertical
flow of water in firn and by an understanding of how the spatial representativity of firn models.

Prescription of fresh snow density and snow grain size are yet to be investigated as they are expected to have an important
impact on the model outputs. Future measurement campaigns and modelling efforts could help to understand how these

quantities interact with the densification and heat transfer scheme.

7. Data availability

The forcing datasets as well as all the model outputs is available on https://www.promice.org/PromiceDataPortal/. The code

for all the plots are available on https://github.com/BaptisteVandecrux/RetMIP. The source code for the CFM model is

available at https://github.com/UWGlaciology/CommunityFirnModel; the GEUS model code can be found at

https://github.com/BaptisteVandecrux/SEB_Firn_model. The RetMIP protocol is available at

http://retain.geus.dk/index.php/retmip/.
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