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Abstract.

The firn layer that covers 90% of the Greenland ice sheet (GrIS) plays an important role in determining the response of
the ice sheet to climate change. Meltwater can percolate into the firn layer and refreeze at greater depths, thereby temporarily
preventing mass loss. However, as global warming leads to increasing surface melt, more surface melt may refreeze in the
firn layer, thereby reducing the capacity to buffer subsequent episodes of melt. This can lead to a tipping point in meltwater
runoff. It is therefore important to study the evolution of the Greenland firn layer in the past, present and future. In this study, we
present the latest version of our firn model, IMAU-FDM (Firn Densification Model) v1.2G, with an application to the GrIS. We
improved the density of freshly fallen snow, the dry-snow densification rate and the firn’s thermal conductivity using recently
published parameterizations and by calibrating to an extended set of observations of firn density, temperature and liquid water
content at the GrlIS. Overall, the updated model settings lead to higher firn air content and higher 10 m firn temperatures,
owing to a lower density near the surface. The effect of the new model settings on the surface elevation change is investigated
through three case studies located at Summit, KAN-U and FA-13. Most notably, the updated model shows greater inter- and

intra-annual variability in elevation and an increased sensitivity to climate forcing.

1 Introduction

Firn, the transitional stage between seasonal snow and ice in the accumulation zone of glaciers, strongly influences the climate
response of mountain glaciers, ice caps and ice sheets. Pore space between snow grains that make up the firn layer enable
meltwater to percolate into the firn layer, and refreeze — if the firn temperature is below freezing. This prevents runoff which
means that firn acts as an efficient buffer against ice sheet mass loss. Diagnosing the current state of the Greenland ice sheet
(GrIS) firn layer, and predicting its future, is therefore important in order to understand current and future changes in the mass
balance of the GrIS.

A common method to assess the GrIS mass balance is altimetry, by which elevation changes are monitored by repeated
scanning of the ice-sheet surface by active laser or radar instruments on board airplanes or satellites. A crucial step in translating
the observed volume change to a mass change is to determine the density of the firn associated with the elevation change. To
account for variability and changes in the surface mass balance and firn processes like compaction, percolation, and refreezing,

a firn model is often employed for this step (Zwally et al. (2002); Sgrensen et al. (2011); McMillan et al. (2016); Shepherd
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et al. (2020); Hawley et al. (2020)). This is necessary since firn densification decreases the surface elevation without changing
the mass balance, and is affected by changes in temperature and accumulation.

Firn models can also be used to assess the evolution of the aforementioned buffer capacity of the firn layer and how it is
impacted by refreezing. It has been demonstrated that refreezing is a critical process for many ice caps to survive, e.g. in the
Canadian Arctic. On these ice caps, summer melt consistently exceeds annual snowfall, and refreezing is required to maintain
a near-zero mass balance (Noél et al. (2018a), Gascon et al. (2013); Bezeau et al. (2013); Ashmore et al. (2019)). As melt rates
increase further in response to global warming, firn pore space is increasingly taken up by refrozen meltwater, degrading the
efficiency of the refreezing process until at some point the available pore space has decreased to the extent that it cannot absorb
all of the meltwater produced during summer. When this happens, the rate of mass loss increases irreversibly, which is why this
is often regarded as a tipping point. At Greenland’s marginal ice caps, this has already been taking place since the mid 1990s
(Noé€l et al. (2017)).

Refreezing also plays an important role in the Greenland ice sheet (GrIS), but it has not yet reached this saturation tipping
point (Pfeffer et al. (1991), Braithwaite et al. (1992)). The GrIS has an extensive firn layer (~ 1.4 - 10 km?), covering about
80% of the total area of the GrIS, which is higher in elevation (on average 2100 m above sea level (a.s.l.)) and hence more
porous and colder than firn on other Arctic ice caps (Noél et al. (2020)). With a depth of up to 80 m (Kuipers Munneke
et al. (2015b)), Vandecrux et al. (2019) estimated that the GrIS firn layer contains a total of 26800 & 1840 km? of air. This is
equivalent to more than 60 times the total annual (1961-1990 average) volume of GrIS meltwater production (Van den Broeke
et al. (2016)), although this is reduced to a factor of ~1-4 if only pore space in the percolation zone is considered (Harper
et al. (2012)). Model estimates show that for the same period, at least 44% of the meltwater produced at the surface of the GrIS
refroze in the firn layer (Van den Broeke et al. (2016); Mouginot et al. (2019)).

Surface melt is also increasing in the GrIS accumulation zone, with the extreme melt summers of 2012 and 2019 as vivid
examples (Nghiem et al. (2012); Sasgen et al. (2020)). These high-melt summers led to peaks in refreezing, warming and
densification of the firn layer (Steger et al. (2017a)). In some places, 1-2 m thick ice slabs were formed that prevent meltwater
from reaching the pore space below (Machguth et al. (2016); MacFerrin et al. (2019)).

Lastly, firn models can be used to interpolate between observations (Kuipers Munneke et al. (2015b); Vandecrux et al.
(2019)). This is convenient since observations from firn cores and snow pits are usually sparse and costly to obtain.

Some (regional) climate models are coupled interactively to a snow/firn model, but these often use simplified initialization,
parametrizations and/or reduced vertical resolution for computational efficiency. The main advantage of using a dedicated,
offline firn densification model is the lower computational cost, which enables the use of higher vertical resolution, a proper
initialization of the firn layer, and extensive sensitivity testing (Lundin et al. (2017); Stevens et al. (2020); Vandecrux et al.
(2020b)). The drawback of using an offline firn model is that it must be forced unidirectionally with observed and/or modelled
surface temperature and surface mass fluxes (snow, rain, sublimation, drifting snow erosion).

In this study we present an updated version of the firn densification model of the Institute for Marine and Atmospheric
research Utrecht IMAU-FDM v1.2G, henceforth IMAU-FDM) applied to the GrlS, forced at the upper boundary by the latest



60

65

70

75

80

85

90

three-hourly output of the polar version of the Regional Atmospheric Climate Model (RACMO2, Noél et al. (2018b)). It
supersedes the previous model version presented by Kuipers Munneke et al. (2015b) and Ligtenberg et al. (2018).

We use recently published parametrizations and previously existing and newly obtained observations of firn density, tem-
perature and liquid water content from the GrIS to calibrate model parametrizations for surface (fresh snow) density, dry snow
densification rate, thermal conductivity, and meltwater percolation. The updated model is subsequently used to perform case
studies of contemporary firn depth variability in three climatologically distinct locations of the GrIS accumulation zone: (1) the
dry and cold interior, (2) the relatively low-accumulation western percolation zone, and (3) the high-accumulation south-eastern
percolation zone.

This paper is organized as follows: in Sect. 2 we describe the model details as well as the changes made to the model. We also
describe the extended set of observations, both in time and space, that allows for new parametrizations and improved calibration
of IMAU-FDM for the GrIS. Then, in Sect. 3, we show how the altered model results in an overall improved representation of
GrIS firn density, temperature and liquid water content. The three case studies are then presented in Sect. 4, followed in Sect.

6 by a summary and outlook.

2 Methods
2.1 IMAU-FDM

For this work we use the offline IMAU-FDM, a semi-empirical firn densification model that simulates the time evolution of
firn density, temperature, liquid water content and changes in surface elevation owing to variability of firn depth. The model
has been compared extensively to, and calibrated with observations of firn density and temperature from the ice sheets of
Greenland and Antarctica (Ligtenberg et al. (2011); Kuipers Munneke et al. (2015b); Ligtenberg et al. (2018)). IMAU-FDM
is forced by three-hourly output of the polar version of the Regional Atmospheric Climate Model (RACMO2.3p2) (Noél et al.
(2019)). Over glaciated grid cells, the RACMO?2 subsurface model uses approximately the same expressions as IMAU-FDM,
but with a lower vertical resolution (max. 150 vs. 3000 layers) and less comprehensive initialization to save computation
time. For both the ice sheets of Greenland and Antarctica, the performance of IMAU-FDM has been comparable to the more
physically-based SNOWPACK model (Steger et al. (2017b); Van Wessem et al. (2021); Keenan et al. (2021)). In the following
subsections, we briefly describe how the main processes are currently represented in IMAU-FDM, and what improvements

have been implemented compared to the previous model version.
2.1.1 Fresh snow density

An important boundary condition for the model is the density of freshly fallen snow, pg. When determined from field observa-
tions, fresh snow density is often assumed equal to the near-surface density, loosely defined as the average density of the top 0.5
m of dry snow. As density is highly variable near the surface, the exact chosen depth is critical for the outcome, which hampers

a robust comparison between datasets (Fausto et al. (2018)). In firn models, fresh snow density is commonly parameterized as
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a function of meteorological variables such as temperature and wind speed at the time of deposition, or, when these are not
available, using annual average values instead (Keenan et al. (2021)). Several studies have addressed the parametrization of
po on the GrIS (Kuipers Munneke et al. (2015b); Fausto et al. (2018)). Assuming a linear dependence of the density on mean

annual surface temperature 7, this parametrization takes on the following form:

po=A+B-T, M

With A and B being fitting constants and 7 in °C. In previous studies where IMAU-FDM was applied to the GrIS, A = 481
kg m~3 and B = 4.834 kg m~3 K—!) have been used (Kuipers Munneke et al. (2015b); Ligtenberg et al. (2018)) based on
observations using the top 0.2 m average density from no-melt locations to approximate the surface value.

In the updated model, a new parameterization for fresh snow density (Fausto et al. (2018)) was adopted. In contrast to
previous studies, which typically use the first ~ 0.5 — 1.0 m of snow, Fausto et al. (2018) used only the upper 0.1 m of snow to

define surface density at 200 locations and found:

po=362.14+2.78-T, ()

with T, the annual mean near-surface (usually 2 m) air temperature in °C. Previously, the climatological mean 2 m air
temperature has been used in IMAU-FDM (Kuipers Munneke et al. (2015a)), or an instantaneous value (Ligtenberg et al.
(2018)). In v1.2G of the model, T}, is calculated as the average 2 m air temperature of the year preceding the snowfall. While
the actual density of fresh snow varies on much shorter time scales than this, we opt here for a parameterization that depends
on annual mean surface temperatures for three reasons.

Firstly, the parameterization is derived by fitting the measured snow densities to mean annual temperatures, not the tempera-
ture at the time of the accumulation event. Thus the equation itself links snow density to annual temperatures, not instantaneous
temperatures. Therefore, using the instantaneous temperatures would introduce an additional uncertainty.

Secondly, in deriving their parameterization, Fausto et al. (2018) used the density of the upper 0.1 m of snow. Especially
in locations where only a low amount of accumulation takes place, this means that the measured layer of firn contains snow
from multiple accumulation events. Moreover, it may also have compacted in the time between the accumulation event and the
observation. Therefore, we believe that the typical temperature to which this 0.1 m of snow is exposed to can more reasonably
be approximated with annual temperatures than with instantaneous ones.

Thirdly, using a climatological mean value suppresses the year-to-year variability in snow density. This is undesirable,
especially because the model will also be used future scenarios, in which long term trends in temperature may have an effect. On
the other hand, using instantaneous temperature values may introduce an excessive variability which, in reality, is smoothened
by the effects of the snow being subjected to settling by wind and metamorphosis through numerous, daily warming and cooling
cycles. Calculating T, in the updated model as the mean annual air temperature, is a trade-off between these two extremes that

allows us to account for long term trends in air temperatures.
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Figure 1. Daily averages of Das 2 (southeast Greenland, see Fig. 4) surface density (2010-2016) using three different parametrizations.

Fausto et al. (2018) noted that surface density correlates only weakly with annual mean 7, and that using a constant density
of 315 kg m~2 may be preferable. Therefore, we compared the model’s performance while using Eq. 2, with the model’s per-
formance while using a constant density of 315 kg m 3. From this we concluded that neither configuration gives significantly
better results. In Sect. 3.1 this comparison will be discussed in more detail.

Fig. 1 shows the surface density (2010-2016) using three different approaches at site Das 2 in Southeast Greenland. Clearly,
temporal variations are much larger when an instantaneous 7' is used. Furthermore, the expression by Fausto et al. (2018)
results in a lower surface density overall than Kuipers Munneke et al. (2015a). In subsequent sections, we refer to Ligtenberg

et al. (2018)) as for the previous model version.
2.1.2 Dry snow densification rate

IMAU-FDM is a 1D, vertical Lagrangian model. When new snow accumulates at the surface (model top), the model layers
are buried deeper and tracked during their downward motion. At every time step, each layer is compacted under the influence
of the pressure exerted by the mass of snow/firn above it. However, in IMAU-FDM the densification rate % is not directly
related to the overburden pressure, but rather follows a semi-empirical, temperature-dependent equation based on Arthern et al.
(2010):

d . _Ec Py
= = Chglpi — p)e™ #F rmic (3)
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where b is the annual average accumulation rate (mm w.e. per year) over the spinup-period (1960-1979), p; = 917 kg m—3

is the density of glacial ice, g, E., E, and R are constants, and T is the instantaneous layer temperature in Kelvin. Different
values of C above and below p = 550 kg m 3 represent a shift in the dominant densification mechanism (Cuffey and Paterson
(2011)). For p < 550 kg m~3, the densification of the firn is dominated by the settling and sliding of grains. For p > 550

kgm™3

recrystallisation, deformation and sublimation become dominant and the densification rate is lower, which is reflected
in a lower value for C.

Arthern et al. (2010) base their densification rate on an equation describing Nabarro-Herring creep from Coble (1970).
This rate depends linearly on the overburden pressure. The overburden pressure o(t) on a layer of firn of age 4., is equal
t0 0(tage) =g f:_ fage b(t/)dt/ in the absence of melt. The accumulation rate enters the equation for the densification rate
through the assumption that the accumulation rate is constant in time, replacing o (t). RACMO?2 provides the average annual
accumulation rate b as the amount of total precipitation minus sublimation and drifting snow erosion during the spin-up period.
Assuming a constant b introduces an error in the load experienced by a layer of firn (o(tqge) = gbt). However, over the time
scale considered here the error remains small (e.g. < 3.2% at Summit and < 1.9% at Dye-2).

Eq. 3 is used for both wet and dry locations, and so it is assumed that the densification rate of dry firn is equal to that of
wet firn. We acknowledge that the presence of liquid water in between grains may impact the evolution of their size and shape.
This in turn may also impact the densification rate of the firn. Most firn models that account for a different densification rate
of wetted firn are based of Vionnet et al. (2012). They introduce this dependency through an empirical correction factor for the
firn viscosity. This correction factor is derived from experiments that have not been published (see Brun et al. (1992)). Due to
a lack of physical understanding and a lack of available measurements we decided not to introduce an extra dependence of the
compaction rate on the liquid water content to reduce the model’s complexity and to prevent overfitting.

Compared to observations of the depth of the 550 and 830 kg m—2 density levels, a structural bias is found when using
Eq. 3, that in previous studies turned out to depend on the annual average accumulation rate. In order to calibrate Eq. 3 to
the new, expanded set of observations, we introduce a multiplication factor MO to better align modelled density profiles with

observations:

MO = o — BIn(b) (4)

where e and ( are unitless constants. Although the physical processes underlying the densification of firn do not explicitly
depend on the accumulation rate, a correlation between % and b may act as a proxy variable for effects that are time dependent,
possibly related to the geometry of grains (Cuffey and Paterson (2011)). Firn densification owing to horizontal compression is
neglected, although in fast-flowing regions this can be locally important (Horlings et al. (2021)).

In the model update, we recalibrated the dry densification correction factor MO as a function of mean annual accumulation,
by using an updated, high-resolution GrIS accumulation field (Noél et al. (2015)) and optimizing the modelled depths at which
the firn density reaches the critical values 550/830 kg m~3 following Ligtenberg et al. (2011) and Kuipers Munneke et al.
(2015b). To perform the previous calibration, we expanded the 22-core data set by Kuipers Munneke et al. (2015b) to 29 cores.



170

175

180

0.9 9

MO (-)

102 2 x10? 3x10% 4x10? 6 x 102

Mean accumulation (mm w.e. yr~1)

Figure 2. Ratio between modelled and observed depth at which the density reaches 550 kg m~3 (MOss50) or 830 kg m~3 (MOsg30) as
a function of local accumulation rate. The solid lines represent the corresponding regressions and the grey bands around them are their

corresponding 95% confidence intervals.

Only dry firn cores (i.e. with little surface melt) are used for calibration. No "wet" cores are used since Eq. 3 only describes
the densification rate due to overburden pressure. At wet locations, the density at a given depth is not only impacted through
compaction by overburden pressure but also through the vertical transport of liquid water inside of the firn after a melt event.
This drastically alters the depth at which the firn layer reaches 550 or 830 kg m 3. Incorporating these ratios of depths into the
derivation of the MO fit would incorrectly assign this change to a different compaction rate whereas it is due to refreezing. A
core is considered as "dry" if the mean annual melt is less than 5% of the mean annual accumulation rate. Least squares fitting
yields R? values for MOj550 and MOgsq of 1.57 - 1072 and 0.95 respectively. Fig. 2 shows the new calibrations. The statistics
of the new fit are summarised in Table 1, along with the old values from Kuipers Munneke et al. (2015b). The standard error
of the coefficients is calculated by assuming that the errors in the regression are normally distributed.

With the update and the use of new firn and accumulation data, the linear relation between MOj559 and ln(b) vanishes, and
reduces to an almost constant value of 0.67. Despite the difference with previous formulations in IMAU-FDM, this is similar
to findings by Robin (1958) and Herron and Langway (1980), who also found that for densities lower than 550 kg m~3 the
densification rate correlates almost linearly with accumulation, and that this correlation becomes non-linear at higher densities.

dp

The high correlation for MOgs also implies that the relation between densification rate 57 and accumulation is non-linear

above p = 550 kg m~3. We run the model with the newly derived values for o and /3 for MOs5¢ and MOgsg listed in Table 1.
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Table 1. Values of the old and new linear regression of Eq. 4, their R? as well as the standard error in of the new fitting parameters.

‘ Qold Qnew Oa /Bold /Bnew B R(Q)ld R?Leu}
MOss0 | 1.042  0.6688 0.1317 0.0916 -0.0048 0.0233 0.35 0.002
MOsso | 1.734  1.7465 0.0841 0.2039 0.2045 0.0154 096 0.946

2.1.3 Thermal conductivity

In IMAU-FDM, the vertical temperature distribution and its evolution is obtained by solving the one-dimensional heat transfer

equation
oT oG 0 oT
f’caf‘az“—‘az@az)“ ©)

in which c is the specific heat capacity of the firn, G the diffusive ground heat flux, & the thermal conductivity of the firn
and £ a heat source representing the release of latent heat upon the refreezing of liquid water in the firn or the subsurface
absorption of solar radiation. Subsurface penetration of short-wave radiation is neglected in the current model version. This is
deemed a reasonable approximation for fine-grained, polar snow (van Dalum et al. (2020)); Brandt and Warren (1993) showed
that most of the absorption of light occurs in the IR and in the first few centimetres of the snow. The firn temperature profile
is initialized using a spin-up period, see Sect. 2.1.5. Before the spin-up, the firn column is initialised at a constant temperature
equal to the annual mean surface temperature during the spin-up period. The lower boundary condition assumes a constant heat
flux across the lowest model grid cell, i.e. the deep temperature is allowed to change along with long-term changes in surface
temperature or internal heat release. The upper boundary condition for the temperature calculation is provided by the surface
(’skin’) temperature in RACMO2, obtained by iteratively solving the surface energy balance (Van den Broeke et al. (2008)).
Due to the Lagrangian character of the model, vertical heat advection is implicitly considered (Helsen et al. (2008)). Any heat
generated by firn horizontal/vertical deformation is neglected.

The heat equation is solved numerically using the so called “splitting method”. In the first half of a time step we solve
for water transport using the bucket-scheme (described in more detail in the Sect. 2.1.4). Temperature changes caused by the
refreezing of meltwater are added as a source term. Then, in the second half of the time step, no water flux is allowed, making
every layer a closed system. We then allow heat conduction to take place by solving Eq. 5 implicitly using the Crank-Nicolson
scheme.

The thermal conductivity is assumed to depend on firn density and temperature, and in previous versions of IMAU-FDM
followed the expression for seasonal snow due to Anderson (1976), which only depends on density. In the updated model, the
parameterization for thermal conductivity as a function of firn density of Calonne et al. (2019) is used. The new expression
more accurately models the dynamics of the thermal conductivity by incorporating both a density and temperature dependency.

The new expression was obtained from 3D images of firn micro-structures at different temperatures, and is valid for the wide
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range of density and temperature values typically encountered in ice sheet firn layers, making it suitable for simulations of the

GrIS. It takes on the following form:

ki(T)ka(T)
ki (—3°C)ka(—3°C)

ki(T)

k(p,T)=(1-9) T(—3°C)

ksnow (P) +0 kfzrn( ) (6)

The equation consists of two parts: one for snow and low-density firn and one for ice and high-density firn. The transition
between the two regimes remains smooth through the weight factor 6(p). The definition of ¢ and the thermal conductivities

that are used in Eq. 6 are:

0

1/(1+ exp(—0.04(p — 450))
k(T

9.828exp(—0.0057T)

0.024 —1.23-107%p +2.5-107%p?

)
ko(T) = (2.334-107373/2) /(164.54 + T)
snow(p)

)=

kfirn(p) = 2.107+0.003618(p — p;)

Here k, represents the thermal conductivity of air, taken from Reid et al. (1959). Figure 3 compares the old and new
expressions for various temperatures. As can be seen in Fig. 3, the new expression takes on a slightly lower value than Anderson
(1976) at densities below ~ 475 — 565 kg m 3, depending on the temperature, but a higher value at densities above that. This

difference becomes larger at lower temperatures.
2.1.4 Meltwater percolation, retention and refreezing

IMAU-FDM employs a tipping bucket method to treat the percolation, irreducible (capillary) retention and (re)freezing of
water, by filling up subsequent deeper layers to maximum capacity in a single model time step (i.e. quasi-instantaneous).
Magnusson et al. (2015) show that, in spite of its simplicity and shortcomings, the tipping bucket method is a robust and useful
method to deal with liquid water transport in the snowpack when compared to more sophisticated methods, especially when
capturing general firn properties at the larger, multi-kilometre horizontal scale for which IMAU-FDM is designed. In IMAU-
FDM, the fraction that is retained in a model layer by capillary forces ("irreducible water content’) depends on the available

pore space according to the expression by Coléou and Lesaffre (1998):

P
W.=1.7 577 7
+ .y (7

where W, is the irreducable water content in percents of volume and P is the porosity of the firn layer, defined as P =
1— p/p;. The maximum amount of water that is stored thus decreases with increasing density of the firn layer. Standing water

and as a consequence lateral runoff over ice-layers are currently ignored. This is considered a fair assumption, because on the
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Figure 3. Comparison of the thermal conductivity parameterisation by Anderson (1976) and Calonne et al. (2019) with density at different

temperatures.

spatial scales at which the model is employed (i.e. the RACMO?2 grid of 5.5 by 5.5 km) it is assumed that within a model grid

cell the meltwater can usually find a way to flow around a layer of ice.
2.1.5 Model initialisation

The latest IMAU-FDM model runs span the period 10 November 1957 - 31 December 2020. The initial model density, tem-
perature and liquid water content in the firn column are obtained by repeatedly applying the spin-up period 1960 - 1979
during which the forcing (i.e. surface accumulation, liquid water flux and temperature) is assumed to have remained reason-
ably constant (i.e. no significant long-term trends, Van den Broeke et al. (2009)). Observations and model studies support the
assumption that the Greenland climate and SMB started to change significantly in the 1990s (Enderlin et al. (2014); McMillan
et al. (2016)), confirming that the period 1960 - 1979 can be selected for initialization purposes. Initialization is considered
complete when the entire firn layer (up to the pore close-off density of 830 kg m—2) has been refreshed. The required number
of iterations depends on accumulation rate, and is typically 25 to 45 for the relatively dry grid points in the northeastern GrIS
and typically 10 to 20 for the relatively wet southeastern GrIS. After the spin-up is finished, the actual model run starts by
applying the 1957-2020 forcing from RACMO?2.3p2 once.

10
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2.2 RACMO2.3p2 forcing

At the upper boundary of IMAU-FDM, mass accumulation (solid precipitation minus sublimation minus drifting snow erosion),
liquid water fluxes (melt plus rainfall minus evaporation) and surface temperature are prescribed from the regional atmospheric
climate model RACMO2.3p2, which has been used to simulate the climate and surface mass balance of the GrIS and its
immediate surroundings for the period 1958-2020 at a horizontal resolution of 5.5 km. Like previous versions, this version of
RACMO2? has been extensively evaluated over the GrIS (Noél et al. (2018b)). At the lateral boundaries, using a relaxation zone
of 24 gridpoints, RACMO?2 is forced by European Centre for Medium-Range Weather Forecasts (ECMWF) re-analysis data,
i.e. ERA-40 between November 1957 and 1978, ERA-Interim between 1979 and 1990 and ERA-5 between 1991 and 2020.
For the forcing of IMAU-FDM the full spatial resolution of 5.5 km is used and a temporal resolution of 3 hours was selected,
as an acceptable trade-off between robustly resolving the daily cycle and keeping manageable file sizes. IMAU-FDM typically

uses a timestep of 15 min, for which we linearly interpolate the forcing between the RACMO?2 forcing time steps.
2.3 Firn thickness and elevation change

IMAU-FDM tracks the total firn thickness, and changes in it. The resulting vertical velocity of the ice-sheet surface due to

dh

changes in the firn layer (3;

) is given by:

% = Usnow + Vsnd + Ver + Umelt + Vice + Ve (®)

The total vertical surface velocity % can thus be decomposed into separate contributions from accumulation (Vs ), Surface
sublimation (included in vy, ), Sublimation by snowdrift (vg,4), erosion or deposition by snowdrift (ve,.), snowmelt (V;ert),
and firn compaction (vy.). The term v;.. is defined as the mean surface mass balance (SMB, v;ce = Vsnow +Vsnd + Ver + VUmeit)
with an opposite sign. It represents the long-term average vertical mass flux through the lower boundary of the firn column,

which equals the mass flux through the upper boundary in a steady-state firn layer. In Sect. 4 we show surface elevation change

and the individual components for three case study locations on the GrIS.
2.4 Observations

IMAU-FDM output is evaluated using previously available and newly obtained profiles of firn density, temperature and liquid
water content from the GrIS accumulation zone. The 123 observations cover a wide area to ensure that the various ice facies
and climate zones of the GrIS are well represented (Fig. 4). Vertical profiles of observed firn density from ice cores vary in
depth from 9.6 to 150.8 m and have been drilled between 1952 and 2018. The cores come from various sources, such as the
Program for Arctic Regional Climate Assessment (PARCA; McConnell et al. (2000); Mosley-Thompson et al. (2001); Hanna
et al. (2006); Banta and McConnell (2007)), the Arctic Circle Traverses (ACT, Box et al. (2013)) and the EGIG line (Harper
et al. (2012)), Das 1 and Das 2 (e.g. from Hanna et al. (2006)) and several other cores were retrieved from the SUMup database
(SUrface Mass balance and snow depth on sea ice working grouP), (Koenig et al. (2013); Montgomery et al. (2018)). Table S1
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in the supplementary material lists all cores that have been used, their coordinates, the year in which it has been drilled, depth
and corresponding citation.

Temperature observations include profiles ranging in depth between 4 and 14 m obtained by Harper et al. (2012) along
a transect in the western GrIS and at the NEEM deep ice core drilling site (Orsi et al. (2017)). Additional firn temperature
observations are from Summit, Dye-2 (Steffen et al. (1996) as processed by Vandecrux et al. (2020a), KAN-U (Charalampidis
et al. (2015)) and FA-13 (Koenig et al. (2014)). An additional 14 observations of 10 m firn temperatures are from Polashenski
et al. (2014). More data concerning these observations, such as their coordinates and year of retrieval, is listed in Table S2 of
the supplementary material.

For observations of liquid water in firn, we use observations from Dye-2 (Heilig et al. (2018)), obtained using an upward-
looking ground-penetrating radar (upGPR), which was installed and operated in the summer of 2016. The upGPR was buried
~ 4.5 m under the snow, and was capable of measuring the liquid water percolation depth, content as well as the changing
distance between the instrument and the snow surface. Although the data do not cover a wide spatial (single location) or
temporal range (1 May-16 October 2016), they are unique and moreover have high temporal and vertical resolution, making
them very valuable for firn model evaluation (Vandecrux et al. (2020b)), but also to evaluate melt intensity and timing in the

forcing time series.

3 Model performance
3.1 Firn density

The vertical density profiles of 92 GrIS firn cores are used to assess the performance of the updated model. For each available
firn core, IMAU-FDM has been run at the grid point closest to that location. The evaluation is not completely independent
of the calibration, as the 29 cores used for fitting the MO-values are also included. As an integrated measure of porosity, we
compare modelled and observed vertically integrated firn air content (FAC), i.e. the vertical distance over which the firn layer
can be compressed until reaching the density of glacier ice across the entire firn column. FAC is an indicator of the meltwater

retention capacity of the firn layer and therewith an important parameter to simulate correctly.

R ©)
J 7

Here, n is the number of layers in that firn profile, Az; is the thickness of layer j and p; is the density of that layer. The
FAC is calculated over the depth range at which observations are available. This means that if, for example, a core goes up to
a depth of 20 m then the FAC is calculated over the top 20 m, but if a different core is 40 m deep then the FAC for that data
point FAC is calculated over the top 40 m of firn. Note that this is different from FAC;y shown in Fig. 4, which was calculated
over the top 10 m. This ensures that we compare the FAC with observations over the largest depth range possible. In general,

the more melt a location on the GrIS experiences the lower its FAC and shorter firn cores obviously also lead to a lower FAC.
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triangles and stars indicate the measured firn air content for the first 10 m of snow at that location (FAC1o). The three purple circles indicate
the locations of the case studies discussed in Sect. 4. Dashed lines represent 500 m elevation contours, the blue solid line the contiguous ice

sheet margin.

With the newly adopted parametrizations, the simulation of FAC in dry locations has significantly improved (Fig. 5). The
mean difference between the modelled and observed FAC (bias) has decreased from 0.61 to 0.41 m. Simultaneously, the root
of the mean square of the difference between the modelled and observed FAC (RMSE) of all cores has decreased from 2.16 to

1.39 m. There are 39 locations with FAC > 15 m, which are all relatively dry. For these locations, the root mean squared error
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triangles. A location is labelled as dry if it experiences 5% less melt than accumulation during the spin-up period. The blue lines indicate the

uncertainty in the v1.2G results.

(RMSE) decreased from 1.68 to 1.11 m (-34%). The improvement is more modest for low FAC locations, where the previous
underestimation has now become a small overestimation. This can be attributed to the new fresh snow density parameterization,
which results in lower densities especially close to the surface. For these 53 locations, the RMSE decreased from 2.60 to 1.57
m (-40%). Eq. (2) leads to a lower surface density, which in turn leads to a higher FAC. Simultaneously, a higher densification
rate leads to a lower FAC, which suggests that the improvement in the modelled FAC stems mostly from the new fresh snow
density parametrization, whereas the new densification rate ensures that the firn profile is modelled correctly at greater depths.

As mentioned in Sect. 2.1.1, Fausto et al. (2018) suggested using a constant density of 315 kg m~? instead of using a
temperature dependent formulation. Here, we analyse the model’s performance when using a constant fresh snow density of
315 kg m~3 and compare that to the model’s performance when using Eq. 2. We do this by comparing the RMSE in the FAC.
Moreover, we define a core-specific RMSE in firn density, ®, as an additional metric to quantify the error in the modelled

vertical density profile:

1 &
o=\ > " (Pmodel.i = pobs.i)° (10)

With L, the length of the core. This error quantifies the RMSE in the profile when comparing the modelled profile to the

observations. The mean ® then quantifies the mean performance of the model, and gives a slightly different result than the
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Figure 6. Density profiles for v1.2G (left) and v1.1G (right) model settings at Das 2 (top) and FA-13 (bottom).

RMSE in the FAC. The RMSE in FAC decreased from 2.26 m in v1.1G, to 1.39 m in v1.2G, where the surface snow density
depends on annual mean temperatures. When employing a constant density of of 315 kg m—3 the RMSE is slightly higher:
1.44 m. Similarly, the mean ® of all density profiles decreased from 2.1-10% kg m~2 to 2.0-10® when using surface snow
density that depends on annual mean temperatures and 1.9 - 103 kg m~2 when using a constant density respectively. These
results show that including temperature as a predictor for the surface density does improve model performance, but only for
FAC, not for ®. Thus, we opt for the temperature dependent formulation, since this also allows capturing the effect of long-term
temperature trends on the surface density.

Fig. 6 shows observed and modelled density profiles at Das 2 and FA-13, sites with large and small FAC respectively. Das
2 is a dry location, with very little melt (4 mm w.e.yr~') and changes to its profile whereas FA-13 experiences strong melt
(406 mm w.e.yr~!). The aquifer site was selected because its facies represent a distinct climatological zone on the GrIS, with
a combination of high melt and high accumulation, which we expect will results in distinct firn characteristics. Standing water
is not allowed in IMAU-FDM v1.2G, while this is known to occur at firn aquifer sites (Koenig et al. (2014); Miege et al.
(2016); Montgomery et al. (2017); Miller et al. (2020)), so that modelled liquid water content remains a qualitative rather than
quantitative estimate. In spite of this, it has previously been shown that the model accurately reproduces the spatial distribution
of aquifers (Forster et al. (2014)), from which we conclude that first order processes that determine temperature and pore space
(FAC) are sufficiently represented. At both sites, the changes made in v1.2G improved the modelled density-depth profile,

with a more realistic shape and reduced variability. It increases the pore space and brings simulated FAC in better agreement
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with the observed density profile. For both locations, the modelled FAC has improved: the bias at Summit has decreased from
+1.3 m to —1.0 m and at FA-13 the bias has decreased from —2.2 to +0.3 m. Simultaneously, the ® at both locations has
remained nearly identical: an increase of 2.2 and 0.1 % at Summit and FA-13 respectively. One of the reasons for the increased
performance is the change to a surface density parametrization that is based on annual mean temperature values instead of the
temperature at the time of the snow event. This leads to greatly reduced "peaks" in the density profile, which is more in line

with observations. For FA-13, the lower surface density also matches the upper 25 m of the density profile better.
3.2 Firn temperature

Modelled and measured 10 m firn temperatures at 31 locations are compared in Fig. 7. Model version 1.2G performs better
than v1.1G, especially for the warmer locations with significant melt, which are mostly locations from Harper et al. (2012) in
West Greenland. Here, the error at warmer locations has been significantly reduced: for locations with 77y > —20 °C, the mean
RMSE decreased from 4.7 to 3.1 °C, respectively (-43%). A better representation of the density at those locations allows for
more realistic refreezing and the associated enhanced latent heat release, increasing the temperature in melt-prone locations.
Additionally, the lower conductivity due to the lower density leads to a less efficient cooling of the deeper snow during winter.
In spite of the clear improvement, a cold-bias remains for some of these locations, which can be partly attributed to a cold-bias
in the RACMO?2 forcing. For the cold, low-melt locations (179 < —20 °C), a persistent warm model bias remains. The remain-
ing temperature bias can come from uncertainty in the forcing (surface temperature, liquid water input, snow accumulation,
surface density) and uncertainties in the firn model (heat conduction, meltwater percolation, pore space availability, depth of
refreezing). The model also does not include firn ventilation, which can warm or cool the firn depending on the season (Albert
and Shultz (2002); Steger et al. (2017b)). Further research is needed to clarify the exact reasons for these remaining biases.

Fig. 8 compares the observed temperature profiles of Summit and Dye-2 in winter and summer with the results from IMAU-
FDM v1.1G and v1.2G. Similarly to what was found in Fig. 7, Summit, which is a dry and cold location has a warm bias
whereas Dye-2, which is relatively mild and wet, has a cold bias. For both locations the new surface density parameterization
has decreased the density in the upper layers. This in turn leads to a lower thermal conductivity since the thermal conductivity
increases monotonically with density (Fig. 3). Therefore, heat diffuses slower in the upper layers, increasing the temperature
gradient there, which can be seen clearly at Summit.

Dye-2 now clearly shows a temperature maximum at the depth at which refreezing occurs in contrast to v1.1G. This is also
attributed to a decrease in the thermal conductivity: previously, heat generated by refreezing was able to more rapidly diffuse
to greater depths or the surface, but now it remains "trapped" around the depth at which refreezing occurs. Another factor that
contributes is that refreezing occurs at a greater depth than before, see Sect. 3.3. We deem the differences with observations
of 1 to 2 °C at these locations acceptable in light of the potential uncertainties in both forcing and firn processes, as described

above.
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3.3 Liquid water content

The liquid water percolation and retention schemes have not been updated, but the changes made to the parameterizations that

impact density and temperature do influence water percolation, and therewith liquid water content (LWC), and these changes
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are discussed here. Very few in-situ, vertically resolved observations of LWC are available. Here we used data from a recent
study that used upward looking ground penetrating radar (upGPR) at Dye-2 in the higher percolation zone of the southwestern
GrlS (2120 ma.s.1., see Fig. 4, Heilig et al. (2020)).

Fig. 9 compares the results of v1.1G and v1.2G against the observed evolution of the maximum penetration depth and LWC
in the firn. The measurements reveal that the melt in 2016 at Dye-2 mostly occurred in four periods between July and October,
the timings of which are well captured in the RACMO2.3p2 forcing. Comparing v1.1G and v1.2G, the water penetration depth
and LWC have both increased. This mainly reflects the decreased density in the upper layers at Dye-2. As discussed in the
previous section, this leads to an increase in the temperature in the upper firn layer and stronger temperature gradients at Dye-
2. The increase in temperature means that the water needs to percolate deeper into the firn pack before it can refreeze, which is
reflected in the increased penetration depth. Simultaneously, the decrease of the surface density means that there is more pore
space near the surface that can retain irreducable water, explaining the increase in volume fraction. Overall, the penetration
depth now agrees better with the observations, although in IMAU-FDM, the meltwater still refreezes too quickly in more
shallow layers than observed. The RMSE of the penetration depth has decreased from 0.54 to 0.52 m. Similarly, the RMSE in
the volume fraction has decreased from 3.41-1073 to 3.33 - 10~3. Varying the irreducible water content by, e.g., multiplying
Eq. 7 with a constant factor or using a constant volume or mass fraction, did not improve the result, and it was decided to leave
the liquid water scheme unchanged. The remaining deficiencies between the modelled and observed l.w.c. are in part due to
still too low temperatures at Dye-2 compared to the measurements despite the improvements. This means that the liquid water
will reach firn freezing point at a shallower depth. As mentioned in the previous section, remaining errors in the temperature
profile come from a combination of uncertainties in the forcing (surface temperature, liquid water input, snow accumulation,
surface density) and uncertainties in the firn model (heat conduction, meltwater percolation, pore space availability, depth of

refreezing).

4 Case studies

In this section we compare time series (1958-2020) of firn-induced surface elevation (i.e. firn depth) changes at three key
locations: Summit in the cold and dry ice sheet interior, KAN-U in the relatively warm and dry southwestern percolation zone
and FA-13 in the wet and relatively mild southeastern firn aquifer region (Koenig et al. (2014); Forster et al. (2014), as indicated

by the purple circles in Fig. 4). Table 2 provides geographical and climatological information of these locations.
4.1 Summit

Summit is located at the centre of the GrIS at a high elevation and therefore it experiences a low amount of snowfall and a
negligible amount of rain and melt. The evolution of its elevation is therefore closely linked to changes in the temperature
(higher temperatures lead to a higher compaction rate) and accumulation (higher accumulation leads to a thicker firn layer).
Panels a and c in Fig. 10 show how annual accumulation and mean annual skin temperature change over the course of the

simulation period, as well as changes to the surface elevation and its velocity components, both for v1.1G and v1.2G.
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Figure 9. Comparison between the observed penetration depth (top) and volume fraction (bottom) of liquid water at Dye-2 with the results
from v1.1G and v1.2G.

Table 2. Location and climate climate of the three case study sites. The annual mean accumulation are calculated over the whole simulation

period (1957-2020).

Lon. Lat. Elevation 7., Acc. Melt
W) (¢N) (masl) (C) (mmw.e.) (mmw.e.)
Summit 3832 7255 3281 -26.0 206 0
KAN-U 47.02 67.00 1840 -12.4 480 271
FA-13 39.04 66.18 1563 -7.0 986 496

At Summit, an 0.8 m elevation change between 1970 and 2000 is modelled (which equals ~ 2.5 cm yr~! when divided
by the number of years), with a slightly decreasing firn depth in the periods before and after. This can be explained by lower
accumulation before about 1970 and after 2000, along with slightly increased temperatures since 2000. Differences in simulated
surface elevation between v1.1G and v1.2G are small, in spite of the individual velocity components being different. As shown
in panel g of Fig. 10, the interannual variability in firn depth is dominated by snowfall (v, ), Which is compensated mainly by
steady firn compaction (v .). From this it follows that the slightly higher accumulation and lower temperature between ~1970
and 2000 caused the net upward surface velocity. Overall, the net vertical velocity of the surface is very similar between v1.1G
and v1.2G, because both v, and v, have increased in magnitude almost equally. The new surface density parameterization
(Eq. 1) leads to a lower surface density (~ 60 kg m~2 lower at Summit), which in turn is compensated for by a higher
densification rate in order to match the observed set of z55¢ and zg3o values. Thus, with a lower surface density, the vertical

upward velocity of the surface is higher, and the compaction velocity vy, has also increase by an almost equal amount (~ 0.18
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Figure 10. Time series of the total annual accumulation (a), total annual melt (b) and the annual mean skin temperature (c) at Summit,
KAN-U and FA-13. Panels (d)-(f) show the net cumulative surface elevation change since the start of the simulation for these three locations.
The blue area indicates the uncertainty in the v1.2G results. Finally, panels (g)-(j) show the mean annual velocity components that cause the

elevation change.
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m yr~1). This explains why overall the total vertical velocity and the resulting surface elevation change does not differ much
between v1.1G and v1.2G.

However, v1.2G does show larger seasonal and interannual oscillations in the firn depth. This is because v, and vy, act
on different timescales. vy, is fairly constant in time and changes in tandem with the seasonal changes in temperature. vsy,ou
on the other hand is much more variable, as snowfall is very episodic and highly variable at multiple time scales. This also
implies that the firn model is now more sensitive to changes in the forcing, reacting more strongly to changes in accumulation

and skin temperature.
4.2 KAN-U

Situated in the southwest and at a lower elevation, KAN-U is warmer than Summit and melting occurs every year during the
summer, which greatly affects the firn properties at its location (Fig. 10b). The average influence of surface melt on firn depth
changes (Vy,c1¢, Fig. 10h) is similar in magnitude and sign to the contribution from compaction (vy.): it decreases the depth of
the firn column and decreases its air content. At KAN-U, a 2.5 m thickening is modelled between 1970 and 1985. If we look
at the associated climate forcing, this can be explained by a relatively low amount of melt and a low temperature during this
period. Between 2005 and 2020, a rapid decline (—20 cm yr—!) is observed, which is associated with increased surface melt
since 2005, as well as a slight increase in temperature and a reduction in accumulation. The most striking changes in elevation
at KAN-U occurred in exceptional years, like 1983 as a very wet year, 2010 as a warm year, and 2012 as high-melt year.
When comparing the vertical surface velocities between v1.1G and v1.2G, we again see an increased accumulation velocity
Vsnow, due to a lower fresh snow density, compensated for by a more negative compaction velocity resulting in a similar net
velocity (vi0¢). As accumulation decreased after 2005, the net effect is a slight surface lowering. Following significant warming
and increased melt at this site (Fig. 10b, c), the contribution of v;,,¢;; to firn depth changes increases and that of vy decreases,
making the former the dominant process leading to surface lowering at KAN-U. v,,,¢;; is also larger in magnitude in v1.2G

because the melted snow at the surface is of a lower density, even though the amount of mass that melts is unchanged.
4.3 FA-13

FA-13, a site with a firn aquifer, experiences a warmer and wetter climate than KAN-U which leads to a rapid densification in
the upper part of the firn column (Fig. 6). Here, the signal is dominated by large seasonal oscillations in firn depth of up to ~ 1
m yr~! between 1960 and 1985. From 1985 onwards, the firn depth decreases until 2012 at a higher rate in the updated than
in the previous model (~ 0.35 vs. 0.25) m yr—!.

For the vertical velocity components, a similar picture emerges at FA-13 as at KAN-U: v,,,¢;+ becomes the dominant source of
elevation lowering since 2005. The contribution of melt to surface elevation variations also becomes more important, because
the melt itself increases and becomes more variable while the variability in accumulation decreases over time. At FA-13, the

compaction is stronger and shows more interannual variability, in line with the larger interannual variability of the annual

accumulation.
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Both the variability and the magnitude of the melt is stronger in v1.2G. In the period 1990-2020, 8.5 m of thinning occurred
in v1.2G, compared to 6 m in v1.1G. Since the uppermost layers of snow are structurally less dense in v1.2G, enhanced surface

melt implies a stronger lowering of the surface, especially in strong melt years (10i).

5 Uncertainty analysis

In order to quantify the model uncertainty, we performed sensitivity tests in which the model settings, spin-up settings and
the RACMO forcing were varied one-by-one. The parametrizations for the snow density (Eq. 2) and the thermal conductivity
(Eq. 6) were varied by one standard error: 44 kg m~3 (Fausto et al. (2018)) and 0.05 W K~ m~1!) (Calonne et al. (2019)).
Following a similar procedure as Kuipers Munneke et al. (2015b), accumulation and melt during the spin-up has been increased
or decreased by 10%. Additionally, the temperature during spin-up was varied by 0.5 °C. Similarly, we varied accumulation,
melt and temperature during the actual run by respectively 10% and 0.5 °C. The spread in the results is indicative of the
sensitivity and accuracy of the model results. The resulting uncertainties are shown in Fig. 5 and 7 as error bars and in Fig. 10
as a shaded band around the elevation change signal.

These error margins do not include the uncertainty caused by missing physical processes in the model. For example, the
lack of deep water percolation may cause additional errors at wet locations. From these tests, it turns out that the uncertainty in
the modelled FAC (Fig. 5), is mainly caused by uncertainties in the surface snow density, skin temperature and accumulation.
However, the relative importance varies per location: wetter and warmer locations are more sensitive to the forcing.

The sensitivity of the modelled T3¢ (Fig. 7), scales almost one-to-one with the uncertainty imposed on the temperature
during the spin-up period and during the simulation period. However, for some locations such as KAN-U (located around —20
°(C), the uncertainty is much larger, because melt at these locations turns out to be especially susceptible to a slightly higher
skin temperature. Simultaneously, 7% at these locations is very susceptible to a small increase in the amount of meltwater.
This combination makes these error bars larger. Remaining biases in the results are most likely due to missing physics in the
handling of liquid water percolation.

The blue shaded area in Fig. 10 shows the uncertainty in the firn depth at Summit, KAN-U and FA-13. This uncertainty
grows almost linearly over time. At Summit, the cumulative uncertainty at the end of 2020 is in the same order of magnitude
as the signal itself. These uncertainties are dominated by uncertainties during the spin-up period. We found that the elevation
change is sensitive to the initialised firn profile and spinning up the model with a slightly altered climate will result in a drift
in the elevation change. We used the period 1960-1980 as a reference climate during the spin-up. However, this climate is
not exactly representative of the firn’s history and this thus introduces an error. Hawley et al. (2020) found that the mean
surface velocity at Summit equals 1.9 cm yr~! during the period 2008-2018. IMAU-FDM v1.2G reports a small decrease of

1

0.2 cm yr~1, with an uncertainty of 3.2 cm yr~!, indicating no significant trend. For the wetter and warmer locations KAN-U

and FA-13, the errors are larger in the absolute sense, but relatively smaller.
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6 Summary and outlook

Temporal and spatial variability in firn layer thickness is highly relevant for studying the mass balance of the Greenland ice
sheet (GrIS), because it directly impacts its refreezing efficiency. Moreover, firn thickness change is an important component
of surface elevation change, and improved knowledge is required to accurately convert remotely sensed GrIS volume to mass
changes. In this paper, we presented improvements in the offline version of the IMAU firn densification model (IMAU-FDM
v1.2G), forced by three-hourly output of the regional climate model RACMO2.3p2. Taking advantage of improved climate
forcing and newly available observations of surface and subsurface firn density and temperature, the improvements are system-
atically implemented in the parametrizations of surface density, dry snow densification and thermal conductivity. The treatment
of liquid water is not changed, owing to a lack of sufficient observations to justify changes in the current configuration.

The updated model predicts higher firn air content (FAC), which at three selected sites in the interior GrIS and in the
southwestern and southeastern percolation zone results in a larger sensitivity of firn thickness to intra- and interannual variations
in snowfall, melt and temperature. As an important consequence of a change in fresh snow density parameterization, the inter-
and intra-annual variations in elevation have increased, owing to an increased sensitivity to changes in its forcing. In a warmer
climate, firn thinning owing to increased surface melt becomes increasingly important at the marginal sites, both in the mean
and as a component of interannual variability. Future applications of the improved model include a full GrIS assessment of
contemporary and future firn mass and thickness changes, as well as explaining areas where firn aquifers and ice slabs currently

occur, and their future changes.
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