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Abstract

Firn on the Greenland Ice Sheet (GrIS) buffers meltwater, and has a variable thickness, complicating observations of vol-

ume change to mass change. In this study, we use a firn model (IMAU-FDM v1.2G) forced by a regional climate model

(RACMO2.3p2) to investigate how the GrIS firn layer thickness and pore space have evolved since 1958 in response to vari-

ability in the large-scale atmospheric circulation. On interannual timescales, the firn layer thickness and pore space show a

spatially heterogeneous response to variability in the North Atlantic Oscillation (NAO). Notably, a stronger NAO following the

record warm summer of 2012 led the firn layer in the south and east of the ice sheet to regain thickness and pore space after a

period of thinning and reduced pore space. In the southwest, a decrease in melt dominates, whereas in the east the main driver

is an increase in snow accumulation. At the same time, the firn in the northwestern ice sheet continued to lose pore space. The

NAO also varies on intra-annual timescales, being typically stronger in winter than in summer. This impacts the amplitude of

the seasonal cycle in GrIS firn thickness and pore space. In the wet southeastern GrIS, most of the snow accumulates during

the winter, when melting and densification are relatively weak, leading to a large seasonal cycle in thickness and pore space.

The opposite occurs in other regions, where snowfall peaks in summer or autumn. This dampens the seasonal amplitude of firn

thickness and pore space.
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Key Points 
 

● On interannual timescales, both the thickness and pore space of Greenland’s firn layer 
show a spatially heterogeneous response to changes in the North Atlantic Oscillation 
(NAO) 

● The timing at which snowfall peaks varies spatially across the ice sheet and is linked 
to the seasonal cycle of the NAO 

● The amplitude of the seasonal cycle in firn thickness and pore space is dependent on 
the timing of the maximum snowfall 

 
 

Abstract 
 
Firn on the Greenland Ice Sheet (GrIS) buffers meltwater, and has a variable thickness, 
complicating observations of volume change to mass change. In this study, we use a firn 
model (IMAU-FDM v1.2G) forced by a regional climate model (RACMO2.3p2) to investigate 
how the GrIS firn layer thickness and pore space have evolved since 1958 in response to 
variability in the large-scale atmospheric circulation. On interannual timescales, the firn layer 
thickness and pore space show a spatially heterogeneous response to variability in the North 
Atlantic Oscillation (NAO). Notably, a stronger NAO following the record warm summer of 
2012 led the firn layer in the south and east of the ice sheet to regain thickness and pore 
space after a period of thinning and reduced pore space. In the southwest, a decrease in melt 
dominates, whereas in the east the main driver is an increase in snow accumulation. At the 
same time, the firn in the northwestern ice sheet continued to lose pore space. The NAO also 
varies on intra-annual timescales, being typically stronger in winter than in summer. This 
impacts the amplitude of the seasonal cycle in GrIS firn thickness and pore space. In the wet 
southeastern GrIS, most of the snow accumulates during the winter, when melting and 
densification are relatively weak, leading to a large seasonal cycle in thickness and pore space. 
The opposite occurs in other regions, where snowfall peaks in summer or autumn. This 
dampens the seasonal amplitude of firn thickness and pore space. 
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Plain language summary 
 
Most of the Greenland ice sheet's surface is covered by a layer of firn, which is compressed 
snow that can retain meltwater within its pores, and in this way buffer runoff. Loss of pore 
space thus impacts future Greenland ice sheet mass loss and sea level rise. We use computer 
models of the firn layer to investigate how it has evolved from 1958 to 2020. The firn layer 
has gotten substantially thinner, less porous and warmer over this period, but the changes 
are not the same across the ice sheet. Moreover, after 2012 the firn in some regions 
recovered some of its lost pore space. These changes are linked to changes in the jet stream, 
a band of strong westerly winds encircling the Northern Hemisphere. A weaker and more 
meandering jet stream enhances the loss of pore space loss and vice versa. The jet stream 
also impacts the seasonal distribution of snowfall, and in this way it influences the seasonal 
cycle of the firn depth and pore space. 
 
 

Keywords 
 
Firn, NAO, air content, pore space, 10-m temperature, Greenland ice sheet, atmospheric 
circulation, elevation change 
 
 

1: Introduction 
 
Since the 1990s, the Greenland ice sheet (GrIS) has been losing mass at an increasing rate 
(Shepherd et al., 2020), contributing to the observed, persistent acceleration in global mean 
sea-level rise (Dangendorf et al., 2019). About half of the recent GrIS mass loss is caused by 
faster ice flow and subsequent calving of icebergs, the other half is due to increased surface 
melt and subsequent runoff (Enderlin et al., 2014; Mouginot et al., 2019). The runoff increase 
would have been greater were it not for the porous firn layer that covers ~90% of the ice 
sheet. An estimated 45% of all surface meltwater refreezes in the firn (Van den Broeke et al., 
2016) or is retained in perennial aquifers (Forster et al., 2014). For Greenland's glaciers and 
ice caps disconnected from the main ice sheet, the buffering effect that refreezing has on 
runoff has deteriorated since the mid 1990’s (Noël et al., 2017). Consequently, their mass loss 
accelerated (Khan et al., 2022). In the future, large areas of the contiguous GrIS may also 
become affected by reduced firn pore space (also called firn air content, FAC hereafter) 
leading to less efficient refreezing and accelerated mass loss (Noël et al., 2021). 
  
Apart from having a direct impact on ice sheet mass balance through meltwater retention, 
the firn layer also impacts the observation of contemporary GrIS mass loss. A common 
method to assess GrIS mass balance is altimetry (Khan et al., 2022). With altimetry, the ice 
sheet surface is repeatedly scanned with laser or radar instruments onboard planes or 
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satellites (Sandberg Sørensen et al., 2018). In this way, the surface elevation change is 
measured and thus, under certain assumptions, volume change. To convert volume to mass 
change, knowledge of the density associated with the observed elevation change is required 
(McMillan et al., 2016). This complicates the conversion since the thickness and density of the 
firn layer is not uniform and may change through e.g., variability in snowfall, firn compaction 
and meltwater refreezing. The latter two processes change the FAC of the firn layer (and 
hence the surface elevation), but not its mass. 
  
To understand the past, present, and future contribution of the GrIS to sea level rise, we thus 
need to understand how the firn layer's thickness, density and temperature has responded 
and will respond to changes in the climate. Firn thickness, density and temperature are 
determined mainly by weather and climate conditions at the surface, notably variations in 
snow accumulation, liquid water input from melt or rain, and surface temperature. Large-
scale circulation variability dictates variations in GrIS temperature, melt and snowfall. For 
example, Greenland blocking constitutes a less zonally oriented polar jet stream and a 
negative North Atlantic Oscillation (NAO) index (Bevis et al., 2019; Hanna et al., 2022; Huai et 
al., 2020). An increased frequency of Greenland blocking episodes led to multiple strong 
summer melting events since the beginning of the 2000s (McLeod & Mote, 2016; Zhang et al., 
2019). Recent observations show increased firn temperatures across the GrIS (McGrath et al., 
2013; Orsi et al., 2017; Polashenski et al., 2014), in response to significant Greenland 
atmospheric warming (Hanna et al., 2013). Higher atmospheric and surface temperatures 
lead to an increase in melt, latent heat release upon refreezing, stronger firn densification 
and thus a loss of FAC. At the same time, firn cores drilled in southwest Greenland reveal that 
FAC recently increased following several colder summers (Rennermalm et al., 2022), implying 
that the upper firn layer can also recover relatively quickly. 
  
Unfortunately, in situ firn measurements are scarce and have limited temporal resolution. 
This makes it harder to generalise the findings based on such observations, and to determine 
the large-scale drivers of the observed changes in the firn layer. A firn model, forced at its 
upper boundary by a climate model, is a useful tool to disentangle elevation changes caused 
by mass and non-mass conserving processes (Hawley et al., 2020; Zwally et al., 2002). 
Moreover, it can do so over the full GrIS and on inter- and intra-annual (seasonal) time scales, 
including the effect of large-scale atmospheric variability. While the effect of the polar jet 
stream on the atmospheric circulation over the GrIS and its surface mass balance has been 
reported before (Ramos Buarque & Salas y Melia, 2018), there has not been a study that 
directly links changes in the large-scale circulation to changes in the firn layer. In this study, 
we use the firn model IMAU-FDM v1.2G, forced by the polar regional climate model 
RACMOv2.3p2 (Brils et al., 2021), to investigate the role of recent large-scale circulation 
variability on firn thickness and air content. We first discuss GrIS integrated changes and how 
they contrast at high and low ice sheet elevations (Section 3.1). In Section 3.2 we partition 
the ice sheet into multiple sections and find very different regional responses. Section 4 
couples these patterns to large-scale atmospheric circulation variability, notably the NAO. By 
separating intra-annual (seasonal) from interannual variability, we demonstrate how the NAO 
plays an important role on both time scales. Our conclusions are summarised in Section 5. 
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2: Methods 
 
2.1: IMAU-FDM 
 
Firn models are often employed to provide information on the characteristics of the firn layer 
over the GrIS, usually covering the period after 1958, that has sufficiently reliable atmospheric 
reanalyses for the Northern Hemisphere. Such stand-alone firn models have several 
advantages compared to regional climate models that include a firn model. They typically 
have a higher vertical resolution, which is necessary to resolve the heterogeneous density 
and water content of the firn layer. Moreover, they allow for a more detailed representation 
of the physical processes that govern firn densification. Dedicated firn models are also much 
cheaper to run than regional climate models. This enables performing numerous sensitivity 
tests to calibrate and evaluate their performance. As a final advantage, the computational 
efficiency allows stand-alone firn models to be initialised to a proper equilibrium state. An 
obvious disadvantage is the lack of two-way coupling between the firn layer and the 
atmosphere. 
  
In this study, we use a dedicated firn model, IMAU-FDM version 1.2G. Details of IMAU-FDM 
parametrizations and evaluation for the GrIS can be found in (Brils et al., 2021). Here, we will 
briefly discuss its main characteristics. IMAU-FDM is a one-dimensional model, which employs 
a Lagrangian description of the firn layers. This means that its grid cells follow the same parcel 
of mass over time, which is advected downwards or upwards whenever the firn thickness 
respectively increases or decreases. In this framework, the equation that describes the 
densification rate of the firn is simplified to a semi-empirical equation without the need to 
explicitly calculate the vertical advection terms (e.g. Herron & Langway, 1980). Since there 
exists a correlation between the mean accumulation rate and the densification rate at the 
GrIS and AIS, the inclusion of an accumulation-dependent prefactor leads to an improved 
performance (Kuipers Munneke et al., 2015; Ligtenberg et al., 2011). This factor was 
recalibrated in v1.2G of IMAU-FDM, further improving the performance for the GrIS (Brils et 
al., 2021). In addition to the densification equation, the model solves the 1D heat equation 
implicitly via the Crank-Nicolson scheme and includes latent heat release by refreezing of 
liquid water. The firn’s simulated temperature has been evaluated against in-situ 
measurements showing a RMSE of 3.1 K, caused by a systematic warm bias in the dry interior 
and a cold bias at low and wet locations (Brils et al., 2021).  
  
Liquid water percolation through the firn is solved via a “bucket scheme”. In this scheme, 
water percolates downwards until it reaches a cold layer where it can refreeze, or remain 
inside the firn as irreducible water content. If the water cannot refreeze or be retained inside 
the firn, it is assumed to run off instantly. The advantage of this method is its simplicity and 
computational efficiency. The disadvantage is that it does not allow for standing water to 
occur, nor for the formation of impermeable ice layers. Nevertheless, the modelled 
percolation depth of meltwater is comparable to the few available measurements (Brils et al., 
2021; Heilig et al., 2018). IMAU-FDM’s performance in simulating liquid water content is also 
comparable to other models with a more elaborate handling of water percolation (Vandecrux 
et al., 2020). The model is initialised via a spin-up procedure in which it is forced with the 
climate of a reference period. This is repeated until the firn layer reaches a steady state. Here, 
the period 1960 - 1980 was selected because it does not exhibit strong climate trends. The 
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firn model runs at the same horizontal resolution as its atmospheric forcing, namely 5.5 km. 
The resolution in the vertical is variable but typically in the order of several cm and the 
temporal resolution is 15 minutes. 
  
2.2: RACMO forcing 
 
At the top of the firn layer, mass may accumulate through solid precipitation, drifting snow 
deposition or riming, or be removed by drifting snow erosion, sublimation, and melt. Here, 
we define accumulation as the sum of snowfall and drifting snow deposition minus 
sublimation. The surface temperature, which is determined by the surface energy balance, 
cools or warms the firn through molecular conduction. Surface mass and temperature fluxes 
are prescribed from three-hourly output of RACMO2.3p2, a regional atmospheric climate 
model that has been adapted to realistically simulate ice sheet climates through a dedicated 
snow/ice albedo scheme (Kuipers Munneke et al., 2011) and the inclusion of drifting snow 
physics (Lenaerts et al., 2014). Bare ice albedo in the GrIS ablation zone is prescribed from 
MODIS observations. Previous studies have thoroughly evaluated the performance of 
RACMO2.3p2 over the GrIS and show satisfactory performance for both the surface mass and 
energy balance (Noël et al., 2018). At its lateral and upper boundaries, RACMO2.3p2 is forced 
with data from ECMWF reanalysis data: ERA40 for the period 1 November 1957 – 31 
December 1978, ERA-Interim for the period 1979 – 1990 and ERA5 afterwards. The 3-hourly 
RACMO output is linearly interpolated to time steps of 15 minutes to force the offline firn 
model. 
 

 

  



6 

3: Results 
 
3.1: Ice sheet wide evolution of the firn layer  
 
 

 
Figure 1. Map of Greenland, with colours indicating seven selected basins of the contiguous 
ice sheet (GrIS). Basin colours correspond to the line colours used in Figure 3. The ablation 
zone mask is indicated with a darker shade. The thin dashed lines represent elevation 
contours with an interval of 500 m and the thick solid black line indicates the 2500 m.a.s.l. 
elevation contour. 
 
A general picture of the past and current state of the GrIS firn layer can be obtained by looking 
at its mean thickness, its air content, and the temperature at 10 m depth. Since we focus on 
changes in the firn layer, we need to filter out areas of bare ice. We approximate the bare ice 
extent as the area with a mean negative surface mass balance (SMB) during the spin-up 
period (see Figure 1). This is approximately 8% of the extent of the whole ice sheet. Although 
by doing so we may under- or overestimate the exact extent in certain years, for simplicity 
we assume this mask to be constant in time. 
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Figure 2. Time series of firn thickness change relative to 1 November 1957 (a), FAC (b), and 
T₁₀ₘ (c) averaged for the total GrIS (red), above 2500 m (blue) and below 2500 m (green). Bold 
lines indicate a running mean of one year. The red shaded area indicates the mean value ± 2 
standard deviations during spin-up. 
 
Fig. 2a shows the evolution of the mean firn thickness averaged over the contiguous ice sheet, 
and averaged separately for the areas below and above 2500 m a.s.l. (Fig. 1). Between 1958 
and 1990, firn thickness showed consistent behaviour at all elevations, with a decrease of ~ 1 
m until the early 1970s and a relatively steady increase of similar magnitude afterwards. After 
approximately 1990, the annual mean firn thickness started to decline. First this happened 
slowly, but after the early 2000s the rate increased. Between 1990 and 2005, the decline was 
0.8 cm/yr, but between 2005 and 2012 it increased to 15.2 cm/yr. The red shaded range in 
the panels of Figure 2 indicates the mean value +/- 2 standard deviations of the variable 
during the spin-up period (1960 - 1980). Since the modelled firn layer is assumed to be in 
equilibrium with this period, this allows us to quantify when these variables exceed the range 
of their natural variability. The firn thickness (Figure 2a) has exceeded this range since 2011. 
The high melt years 2007, 2010, 2012 and 2019 (Cullather et al., 2020; Nghiem et al., 2012) 
had a pronounced impact on the mean firn thickness. In between and after these high melt 
years, however, the firn thickness remained relatively constant. From 2013 up to and 
including 2020, the mean trend was modestly negative at -3.6 cm/yr. The thinning of the firn 
layer can be fully attributed to elevations below 2500 m a.s.l. (green line). In fact, firn 
thickness has increased at higher elevations, although not enough to compensate for the 
thinning at lower elevations. 
 
The firn air content (FAC, Fig. 2b) represents the total vertically integrated porosity of the firn 
column, i.e. the vertical distance the firn layer can be compressed before reaching the density 
of ice. The theoretical maximum amount of liquid water that can be retained within the firn 
layer is closely related to this quantity. Therefore, trends in the FAC reflect changes in the 
firn’s capacity to absorb meltwater. The trends in the FAC are similar to the trends in its 
thickness: overall the ice sheet average FAC (red line) has been decreasing since the 1990s, 
with the decrease accelerating in the mid 2000s and then decelerating after 2012. Since 2011, 
FAC has exceeded the lower limit of variability during the period 1960 - 1980. Most of the FAC 
loss occurred below 2500 m a.s.l. (green line), while the mean FAC has remained constant in 
the higher interior (blue line). As a result, the gradient of FAC with elevation has increased. 
 
Temperature influences many processes in the firn layer, such as its densification rate and 
the amount and depth of meltwater refreezing. In the absence of melt, the temperature at 
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10 m depth (T₁₀ₘ) is usually a good approximation of the annual mean surface temperature; 
below this depth, the firn is isolated from most of the seasonal cycle in surface temperature, 
but not completely: a small, ~1 K seasonal oscillation remains at this depth (Fig. 2c). The 
average surface temperature is somewhat lower than the 2 m air temperatures because of 
the semi-permanent surface-based temperature inversion over ice sheets in the non-summer 
seasons (Ettema et al., 2010). After melt occurs, the release of latent heat upon refreezing of 
meltwater may significantly raise firn temperatures, increasing T₁₀ₘ beyond the surface 
temperature by an amount that depends on the amount and depth of refreezing. 
 
The ice-sheet averaged T₁₀ₘ has remained fairly constant until the mid 1990s, after which it 
started to increase gradually (Fig. 2c, red line). In contrast to the mean firn thickness and FAC, 
the 10 m temperature increases at all elevations. However, this increase is larger at lower 
elevations (green line) than at higher elevations (blue line). It has also continued until the end 
of the period. At elevations below 2500 m a.s.l., a clear peak in T₁₀ₘ is modelled in 2012. Such 
a peak is absent at higher elevations. The T₁₀ₘ peak at lower elevations is caused by an 
increase in refreezing of percolating meltwater, whereas refreezing at higher elevations, if 
present, occurred in smaller quantities and at shallower depths. Fig. 2c also shows that the 
summer of 2019 had a smaller impact on the mean T₁₀ₘ than the summer of 2012. The 
difference between the winter minimum and summer maximum in T₁₀ₘ was 0.75 and 0.38 °C 
for 2012 and 2019, respectively. Since around 2011, T₁₀ₘ exceeds the upper bound of its 
natural variability during the period 1960-1980. 
 
Since around 2011, the modelled values of FAC, firn thickness and temperature all exceed the 
limits of natural variability as inferred from the spin-up period (Figure 2). It indicates that, 
although the natural variability in the properties of the firn layer is substantial, the firn 
changes since the mid-1990s have emerged from the background noise and can therefore be 
ascribed to long-term changes in the climate. 
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3.2: Regional trends 
 

 
Figure 3. Time series of firn thickness change relative to 1 November 1957 (a), FAC (b), and 
T₁₀ₘ (c), partitioned per basin as defined in Figure 1.  
 
In Section 3.1, we looked at changes in firn properties, spatially integrated over the entire ice 
sheet. However, firn across the ice sheet is formed under different climate conditions, and so 
we expect that regional trends may be different from the mean. Therefore, we compare the 
trends within seven ice sheet drainage basins, as defined by Mouginot et al. (2019), see Figure 
1. Figures 3a and 3b clearly show that the changes in firn thickness and FAC do not only differ 
between low and high elevations (Figure 2), but also vary from basin to basin (Figures 3a,b). 
NE is the only basin that has been monotonically thickening and gaining FAC. All other basins 
have experienced periods of significant decline in thickness and FAC during the past decades. 
However, the timing and rate of this loss vary. For example, the basins in the south (SW and 
SE) have undergone the most significant decline in FAC. The moment at which they started to 
decline, however, is not the same: it started in the early 1990s for the SE basin but in the mid 
2000s for the SW basin. Firn thickness in the E, N, NW, and W basins also started to decrease 
in the early 2000s. After 2012, however, a break in these trends occurred for many basins, 
and firn started to thicken again in the NE, SE, and E basins, and decline at a slower pace in 
the SW. Similar trends are observed for the FAC (Figure 3b). 
 
Confirming the ice-sheet wide picture discussed in Section 3.1, T₁₀ₘ has been rising in all the 
basins since the 1990s. However, in the SW and SE basins, and to a lesser extent in W and 
NW, we observe a peak in T₁₀ₘ occurring in the summer of 2012, which is absent in the other 
basins. After this peak, temperature remained steady or slowly declined over time whereas 
in the other basins the temperature kept rising. We also note that no clear peak can be 
distinguished in the summer of 2019 in any of the basins. It suggests that percolation and 
refreezing was able to affect temperature at a depth of 10 m or more only in 2012 and in 
these southern and western basins, even though enhanced surface melt occurred in all basins 
(Tedesco & Fettweis, 2020). 
 
The amplitude of the seasonal cycle in firn thickness and FAC varies greatly per basin. In 
general, the eastern basins show a greater seasonal amplitude than their western 
counterparts. Moreover, the basins in the north show very little seasonal variations in 
thickness and FAC. For T₁₀ₘ, these differences between basins are not observed and the 
seasonality is roughly the same everywhere. 
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We performed a linear regression for each basin to determine the mean rate of change in firn 
thickness, FAC and T₁₀ₘ during the periods 1995 - 2012 and 2013 - 2020. These rates are 
summarised in Table 1. The similarity between the trends in firn thickness and FAC is 
apparent. The break in many trendlines in 2012 shows up as a change in the sign of the rate 
of change. In order to determine whether the pre- and post 2012 trends are significantly 
different, we performed a Student's t-test. It shows that all trends have changed significantly 
in 2012 (p < 0.05), except for the trends of T₁₀ₘ in the N and E basins.  
 
Table 1: Mean rate of change in h, FAC and T₁₀ₘ in each basin for the periods 1995 - 2012 and 
2013 - 2020. If the 2013 - 2020 trend is significantly different (p < 0.05) from the 1995 - 2012 
trend, it is written in boldface. 

 dh/dt (cm/yr) dFAC/dt (cm/yr) dT10/dt (°C/decade) 

Basin 
1995 - 
2012 

2012 - 
2020 

1995 - 
2012 

2012 - 
2020 

1995 - 
2012 

2012 - 
2020 

N -2.7 -6.2 -3.1 -5.0  0.44  0.53 

NE 1.4 5.8 -1.0 1.3  0.45  0.66 

E -4.0 17.4 -4.3 6.8  0.52  0.61 

SE -17.5 -2.5 -5.5 2.4  0.63  -1.10 

SW -12.9 -22.3 -5.6 -4.9  0.69  -2.80 

W -4.0 -13.2 -3.2 -6.1  0.53  -0.57 

NW -6.1 -10.9 -3.7 -4.7  0.50  -0.15 
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4: Discussion 
 

 
Figure 4: Schematic showing how variables in the atmosphere, at the surface and at depth in 
the firn influence the thickness, air content and temperature of the firn, in the absence of 
melt. 
 
4.1: Interannual variability 
 
The observed changes in firn properties in recent decades are caused by trends and variability 
in the atmospheric forcing at the ice sheet surface. The fact that there exist very different 
responses across different regions (Fig. 2 and 3), implies that the atmospheric conditions over 
the ice sheet also varied. Fig. 4 summarises the cascade of processes through which large-
scale atmospheric circulation impacts the properties of the firn layer in the absence of melt. 
For instance, an increase in atmospheric temperature generally leads to an increase in surface 
temperature, which warms the firn through molecular conduction. Since firn densification is 
a thermally activated process, an increase in its temperature also leads to a faster 
compaction. More snow accumulation leads on one hand to increased firn thickness, but also 
to enhanced densification through increased overburden pressure. Enhanced densification in 
turn decreases the thickness and air content of the firn column. 
 
The amount of accumulation, melt and heating or cooling at the firn layer’s surface is 
governed in large part by the atmospheric circulation above the GrIS. The mean large-scale 
circulation at 500 hPa over the ice sheet (arrows in Figures 5a and b) varies with the strength 
and zonality of the jet-stream. The strength of the jet stream over Greenland is strongly 
correlated with the North Atlantic Oscillation (NAO) index. The NAO index is usually defined 
as the normalised sea level pressure difference between Iceland and the Azores, its mean 
equalling 0.0 and its standard deviation 1.0.  High values of the NAO index coincide with a 
strong and zonal jet stream, and low NAO index with a weak and more meridionally oriented 
jet stream. In this paper, we refer to the NAO index as neutral if it falls within +/- one third of 

Firn thickness, FAC

T10m

AccumulationTskin

z500, v500, T500Atmosphere

Surface

Firn

Direction of  influence

Densification 
rate
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its standard deviation, positive when it is higher than one third of its standard deviation and 
negative when it is lower than minus one third of its standard deviation. 
 

 
Figure 5: Mean difference in the annual GrIS snow accumulation (in mm w.e. per year) and 
500 hPa winds between a positive NAO index and neutral NAO index (a) and between a 
negative NAO index and neutral NAO index (b). 
 
A positive NAO phase leads to more zonal flow south of Greenland and a deeper Icelandic 
Low to the southeast of Greenland. Consequently, 500 hPa winds over the ice sheet have a 
more southeasterly component (Fig. 5a). A negative NAO index represents a weaker Icelandic 
Low, and thus a more southerly and westerly component in ice-sheet 500 hPa winds at higher 
latitudes. As a result, positive and negative NAO states yield very different accumulation 
patterns (colours in Fig 5). A positive NAO index (Fig. 5a) results in higher-than-average 
accumulation along Greenland’s east coast, and negative anomalies in the interior and 
western parts. The divide between positive and negative accumulation anomalies follows the 
continental divide in elevation. A negative NAO index however (Fig. 5b) gives negative 
accumulation anomalies along the east coast, apart from the far southeast where the 
circulation anomaly has an onshore component leading to more precipitation. Note that the 
positive and negative NAO index accumulation patterns are not exactly each other's opposite. 
For example, in both cases the southwest of the GrIS receives less accumulation than under 
NAO neutral conditions. This opposing pattern between east and west Greenland explains 
why the distribution of accumulation is influenced by the NAO index, while its total sum does 
not correlate significantly with it (Hanna et al., 2011). 
 
The occurrence of melt complicates the schematic in Fig. 4. It decreases the thickness and air 
content through the removal of low-density firn at the surface. Refreezing locally increases 
the firn density, temperature, and therefore the densification rate through the release of 
latent heat. Above 2500 m a.s.l., however, the amount of melt is more than an order of 
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magnitude smaller than the amount of accumulation (272 mm w.e. per year of accumulation 
versus 8 mm w.e. per year melt, on average). Therefore, in these regions changes in depth of 
the firn layer are often dominated by changes in accumulation. 
 
 
 
 
 
 

 
Figure 6: Difference in atmospheric and surface conditions between the periods 1995 - 2012 
and 2013 - 2020. (a): mean difference in the geopotential height of the 500 hPa pressure-level 
(2013 - 2020 minus 1995 - 2012). Arrows indicate the difference vector of the mean wind at 
500 hPa. (b): mean difference in the temperature at 500 hPa. (c): mean difference in the 
accumulation rate. (d): the mean difference in skin temperature. 
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In section 3, we demonstrated that, between the 1990s and 2012, the thickness and FAC of 
the firn layer decreased everywhere, except in the high-elevation interior. Simultaneously, 
firn temperature increased. After 2012, the rate at which the thickness and FAC decreased, 
decelerated in most regions. In the eastern and southern basins, the thickness and FAC even 
started to increase. On the other hand, in the northwest GrIS the decrease accelerated. The 
temperature of the firn in the south of the GrIS also peaked in 2012 and started to decrease 
afterwards. 
 
To interpret these results, we discuss the modelled firn behaviour before and after 2012 in 
context of changes in atmospheric circulation, accumulation, and temperature (Fig. 6a and 
6b). In general, while the period 1995 - 2012 saw a predominantly negative NAO index 
(Fettweis et al., 2013; Hanna et al., 2015), after 2012 the NAO index returned to a more 
positive value (Hanna et al., 2022). The annual mean NAO index increased from -0.07 during 
1995 - 2012 to 0.21 during 2013 - 2020, mostly because of a shift towards positive values of 
the NAO index in winter (from 0.0 to 0.72). The mean summer NAO index has barely changed 
(from -0.14 to -0.08).  This shift in annual NAO index after 2012 resulted in, on average, lower 
z500 near the southern tip of Greenland and higher z500 towards the northeast of Greenland 
(Figure 6a). Consequently, the large-scale atmospheric circulation obtained an anomalous 
component from the east. Over the southern part of the GrIS, this easterly wind anomaly also 
has a small northerly component, whereas for the rest of the ice sheet the wind anomaly has 
a southerly component. Southerly winds generally bring warm air from lower latitudes and 
consequently, T500 hPa has further increased in the north and decreased in the south of the 
GrIS after 2012 (Figure 6b). 
 
The changing patterns of wind and temperature in the free atmosphere translate to 
accumulation and surface temperature changes (Fig. 6c and d). There is a clear east-west 
gradient in accumulation because of the shift to a more easterly circulation after 2012. This 
pattern in precipitation closely follows the topography of the ice sheet. Changes in surface 
temperature (Fig. 6d) are very similar to the temperature pattern at 500 hPa. A strong north-
south gradient in the surface temperature is observed, with strongest warming in the central 
and northern parts of the GrIS, and cooling in the south. The area that experienced cooling 
does not, however, extend as far north as the positive atmospheric temperature anomalies 
at 500 hPa. This is due to an increase in cloud cover over the southeastern part of the ice 
sheet (not shown), and consequently an increase in downwelling longwave radiation over this 
region. Although the net radiative effect of clouds over the GrIS is an active area of research, 
high albedo surfaces such as the GrIS's accumulation zone are relatively insensitive to changes 
in shortwave radiation, and in the radiative cloud effect longwave warming dominates over 
shortwave cooling in this part of the ice sheet (Wang et al., 2018, 2019). 
 
After 2012, the SW basin experienced a substantial deceleration of FAC loss, and the SE basin 
even saw an increase in FAC (Figure 3). However, the main drivers for these changes differ 
between the basins. In the case of the SW basin, it is mostly driven by lower temperatures 
and, consequently, less melt and lower compaction rates. However, for the SE basin the 
change is not dominated by a decrease in melt, but an increase in snow accumulation. Melt 
and compaction combined decreased by 12% in the SW but increased by 2% in the SE. 
Accumulation decreased by 8% in the SW and increased by 9% in the SE. Accumulation also 
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drives the different trends at higher latitudes, where melt occurs less frequently. The E and 
NE basins increase in FAC whereas in the W and NW basins the FAC has decreased. This 
follows the east-west gradient in accumulation. 
 
Our results show that care should be taken when trends observed by in-situ measurements 
are extrapolated to larger regions. For example, Rennermalm et al. (2022) observed that the 
pore space of the firn in the southwest of the GrIS has increased after 2012. Here, we show 
that this coincided with a decrease in pore space in the northwest. Care also must be taken 
when extrapolating observations into the future. We see that the warming in the northeast 
between 1982 and 2011 as observed by Orsi et al. (2017) has continued in those regions but 
not in other regions. A peak in firn temperatures was observed at Dye-2 following the warm 
summer of 2012 (Vandecrux et al., 2020), but not at higher elevations, which is similar to our 
findings. 
 
4.2: Seasonal variability 
 

 
Figure 7: (a): Seasonal cycle of the monthly mean rate at which the thickness of the firn layer 
changes over time (dh/dt) in the eastern basin (E) and in the western basin (W), respectively. 
(b): month of the year with, on average, the highest accumulation for the period 1958 - 2020. 
 
To interpret the strongly varying amplitude of the seasonal cycle in firn thickness and FAC 
(section 3.2, Fig. 3a), we look at the seasonal cycle of the individual components that make 
up the firn thickness change: accumulation, compaction, and surface melt. The difference in 
seasonal amplitude is most obvious in the bordering eastern (E) and western (W) basins. Fig. 
7a shows the seasonal cycle in firn thickness for these two basins, averaged over 1958 - 2020, 
as well as its components. We note that there are three variables that control the seasonal 
amplitude of firn thickness at a specific location: 1) accumulation, 2) melt and 3) the phase 
lag between the peak of summer melt and compaction and the peak in accumulation. Melt 
and compaction rates always peak in July, whereas accumulation peaks in a different month 
depending on its location (Fig. 7b). 
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Like our discussion of interannual variability, we also look at the jet stream's influence on 
accumulation and temperature patterns for explaining the intra-annual variations. However, 
now we focus on the seasonal cycle in the NAO index rather than on longer-term changes. 
Generally, the NAO is weaker in summer and stronger in winter. As a result, the 500 hPa 
differences in the wind field and the accumulation between winter and summer (not shown) 
look similar to the patterns in Fig. 5 for a high and low annual NAO index. In wintertime, 
southeasterly winds prevail over the ice sheet, leading to a winter snowfall maximum in the 
east and southeast. In summer or autumn, the NAO is weaker, which leads to a peak in 
snowfall in summer at most locations except the southeast. Fig. 7a provides example seasonal 
cycles for the western (W) and eastern (E) basin. In the western basins, most snow 
accumulates in the summer and autumn months, whereas in the eastern basins, most 
accumulation occurs in the autumn and winter months. As a result, the phase lag between 
accumulation and the compaction and melt in summer is maximised in the east. This leads to 
a larger seasonal cycle in firn thickness there. The opposite is true for most of the ice sheet's 
other regions, where the season of greatest accumulation and compaction rate tend to 
coincide.  At Summit, the amount of snowfall in summer is greater than the observed change 
in surface height by a factor of 3 (Castellani et al., 2015). Our results suggest that the 
coincidence of peak accumulation with the enhanced compaction during the summer months 
may explain this. 
 
 

5: Conclusions 
 
Information about the thickness and density of the GrIS firn layer is required for estimates of 
meltwater buffering and for the conversion of ice sheet volume to mass change. To 
investigate how the firn layer has changed over the past decades, we have performed model 
simulations with the dedicated firn model IMAU-FDM v1.2G, forced by the regional climate 
model RACMO2.3p2 for the period 1958-2020. We find that the thickness and FAC have 
increased in regions above 2500 m.a.s.l., whereas it has decreased at lower elevations. This 
is mostly driven by an increase and, respectively, decrease in snowfall at these elevations. 
Consequently, the gradient of FAC with elevation has increased. Firn temperature at 10 m 
depth (T₁₀ₘ) has also been rising steadily and significantly in most regions. 
 
We also see that, after 2012, the firn layer evolved differently compared to the two decades 
before. The firn thickness and air content in the southern and eastern parts of the ice sheet 
have increased during this period. However, in the north and northwest of the ice sheet the 
thickness and pore space continued to decrease. Although T₁₀ₘ has been rising over the whole 
ice sheet for most of the simulated period, we also observe that after 2012 there has been a 
cooling trend in the south. Therefore, the changes in the GrIS firn are not uniform in time and 
space. 
 
These temporal and spatial differences are related to changes in the large-scale atmospheric 
circulation, as expressed by the NAO index. Since the mid 1990s, the NAO index was mostly 
in a negative phase, which led to more blocking events and thus more melt, as well as less 
snowfall over most of the ice sheet. After 2012, however, a more positive winter NAO index 
led to a strong meridional gradient in the change of snow accumulation, with a snowfall 
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increase/decrease on the eastern/western side of the ice sheet. It also led to a clear latitudinal 
gradient in the temperature change, with warming in the north and cooling in the south. 
 
Finally, we showed that the seasonal cycle in the NAO  impacts the amplitude of the seasonal 
cycle in Greenland firn thickness and FAC. For most of the ice sheet, snow accumulation peaks 
in the summer or autumn months. This coincides with the melt season and a peak in firn 
compaction rates. These two processes thus partly cancel, and the resulting seasonality of 
the firn thickness is smaller than what would be expected when considering snowfall or melt 
separately. On the other hand, in the southeast of the ice sheet snowfall peaks in winter, 
amplifying the seasonality in firn thickness and air content. 
 
Our results indicate that the NAO is an important driver of GrIS firn variability on interannual 
and intra-annual (seasonal) time scales. The response of the ice sheet's firn layer to changes 
in atmospheric circulation is not spatially uniform. Therefore, care must be taken when 
extrapolating results from smaller to larger regions or from shorter to longer time scales. The 
variability of the winter NAO has been increasing recently (Hanna et al., 2022). This will likely 
also result in larger variability in the firn itself. However, it is uncertain whether this trend will 
continue. Most climate models suggest that the NAO index will increase in the future under 
most warming scenarios. However, GCMs generally perform poorly at simulating Greenland 
blocking events, and they do not capture the observed weakening of the NAO at the beginning 
of the century (Delhasse et al., 2021; Hanna et al., 2018). Therefore, more research is needed 
to investigate drivers of Arctic circulation patterns and how these patterns are reflected in 
the firn layer of the GrIS. 
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Key Points 
 

● On interannual timescales, both the thickness and pore space of Greenland’s firn layer 
show a spatially heterogeneous response to changes in the North Atlantic Oscillation 
(NAO) 

● The timing at which snowfall peaks varies spatially across the ice sheet and is linked 
to the seasonal cycle of the NAO 

● The amplitude of the seasonal cycle in firn thickness and pore space is dependent on 
the timing of the maximum snowfall 

 
 

Abstract 
 
Firn on the Greenland Ice Sheet (GrIS) buffers meltwater, and has a variable thickness, 
complicating observations of volume change to mass change. In this study, we use a firn 
model (IMAU-FDM v1.2G) forced by a regional climate model (RACMO2.3p2) to investigate 
how the GrIS firn layer thickness and pore space have evolved since 1958 in response to 
variability in the large-scale atmospheric circulation. On interannual timescales, the firn layer 
thickness and pore space show a spatially heterogeneous response to variability in the North 
Atlantic Oscillation (NAO). Notably, a stronger NAO following the record warm summer of 
2012 led the firn layer in the south and east of the ice sheet to regain thickness and pore 
space after a period of thinning and reduced pore space. In the southwest, a decrease in melt 
dominates, whereas in the east the main driver is an increase in snow accumulation. At the 
same time, the firn in the northwestern ice sheet continued to lose pore space. The NAO also 
varies on intra-annual timescales, being typically stronger in winter than in summer. This 
impacts the amplitude of the seasonal cycle in GrIS firn thickness and pore space. In the wet 
southeastern GrIS, most of the snow accumulates during the winter, when melting and 
densification are relatively weak, leading to a large seasonal cycle in thickness and pore space. 
The opposite occurs in other regions, where snowfall peaks in summer or autumn. This 
dampens the seasonal amplitude of firn thickness and pore space. 
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Plain language summary 
 
Most of the Greenland ice sheet's surface is covered by a layer of firn, which is compressed 
snow that can retain meltwater within its pores, and in this way buffer runoff. Loss of pore 
space thus impacts future Greenland ice sheet mass loss and sea level rise. We use computer 
models of the firn layer to investigate how it has evolved from 1958 to 2020. The firn layer 
has gotten substantially thinner, less porous and warmer over this period, but the changes 
are not the same across the ice sheet. Moreover, after 2012 the firn in some regions 
recovered some of its lost pore space. These changes are linked to changes in the jet stream, 
a band of strong westerly winds encircling the Northern Hemisphere. A weaker and more 
meandering jet stream enhances the loss of pore space loss and vice versa. The jet stream 
also impacts the seasonal distribution of snowfall, and in this way it influences the seasonal 
cycle of the firn depth and pore space. 
 
 

Keywords 
 
Firn, NAO, air content, pore space, 10-m temperature, Greenland ice sheet, atmospheric 
circulation, elevation change 
 
 

1: Introduction 
 
Since the 1990s, the Greenland ice sheet (GrIS) has been losing mass at an increasing rate 
(Shepherd et al., 2020), contributing to the observed, persistent acceleration in global mean 
sea-level rise (Dangendorf et al., 2019). About half of the recent GrIS mass loss is caused by 
faster ice flow and subsequent calving of icebergs, the other half is due to increased surface 
melt and subsequent runoff (Enderlin et al., 2014; Mouginot et al., 2019). The runoff increase 
would have been greater were it not for the porous firn layer that covers ~90% of the ice 
sheet. An estimated 45% of all surface meltwater refreezes in the firn (Van den Broeke et al., 
2016) or is retained in perennial aquifers (Forster et al., 2014). For Greenland's glaciers and 
ice caps disconnected from the main ice sheet, the buffering effect that refreezing has on 
runoff has deteriorated since the mid 1990’s (Noël et al., 2017). Consequently, their mass loss 
accelerated (Khan et al., 2022). In the future, large areas of the contiguous GrIS may also 
become affected by reduced firn pore space (also called firn air content, FAC hereafter) 
leading to less efficient refreezing and accelerated mass loss (Noël et al., 2021). 
  
Apart from having a direct impact on ice sheet mass balance through meltwater retention, 
the firn layer also impacts the observation of contemporary GrIS mass loss. A common 
method to assess GrIS mass balance is altimetry (Khan et al., 2022). With altimetry, the ice 
sheet surface is repeatedly scanned with laser or radar instruments onboard planes or 
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satellites (Sandberg Sørensen et al., 2018). In this way, the surface elevation change is 
measured and thus, under certain assumptions, volume change. To convert volume to mass 
change, knowledge of the density associated with the observed elevation change is required 
(McMillan et al., 2016). This complicates the conversion since the thickness and density of the 
firn layer is not uniform and may change through e.g., variability in snowfall, firn compaction 
and meltwater refreezing. The latter two processes change the FAC of the firn layer (and 
hence the surface elevation), but not its mass. 
  
To understand the past, present, and future contribution of the GrIS to sea level rise, we thus 
need to understand how the firn layer's thickness, density and temperature has responded 
and will respond to changes in the climate. Firn thickness, density and temperature are 
determined mainly by weather and climate conditions at the surface, notably variations in 
snow accumulation, liquid water input from melt or rain, and surface temperature. Large-
scale circulation variability dictates variations in GrIS temperature, melt and snowfall. For 
example, Greenland blocking constitutes a less zonally oriented polar jet stream and a 
negative North Atlantic Oscillation (NAO) index (Bevis et al., 2019; Hanna et al., 2022; Huai et 
al., 2020). An increased frequency of Greenland blocking episodes led to multiple strong 
summer melting events since the beginning of the 2000s (McLeod & Mote, 2016; Zhang et al., 
2019). Recent observations show increased firn temperatures across the GrIS (McGrath et al., 
2013; Orsi et al., 2017; Polashenski et al., 2014), in response to significant Greenland 
atmospheric warming (Hanna et al., 2013). Higher atmospheric and surface temperatures 
lead to an increase in melt, latent heat release upon refreezing, stronger firn densification 
and thus a loss of FAC. At the same time, firn cores drilled in southwest Greenland reveal that 
FAC recently increased following several colder summers (Rennermalm et al., 2022), implying 
that the upper firn layer can also recover relatively quickly. 
  
Unfortunately, in situ firn measurements are scarce and have limited temporal resolution. 
This makes it harder to generalise the findings based on such observations, and to determine 
the large-scale drivers of the observed changes in the firn layer. A firn model, forced at its 
upper boundary by a climate model, is a useful tool to disentangle elevation changes caused 
by mass and non-mass conserving processes (Hawley et al., 2020; Zwally et al., 2002). 
Moreover, it can do so over the full GrIS and on inter- and intra-annual (seasonal) time scales, 
including the effect of large-scale atmospheric variability. While the effect of the polar jet 
stream on the atmospheric circulation over the GrIS and its surface mass balance has been 
reported before (Ramos Buarque & Salas y Melia, 2018), there has not been a study that 
directly links changes in the large-scale circulation to changes in the firn layer. In this study, 
we use the firn model IMAU-FDM v1.2G, forced by the polar regional climate model 
RACMOv2.3p2 (Brils et al., 2021), to investigate the role of recent large-scale circulation 
variability on firn thickness and air content. We first discuss GrIS integrated changes and how 
they contrast at high and low ice sheet elevations (Section 3.1). In Section 3.2 we partition 
the ice sheet into multiple sections and find very different regional responses. Section 4 
couples these patterns to large-scale atmospheric circulation variability, notably the NAO. By 
separating intra-annual (seasonal) from interannual variability, we demonstrate how the NAO 
plays an important role on both time scales. Our conclusions are summarised in Section 5. 
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2: Methods 
 
2.1: IMAU-FDM 
 
Firn models are often employed to provide information on the characteristics of the firn layer 
over the GrIS, usually covering the period after 1958, that has sufficiently reliable atmospheric 
reanalyses for the Northern Hemisphere. Such stand-alone firn models have several 
advantages compared to regional climate models that include a firn model. They typically 
have a higher vertical resolution, which is necessary to resolve the heterogeneous density 
and water content of the firn layer. Moreover, they allow for a more detailed representation 
of the physical processes that govern firn densification. Dedicated firn models are also much 
cheaper to run than regional climate models. This enables performing numerous sensitivity 
tests to calibrate and evaluate their performance. As a final advantage, the computational 
efficiency allows stand-alone firn models to be initialised to a proper equilibrium state. An 
obvious disadvantage is the lack of two-way coupling between the firn layer and the 
atmosphere. 
  
In this study, we use a dedicated firn model, IMAU-FDM version 1.2G. Details of IMAU-FDM 
parametrizations and evaluation for the GrIS can be found in (Brils et al., 2021). Here, we will 
briefly discuss its main characteristics. IMAU-FDM is a one-dimensional model, which employs 
a Lagrangian description of the firn layers. This means that its grid cells follow the same parcel 
of mass over time, which is advected downwards or upwards whenever the firn thickness 
respectively increases or decreases. In this framework, the equation that describes the 
densification rate of the firn is simplified to a semi-empirical equation without the need to 
explicitly calculate the vertical advection terms (e.g. Herron & Langway, 1980). Since there 
exists a correlation between the mean accumulation rate and the densification rate at the 
GrIS and AIS, the inclusion of an accumulation-dependent prefactor leads to an improved 
performance (Kuipers Munneke et al., 2015; Ligtenberg et al., 2011). This factor was 
recalibrated in v1.2G of IMAU-FDM, further improving the performance for the GrIS (Brils et 
al., 2021). In addition to the densification equation, the model solves the 1D heat equation 
implicitly via the Crank-Nicolson scheme and includes latent heat release by refreezing of 
liquid water. The firn’s simulated temperature has been evaluated against in-situ 
measurements showing a RMSE of 3.1 K, caused by a systematic warm bias in the dry interior 
and a cold bias at low and wet locations (Brils et al., 2021).  
  
Liquid water percolation through the firn is solved via a “bucket scheme”. In this scheme, 
water percolates downwards until it reaches a cold layer where it can refreeze, or remain 
inside the firn as irreducible water content. If the water cannot refreeze or be retained inside 
the firn, it is assumed to run off instantly. The advantage of this method is its simplicity and 
computational efficiency. The disadvantage is that it does not allow for standing water to 
occur, nor for the formation of impermeable ice layers. Nevertheless, the modelled 
percolation depth of meltwater is comparable to the few available measurements (Brils et al., 
2021; Heilig et al., 2018). IMAU-FDM’s performance in simulating liquid water content is also 
comparable to other models with a more elaborate handling of water percolation (Vandecrux 
et al., 2020). The model is initialised via a spin-up procedure in which it is forced with the 
climate of a reference period. This is repeated until the firn layer reaches a steady state. Here, 
the period 1960 - 1980 was selected because it does not exhibit strong climate trends. The 
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firn model runs at the same horizontal resolution as its atmospheric forcing, namely 5.5 km. 
The resolution in the vertical is variable but typically in the order of several cm and the 
temporal resolution is 15 minutes. 
  
2.2: RACMO forcing 
 
At the top of the firn layer, mass may accumulate through solid precipitation, drifting snow 
deposition or riming, or be removed by drifting snow erosion, sublimation, and melt. Here, 
we define accumulation as the sum of snowfall and drifting snow deposition minus 
sublimation. The surface temperature, which is determined by the surface energy balance, 
cools or warms the firn through molecular conduction. Surface mass and temperature fluxes 
are prescribed from three-hourly output of RACMO2.3p2, a regional atmospheric climate 
model that has been adapted to realistically simulate ice sheet climates through a dedicated 
snow/ice albedo scheme (Kuipers Munneke et al., 2011) and the inclusion of drifting snow 
physics (Lenaerts et al., 2014). Bare ice albedo in the GrIS ablation zone is prescribed from 
MODIS observations. Previous studies have thoroughly evaluated the performance of 
RACMO2.3p2 over the GrIS and show satisfactory performance for both the surface mass and 
energy balance (Noël et al., 2018). At its lateral and upper boundaries, RACMO2.3p2 is forced 
with data from ECMWF reanalysis data: ERA40 for the period 1 November 1957 – 31 
December 1978, ERA-Interim for the period 1979 – 1990 and ERA5 afterwards. The 3-hourly 
RACMO output is linearly interpolated to time steps of 15 minutes to force the offline firn 
model. 
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3: Results 
 
3.1: Ice sheet wide evolution of the firn layer  
 
 

 
Figure 1. Map of Greenland, with colours indicating seven selected basins of the contiguous 
ice sheet (GrIS). Basin colours correspond to the line colours used in Figure 3. The ablation 
zone mask is indicated with a darker shade. The thin dashed lines represent elevation 
contours with an interval of 500 m and the thick solid black line indicates the 2500 m.a.s.l. 
elevation contour. 
 
A general picture of the past and current state of the GrIS firn layer can be obtained by looking 
at its mean thickness, its air content, and the temperature at 10 m depth. Since we focus on 
changes in the firn layer, we need to filter out areas of bare ice. We approximate the bare ice 
extent as the area with a mean negative surface mass balance (SMB) during the spin-up 
period (see Figure 1). This is approximately 8% of the extent of the whole ice sheet. Although 
by doing so we may under- or overestimate the exact extent in certain years, for simplicity 
we assume this mask to be constant in time. 
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Figure 2. Time series of firn thickness change relative to 1 November 1957 (a), FAC (b), and 
T₁₀ₘ (c) averaged for the total GrIS (red), above 2500 m (blue) and below 2500 m (green). Bold 
lines indicate a running mean of one year. The red shaded area indicates the mean value ± 2 
standard deviations during spin-up. 
 
Fig. 2a shows the evolution of the mean firn thickness averaged over the contiguous ice sheet, 
and averaged separately for the areas below and above 2500 m a.s.l. (Fig. 1). Between 1958 
and 1990, firn thickness showed consistent behaviour at all elevations, with a decrease of ~ 1 
m until the early 1970s and a relatively steady increase of similar magnitude afterwards. After 
approximately 1990, the annual mean firn thickness started to decline. First this happened 
slowly, but after the early 2000s the rate increased. Between 1990 and 2005, the decline was 
0.8 cm/yr, but between 2005 and 2012 it increased to 15.2 cm/yr. The red shaded range in 
the panels of Figure 2 indicates the mean value +/- 2 standard deviations of the variable 
during the spin-up period (1960 - 1980). Since the modelled firn layer is assumed to be in 
equilibrium with this period, this allows us to quantify when these variables exceed the range 
of their natural variability. The firn thickness (Figure 2a) has exceeded this range since 2011. 
The high melt years 2007, 2010, 2012 and 2019 (Cullather et al., 2020; Nghiem et al., 2012) 
had a pronounced impact on the mean firn thickness. In between and after these high melt 
years, however, the firn thickness remained relatively constant. From 2013 up to and 
including 2020, the mean trend was modestly negative at -3.6 cm/yr. The thinning of the firn 
layer can be fully attributed to elevations below 2500 m a.s.l. (green line). In fact, firn 
thickness has increased at higher elevations, although not enough to compensate for the 
thinning at lower elevations. 
 
The firn air content (FAC, Fig. 2b) represents the total vertically integrated porosity of the firn 
column, i.e. the vertical distance the firn layer can be compressed before reaching the density 
of ice. The theoretical maximum amount of liquid water that can be retained within the firn 
layer is closely related to this quantity. Therefore, trends in the FAC reflect changes in the 
firn’s capacity to absorb meltwater. The trends in the FAC are similar to the trends in its 
thickness: overall the ice sheet average FAC (red line) has been decreasing since the 1990s, 
with the decrease accelerating in the mid 2000s and then decelerating after 2012. Since 2011, 
FAC has exceeded the lower limit of variability during the period 1960 - 1980. Most of the FAC 
loss occurred below 2500 m a.s.l. (green line), while the mean FAC has remained constant in 
the higher interior (blue line). As a result, the gradient of FAC with elevation has increased. 
 
Temperature influences many processes in the firn layer, such as its densification rate and 
the amount and depth of meltwater refreezing. In the absence of melt, the temperature at 
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10 m depth (T₁₀ₘ) is usually a good approximation of the annual mean surface temperature; 
below this depth, the firn is isolated from most of the seasonal cycle in surface temperature, 
but not completely: a small, ~1 K seasonal oscillation remains at this depth (Fig. 2c). The 
average surface temperature is somewhat lower than the 2 m air temperatures because of 
the semi-permanent surface-based temperature inversion over ice sheets in the non-summer 
seasons (Ettema et al., 2010). After melt occurs, the release of latent heat upon refreezing of 
meltwater may significantly raise firn temperatures, increasing T₁₀ₘ beyond the surface 
temperature by an amount that depends on the amount and depth of refreezing. 
 
The ice-sheet averaged T₁₀ₘ has remained fairly constant until the mid 1990s, after which it 
started to increase gradually (Fig. 2c, red line). In contrast to the mean firn thickness and FAC, 
the 10 m temperature increases at all elevations. However, this increase is larger at lower 
elevations (green line) than at higher elevations (blue line). It has also continued until the end 
of the period. At elevations below 2500 m a.s.l., a clear peak in T₁₀ₘ is modelled in 2012. Such 
a peak is absent at higher elevations. The T₁₀ₘ peak at lower elevations is caused by an 
increase in refreezing of percolating meltwater, whereas refreezing at higher elevations, if 
present, occurred in smaller quantities and at shallower depths. Fig. 2c also shows that the 
summer of 2019 had a smaller impact on the mean T₁₀ₘ than the summer of 2012. The 
difference between the winter minimum and summer maximum in T₁₀ₘ was 0.75 and 0.38 °C 
for 2012 and 2019, respectively. Since around 2011, T₁₀ₘ exceeds the upper bound of its 
natural variability during the period 1960-1980. 
 
Since around 2011, the modelled values of FAC, firn thickness and temperature all exceed the 
limits of natural variability as inferred from the spin-up period (Figure 2). It indicates that, 
although the natural variability in the properties of the firn layer is substantial, the firn 
changes since the mid-1990s have emerged from the background noise and can therefore be 
ascribed to long-term changes in the climate. 
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3.2: Regional trends 
 

 
Figure 3. Time series of firn thickness change relative to 1 November 1957 (a), FAC (b), and 
T₁₀ₘ (c), partitioned per basin as defined in Figure 1.  
 
In Section 3.1, we looked at changes in firn properties, spatially integrated over the entire ice 
sheet. However, firn across the ice sheet is formed under different climate conditions, and so 
we expect that regional trends may be different from the mean. Therefore, we compare the 
trends within seven ice sheet drainage basins, as defined by Mouginot et al. (2019), see Figure 
1. Figures 3a and 3b clearly show that the changes in firn thickness and FAC do not only differ 
between low and high elevations (Figure 2), but also vary from basin to basin (Figures 3a,b). 
NE is the only basin that has been monotonically thickening and gaining FAC. All other basins 
have experienced periods of significant decline in thickness and FAC during the past decades. 
However, the timing and rate of this loss vary. For example, the basins in the south (SW and 
SE) have undergone the most significant decline in FAC. The moment at which they started to 
decline, however, is not the same: it started in the early 1990s for the SE basin but in the mid 
2000s for the SW basin. Firn thickness in the E, N, NW, and W basins also started to decrease 
in the early 2000s. After 2012, however, a break in these trends occurred for many basins, 
and firn started to thicken again in the NE, SE, and E basins, and decline at a slower pace in 
the SW. Similar trends are observed for the FAC (Figure 3b). 
 
Confirming the ice-sheet wide picture discussed in Section 3.1, T₁₀ₘ has been rising in all the 
basins since the 1990s. However, in the SW and SE basins, and to a lesser extent in W and 
NW, we observe a peak in T₁₀ₘ occurring in the summer of 2012, which is absent in the other 
basins. After this peak, temperature remained steady or slowly declined over time whereas 
in the other basins the temperature kept rising. We also note that no clear peak can be 
distinguished in the summer of 2019 in any of the basins. It suggests that percolation and 
refreezing was able to affect temperature at a depth of 10 m or more only in 2012 and in 
these southern and western basins, even though enhanced surface melt occurred in all basins 
(Tedesco & Fettweis, 2020). 
 
The amplitude of the seasonal cycle in firn thickness and FAC varies greatly per basin. In 
general, the eastern basins show a greater seasonal amplitude than their western 
counterparts. Moreover, the basins in the north show very little seasonal variations in 
thickness and FAC. For T₁₀ₘ, these differences between basins are not observed and the 
seasonality is roughly the same everywhere. 
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We performed a linear regression for each basin to determine the mean rate of change in firn 
thickness, FAC and T₁₀ₘ during the periods 1995 - 2012 and 2013 - 2020. These rates are 
summarised in Table 1. The similarity between the trends in firn thickness and FAC is 
apparent. The break in many trendlines in 2012 shows up as a change in the sign of the rate 
of change. In order to determine whether the pre- and post 2012 trends are significantly 
different, we performed a Student's t-test. It shows that all trends have changed significantly 
in 2012 (p < 0.05), except for the trends of T₁₀ₘ in the N and E basins.  
 
Table 1: Mean rate of change in h, FAC and T₁₀ₘ in each basin for the periods 1995 - 2012 and 
2013 - 2020. If the 2013 - 2020 trend is significantly different (p < 0.05) from the 1995 - 2012 
trend, it is written in boldface. 

 dh/dt (cm/yr) dFAC/dt (cm/yr) dT10/dt (°C/decade) 

Basin 
1995 - 
2012 

2012 - 
2020 

1995 - 
2012 

2012 - 
2020 

1995 - 
2012 

2012 - 
2020 

N -2.7 -6.2 -3.1 -5.0  0.44  0.53 

NE 1.4 5.8 -1.0 1.3  0.45  0.66 

E -4.0 17.4 -4.3 6.8  0.52  0.61 

SE -17.5 -2.5 -5.5 2.4  0.63  -1.10 

SW -12.9 -22.3 -5.6 -4.9  0.69  -2.80 

W -4.0 -13.2 -3.2 -6.1  0.53  -0.57 

NW -6.1 -10.9 -3.7 -4.7  0.50  -0.15 
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4: Discussion 
 

 
Figure 4: Schematic showing how variables in the atmosphere, at the surface and at depth in 
the firn influence the thickness, air content and temperature of the firn, in the absence of 
melt. 
 
4.1: Interannual variability 
 
The observed changes in firn properties in recent decades are caused by trends and variability 
in the atmospheric forcing at the ice sheet surface. The fact that there exist very different 
responses across different regions (Fig. 2 and 3), implies that the atmospheric conditions over 
the ice sheet also varied. Fig. 4 summarises the cascade of processes through which large-
scale atmospheric circulation impacts the properties of the firn layer in the absence of melt. 
For instance, an increase in atmospheric temperature generally leads to an increase in surface 
temperature, which warms the firn through molecular conduction. Since firn densification is 
a thermally activated process, an increase in its temperature also leads to a faster 
compaction. More snow accumulation leads on one hand to increased firn thickness, but also 
to enhanced densification through increased overburden pressure. Enhanced densification in 
turn decreases the thickness and air content of the firn column. 
 
The amount of accumulation, melt and heating or cooling at the firn layer’s surface is 
governed in large part by the atmospheric circulation above the GrIS. The mean large-scale 
circulation at 500 hPa over the ice sheet (arrows in Figures 5a and b) varies with the strength 
and zonality of the jet-stream. The strength of the jet stream over Greenland is strongly 
correlated with the North Atlantic Oscillation (NAO) index. The NAO index is usually defined 
as the normalised sea level pressure difference between Iceland and the Azores, its mean 
equalling 0.0 and its standard deviation 1.0.  High values of the NAO index coincide with a 
strong and zonal jet stream, and low NAO index with a weak and more meridionally oriented 
jet stream. In this paper, we refer to the NAO index as neutral if it falls within +/- one third of 

Firn thickness, FAC

T10m

AccumulationTskin

z500, v500, T500Atmosphere

Surface
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Direction of  influence

Densification 
rate
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its standard deviation, positive when it is higher than one third of its standard deviation and 
negative when it is lower than minus one third of its standard deviation. 
 

 
Figure 5: Mean difference in the annual GrIS snow accumulation (in mm w.e. per year) and 
500 hPa winds between a positive NAO index and neutral NAO index (a) and between a 
negative NAO index and neutral NAO index (b). 
 
A positive NAO phase leads to more zonal flow south of Greenland and a deeper Icelandic 
Low to the southeast of Greenland. Consequently, 500 hPa winds over the ice sheet have a 
more southeasterly component (Fig. 5a). A negative NAO index represents a weaker Icelandic 
Low, and thus a more southerly and westerly component in ice-sheet 500 hPa winds at higher 
latitudes. As a result, positive and negative NAO states yield very different accumulation 
patterns (colours in Fig 5). A positive NAO index (Fig. 5a) results in higher-than-average 
accumulation along Greenland’s east coast, and negative anomalies in the interior and 
western parts. The divide between positive and negative accumulation anomalies follows the 
continental divide in elevation. A negative NAO index however (Fig. 5b) gives negative 
accumulation anomalies along the east coast, apart from the far southeast where the 
circulation anomaly has an onshore component leading to more precipitation. Note that the 
positive and negative NAO index accumulation patterns are not exactly each other's opposite. 
For example, in both cases the southwest of the GrIS receives less accumulation than under 
NAO neutral conditions. This opposing pattern between east and west Greenland explains 
why the distribution of accumulation is influenced by the NAO index, while its total sum does 
not correlate significantly with it (Hanna et al., 2011). 
 
The occurrence of melt complicates the schematic in Fig. 4. It decreases the thickness and air 
content through the removal of low-density firn at the surface. Refreezing locally increases 
the firn density, temperature, and therefore the densification rate through the release of 
latent heat. Above 2500 m a.s.l., however, the amount of melt is more than an order of 
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magnitude smaller than the amount of accumulation (272 mm w.e. per year of accumulation 
versus 8 mm w.e. per year melt, on average). Therefore, in these regions changes in depth of 
the firn layer are often dominated by changes in accumulation. 
 
 
 
 
 
 

 
Figure 6: Difference in atmospheric and surface conditions between the periods 1995 - 2012 
and 2013 - 2020. (a): mean difference in the geopotential height of the 500 hPa pressure-level 
(2013 - 2020 minus 1995 - 2012). Arrows indicate the difference vector of the mean wind at 
500 hPa. (b): mean difference in the temperature at 500 hPa. (c): mean difference in the 
accumulation rate. (d): the mean difference in skin temperature. 
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In section 3, we demonstrated that, between the 1990s and 2012, the thickness and FAC of 
the firn layer decreased everywhere, except in the high-elevation interior. Simultaneously, 
firn temperature increased. After 2012, the rate at which the thickness and FAC decreased, 
decelerated in most regions. In the eastern and southern basins, the thickness and FAC even 
started to increase. On the other hand, in the northwest GrIS the decrease accelerated. The 
temperature of the firn in the south of the GrIS also peaked in 2012 and started to decrease 
afterwards. 
 
To interpret these results, we discuss the modelled firn behaviour before and after 2012 in 
context of changes in atmospheric circulation, accumulation, and temperature (Fig. 6a and 
6b). In general, while the period 1995 - 2012 saw a predominantly negative NAO index 
(Fettweis et al., 2013; Hanna et al., 2015), after 2012 the NAO index returned to a more 
positive value (Hanna et al., 2022). The annual mean NAO index increased from -0.07 during 
1995 - 2012 to 0.21 during 2013 - 2020, mostly because of a shift towards positive values of 
the NAO index in winter (from 0.0 to 0.72). The mean summer NAO index has barely changed 
(from -0.14 to -0.08).  This shift in annual NAO index after 2012 resulted in, on average, lower 
z500 near the southern tip of Greenland and higher z500 towards the northeast of Greenland 
(Figure 6a). Consequently, the large-scale atmospheric circulation obtained an anomalous 
component from the east. Over the southern part of the GrIS, this easterly wind anomaly also 
has a small northerly component, whereas for the rest of the ice sheet the wind anomaly has 
a southerly component. Southerly winds generally bring warm air from lower latitudes and 
consequently, T500 hPa has further increased in the north and decreased in the south of the 
GrIS after 2012 (Figure 6b). 
 
The changing patterns of wind and temperature in the free atmosphere translate to 
accumulation and surface temperature changes (Fig. 6c and d). There is a clear east-west 
gradient in accumulation because of the shift to a more easterly circulation after 2012. This 
pattern in precipitation closely follows the topography of the ice sheet. Changes in surface 
temperature (Fig. 6d) are very similar to the temperature pattern at 500 hPa. A strong north-
south gradient in the surface temperature is observed, with strongest warming in the central 
and northern parts of the GrIS, and cooling in the south. The area that experienced cooling 
does not, however, extend as far north as the positive atmospheric temperature anomalies 
at 500 hPa. This is due to an increase in cloud cover over the southeastern part of the ice 
sheet (not shown), and consequently an increase in downwelling longwave radiation over this 
region. Although the net radiative effect of clouds over the GrIS is an active area of research, 
high albedo surfaces such as the GrIS's accumulation zone are relatively insensitive to changes 
in shortwave radiation, and in the radiative cloud effect longwave warming dominates over 
shortwave cooling in this part of the ice sheet (Wang et al., 2018, 2019). 
 
After 2012, the SW basin experienced a substantial deceleration of FAC loss, and the SE basin 
even saw an increase in FAC (Figure 3). However, the main drivers for these changes differ 
between the basins. In the case of the SW basin, it is mostly driven by lower temperatures 
and, consequently, less melt and lower compaction rates. However, for the SE basin the 
change is not dominated by a decrease in melt, but an increase in snow accumulation. Melt 
and compaction combined decreased by 12% in the SW but increased by 2% in the SE. 
Accumulation decreased by 8% in the SW and increased by 9% in the SE. Accumulation also 
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drives the different trends at higher latitudes, where melt occurs less frequently. The E and 
NE basins increase in FAC whereas in the W and NW basins the FAC has decreased. This 
follows the east-west gradient in accumulation. 
 
Our results show that care should be taken when trends observed by in-situ measurements 
are extrapolated to larger regions. For example, Rennermalm et al. (2022) observed that the 
pore space of the firn in the southwest of the GrIS has increased after 2012. Here, we show 
that this coincided with a decrease in pore space in the northwest. Care also must be taken 
when extrapolating observations into the future. We see that the warming in the northeast 
between 1982 and 2011 as observed by Orsi et al. (2017) has continued in those regions but 
not in other regions. A peak in firn temperatures was observed at Dye-2 following the warm 
summer of 2012 (Vandecrux et al., 2020), but not at higher elevations, which is similar to our 
findings. 
 
4.2: Seasonal variability 
 

 
Figure 7: (a): Seasonal cycle of the monthly mean rate at which the thickness of the firn layer 
changes over time (dh/dt) in the eastern basin (E) and in the western basin (W), respectively. 
(b): month of the year with, on average, the highest accumulation for the period 1958 - 2020. 
 
To interpret the strongly varying amplitude of the seasonal cycle in firn thickness and FAC 
(section 3.2, Fig. 3a), we look at the seasonal cycle of the individual components that make 
up the firn thickness change: accumulation, compaction, and surface melt. The difference in 
seasonal amplitude is most obvious in the bordering eastern (E) and western (W) basins. Fig. 
7a shows the seasonal cycle in firn thickness for these two basins, averaged over 1958 - 2020, 
as well as its components. We note that there are three variables that control the seasonal 
amplitude of firn thickness at a specific location: 1) accumulation, 2) melt and 3) the phase 
lag between the peak of summer melt and compaction and the peak in accumulation. Melt 
and compaction rates always peak in July, whereas accumulation peaks in a different month 
depending on its location (Fig. 7b). 
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Like our discussion of interannual variability, we also look at the jet stream's influence on 
accumulation and temperature patterns for explaining the intra-annual variations. However, 
now we focus on the seasonal cycle in the NAO index rather than on longer-term changes. 
Generally, the NAO is weaker in summer and stronger in winter. As a result, the 500 hPa 
differences in the wind field and the accumulation between winter and summer (not shown) 
look similar to the patterns in Fig. 5 for a high and low annual NAO index. In wintertime, 
southeasterly winds prevail over the ice sheet, leading to a winter snowfall maximum in the 
east and southeast. In summer or autumn, the NAO is weaker, which leads to a peak in 
snowfall in summer at most locations except the southeast. Fig. 7a provides example seasonal 
cycles for the western (W) and eastern (E) basin. In the western basins, most snow 
accumulates in the summer and autumn months, whereas in the eastern basins, most 
accumulation occurs in the autumn and winter months. As a result, the phase lag between 
accumulation and the compaction and melt in summer is maximised in the east. This leads to 
a larger seasonal cycle in firn thickness there. The opposite is true for most of the ice sheet's 
other regions, where the season of greatest accumulation and compaction rate tend to 
coincide.  At Summit, the amount of snowfall in summer is greater than the observed change 
in surface height by a factor of 3 (Castellani et al., 2015). Our results suggest that the 
coincidence of peak accumulation with the enhanced compaction during the summer months 
may explain this. 
 
 

5: Conclusions 
 
Information about the thickness and density of the GrIS firn layer is required for estimates of 
meltwater buffering and for the conversion of ice sheet volume to mass change. To 
investigate how the firn layer has changed over the past decades, we have performed model 
simulations with the dedicated firn model IMAU-FDM v1.2G, forced by the regional climate 
model RACMO2.3p2 for the period 1958-2020. We find that the thickness and FAC have 
increased in regions above 2500 m.a.s.l., whereas it has decreased at lower elevations. This 
is mostly driven by an increase and, respectively, decrease in snowfall at these elevations. 
Consequently, the gradient of FAC with elevation has increased. Firn temperature at 10 m 
depth (T₁₀ₘ) has also been rising steadily and significantly in most regions. 
 
We also see that, after 2012, the firn layer evolved differently compared to the two decades 
before. The firn thickness and air content in the southern and eastern parts of the ice sheet 
have increased during this period. However, in the north and northwest of the ice sheet the 
thickness and pore space continued to decrease. Although T₁₀ₘ has been rising over the whole 
ice sheet for most of the simulated period, we also observe that after 2012 there has been a 
cooling trend in the south. Therefore, the changes in the GrIS firn are not uniform in time and 
space. 
 
These temporal and spatial differences are related to changes in the large-scale atmospheric 
circulation, as expressed by the NAO index. Since the mid 1990s, the NAO index was mostly 
in a negative phase, which led to more blocking events and thus more melt, as well as less 
snowfall over most of the ice sheet. After 2012, however, a more positive winter NAO index 
led to a strong meridional gradient in the change of snow accumulation, with a snowfall 
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increase/decrease on the eastern/western side of the ice sheet. It also led to a clear latitudinal 
gradient in the temperature change, with warming in the north and cooling in the south. 
 
Finally, we showed that the seasonal cycle in the NAO  impacts the amplitude of the seasonal 
cycle in Greenland firn thickness and FAC. For most of the ice sheet, snow accumulation peaks 
in the summer or autumn months. This coincides with the melt season and a peak in firn 
compaction rates. These two processes thus partly cancel, and the resulting seasonality of 
the firn thickness is smaller than what would be expected when considering snowfall or melt 
separately. On the other hand, in the southeast of the ice sheet snowfall peaks in winter, 
amplifying the seasonality in firn thickness and air content. 
 
Our results indicate that the NAO is an important driver of GrIS firn variability on interannual 
and intra-annual (seasonal) time scales. The response of the ice sheet's firn layer to changes 
in atmospheric circulation is not spatially uniform. Therefore, care must be taken when 
extrapolating results from smaller to larger regions or from shorter to longer time scales. The 
variability of the winter NAO has been increasing recently (Hanna et al., 2022). This will likely 
also result in larger variability in the firn itself. However, it is uncertain whether this trend will 
continue. Most climate models suggest that the NAO index will increase in the future under 
most warming scenarios. However, GCMs generally perform poorly at simulating Greenland 
blocking events, and they do not capture the observed weakening of the NAO at the beginning 
of the century (Delhasse et al., 2021; Hanna et al., 2018). Therefore, more research is needed 
to investigate drivers of Arctic circulation patterns and how these patterns are reflected in 
the firn layer of the GrIS. 
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