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Firn on ice sheets

Abstract

Most of the Greenland and Antarctic ice sheets are covered with 
firn — the transitional material between snow and glacial ice. Firn is 
vital for understanding ice-sheet mass balance and hydrology, and 
palaeoclimate. In this Review, we synthesize knowledge of firn, including 
its formation, observation, modelling and relevance to ice sheets. 
The refreezing of meltwater in the pore space of firn currently prevents 
50% of meltwater in Greenland from running off into the ocean and 
protects Antarctic ice shelves from catastrophic collapse. Continued 
atmospheric warming could inhibit future protection against mass 
loss. For example, warming in Greenland has already contributed to a 
5% reduction in firn pore space since 1980. All projections of future firn 
change suggest that surface meltwater will have an increasing impact 
on firn, with melt occurring tens to hundreds of kilometres further 
inland in Greenland, and more extensively on Antarctic ice shelves. 
Although progress in observation and modelling techniques has led 
to a well-established understanding of firn, the large uncertainties 
associated with meltwater percolation processes (refreezing, ice-layer 
formation and storage) must be reduced further. A tighter integration 
of modelling components (firn, atmosphere and ice-sheet models) will 
also be needed to better simulate ice-sheet responses to anthropogenic 
warming and to quantify future sea-level rise.
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understand how firn responds to rapid atmospheric warming. We begin 
by outlining the formation and properties of firn. We follow with an 
overview of observational techniques that have revealed changes in the  
firn layer. We then discuss modelling techniques, which can test 
the understanding of the physical processes and provide insight  
on the future state of the firn layer. Last, we summarize observed 
and projected changes in firn, and outline the major challenges, 
opportunities and directions for future research.

Formation and properties of firn
The existence and appearance of firn on an ice sheet (Fig. 1) depend 
on the surface climate. Temperature, precipitation and wind all deter-
mine the amount of snow added to the glacier surface, the amount of 
surface melt percolating into the firn, and the rate of firn compaction. 
Firn is characterized in terms of its physical properties, for example 
density, grain size, microstructure and temperature, which, in turn, 
determine its mechanical strength and permeability. The firn struc-
ture also controls the flow of liquid water through the firn. The impact 
of atmospheric forcing on the firn layer, the firn properties and firn 
hydrology are now discussed.

Atmospheric forcing
Atmospheric forcing consists of mass and energy exchange between 
the atmosphere and the firn. It determines both the properties  
of the firn and the rate at which these properties change over time. The 
atmosphere provides mass at the firn surface through solid and liquid 
precipitation, condensation and wind deposition. Mass loss occurs 
through sublimation, evaporation, wind erosion, and melt- or rainwater 
runoff into the englacial drainage system or at the ice-sheet edges. 
These mass fluxes together constitute the local (or specific) surface 
mass balance (SMB). This value can be integrated over the ice sheet to 
obtain the ice-sheet SMB24. Areas with positive or negative local SMB 
form the accumulation zone and ablation zone, respectively. There are 
two distinct regions with negative local SMB that can be identified: first, 
regions with large runoff following surface melt (such as ice-sheet edges 
and melt-induced blue-ice areas); second, windy areas in which mass 
loss due to surface sublimation and wind erosion exceeds accumulation 
(wind-induced blue-ice areas)6.

Firn–atmosphere energy exchange consists of turbulent fluxes of 
sensible and latent heat, and of fluxes of thermal and solar radiation. 
When the sum of these fluxes, which comprises the surface energy 
balance24, is positive, the surface heats up, and when the melting point 
is reached, surface meltwater forms. Surface melt is largely driven 
by shortwave radiation and sensible heat, with sensible and latent 
heat having reduced contributions at increased elevation25. The net 
cloud radiative effect provides second-order modulation of the surface 
energy balance, depending on cloud thickness, altitude and season26,27. 
Turbulent fluxes increase with increasing aerodynamic roughness 
length, a parameter determined by the spatial distribution of surface 
roughness elements and the orientation of the wind with respect to 
these roughness elements. For example, erosional features (sastrugi) in 
high wind areas (such as wind scour zones) can cause the aerodynamic 
roughness length to be several orders of magnitude higher than in 
smooth blue-ice areas28.

In most of Antarctica, and the interior of Greenland, surface melt 
is rare, and the local SMB and firn thickness variations are dominated 
by snowfall, compaction and their seasonal12 and decadal29 variability. 
Currently, seasonal and decadal firn thickness variations remain of 
similar magnitude in Greenland and Antarctica4. Variations in snowfall 

Introduction
Firn is snow that is more than 1 year old, which has not yet been com-
pacted fully into glacial ice under its own weight. The thickness of the 
firn layer ranges from several to over 100 metres thick over the ice 
sheets of Greenland and Antarctica1, and its composition and appear-
ance are determined by the surface climate2–4. Snowfall, surface melt, 
wind and temperature all modulate the firn, on seasonal and interan-
nual timescales. Firn covers ~99% of the Antarctic5,6 and ~90% of the 
Greenland7 ice-sheet surface. The firn layer, which has an intercon-
nected, air-filled pore space, acts as a sponge, enabling the percolation, 
retention and refreezing of surface meltwater (Fig. 1). As such, ~50% of 
Greenlandic and almost all Antarctic surface meltwater refreezes in 
the firn8–10, moderating the contribution of ice sheets to sea-level rise.

Anthropogenic warming over the ice sheets, combined with natu-
ral variability in temperature and snowfall, is greatly changing the firn 
layer on Greenland and Antarctica. Because of warming and increased 
melting in Greenland, firn thickness has reduced by 1–1.5 m since 1980 
(refs. 2,3), reducing pore space by ~5% on average over the ice sheet3,11. In 
Antarctica, decadal variability in firn thickness dominates the observed 
firn thickness change, leading to both regional growth and decay of the 
firn across the ice sheet2,4,12.

These changes have marked implications. For example, the 
annual production of surface meltwater in Greenland has increased 
by about 40% since the 1990s (ref. 13). The percolation and refreezing 
of this meltwater caused ice slabs within the firn to expand by 37–44% 
between 2012 and 2018 (ref. 14). These ice slabs are likely to reduce 
the buffering capacity and enhance direct runoff, increasing vulner-
ability to mass loss. Concurrently, the expansion of firn aquifers15–17 
due to increased surface meltwater production is similarly expected 
to influence Greenland ice-sheet behaviour, although to an unknown 
extent18. Likewise, the decrease in firn air content (FAC) on certain 
Antarctic ice shelves has allowed water to collect in crevasses, driving 
and preconditioning the collapse of these floating ice shelves by hydro-
fracturing. However, increased snowfall during the twentieth century 
has led to firn mass gain in parts of Antarctica and in the interior of the 
Greenland ice sheet, partly offsetting firn loss elsewhere on both ice 
sheets. In all future scenarios with continued anthropogenic warm-
ing, the temperature increase over the ice sheets will generally lead to 
increased precipitation19, including a shift from snowfall to rainfall20,21, 
and increased surface melt22,23. Therefore, further changes in the firn 
are expected for both ice sheets.

Quantifying these observed and projected changes in firn and 
ice-sheet mass requires accurate characterization of both the micro-
structural properties and bulk behaviour of the entire firn layer. The 
firn layer mass, density and thickness vary with time, because they are 
affected by snowfall, melt and compaction. This variation makes it 
complicated to derive the mass change of the underlying ice sheets at 
high spatial and temporal resolution from changes in surface elevation, 
which is monitored by airborne or satellite altimetry. A solid under-
standing of firn dynamics is thus needed to accurately interpret any 
observed changes, which is especially critical given ongoing anthropo-
genic warming. This knowledge is also crucial to derive records of past 
atmospheric composition and conditions from air bubbles trapped in 
glacial ice after the firn compacted beyond the pore close-off. These 
bubbles act as pivotal records of past atmospheric composition, which 
are key to understanding future changes, making it even more vital to 
understand firn processes.

In this Review, we provide an overview of existing knowledge 
of firn in Greenland and Antarctica, and argue for the need to better 
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are influenced by large-scale atmospheric modes, such as the El Niño 
Southern Oscillation30 and Southern Annular Mode29,31,32 in Antarctica, 
and the North Atlantic Oscillation in Greenland2,33,34.

Generally, meltwater can be locally retained within a firn layer 
if the climatological ratio of surface melt over snow accumulation 
(MOA) is less than ~0.7 (ref. 35). Above this value, meltwater runs off 
laterally (parallel to the slope) or starts ponding, reducing FAC. Areas 
with MOA > 0.7 are limited to lower elevations in Greenland, whereas 
in Antarctica, such areas are localized and occur mostly on ice shelves, 
which subsequently disintegrate in the northern Antarctic Peninsula. 
Additionally, the melt extent in Antarctica covers on average 11% of 
the ice-sheet area36, concentrated at the margins and the floating ice 
shelves (Fig. 2a–c). In Greenland (Fig. 2d–f), surface melt extends into 
the interior, especially in the south, covering 15–20% of the sheet ice37.

Trends and variations in surface melt are caused by changes in air 
temperature, cloud cover, snowfall and erosion38–40, and other pro-
cesses that influence the surface energy balance, especially through 
modulation of surface albedo39. The presence of liquid water at the 
surface of the firn layer, together with the associated grain growth41, 
decreases the surface albedo (Fig. 1a). In turn, this increases the absorp-
tion of solar radiation in the firn, causing more heating and melt to 
occur. Where the firn is entirely eroded or sublimated off, darker bare 
ice, which has a lower albedo, is exposed at the surface (Fig. 1a). This 
strong, positive melt–albedo feedback currently accounts for more 
than half of the surface melting in Greenland42 and Antarctica43 and is 
likely to remain at least as important in the future22,44.

The state of the firn layer is governed by the atmosphere; there-
fore, anomalous large-scale atmospheric conditions and atmospheric 
extremes have a large impact on its structure and evolution. Anomalous 
atmospheric circulation and even one-off weather extremes can affect 
firn properties in a large area for decades, for example through the 
formation and thickening of ice layers in the firn45–47. Since the end of 
the 1990s, the increasing occurrence of atmospheric blocking favouring 
warmer and more anticyclonic (drier) conditions over Greenland48 has 
led to record surface runoff above 500 Gt yr–1 and 600 Gt yr–1 in 2012 and 
2019, respectively49,50, and an inland expansion of low-permeability ice 
slabs by 13,400–17,600 km2 or 37–44% between 2012 and 2018 (ref. 14). 
Atmospheric rivers are another example of atmospheric conditions with 
a strong effect on the firn layer51,52. Despite being rare, these long, nar-
row bands of high water vapour content from subtropical to (sub-)polar 
latitudes account for most of the annual precipitation in some ice-sheet 
regions52,53. In Greenland, atmospheric rivers mostly contributed to the 
increase in mass loss that has occurred since 2000 (refs. 52,54), with 
SMB losses generally exceeding moderate SMB gains. Across most of 
the Antarctic ice sheet, atmospheric rivers are the primary driver of the 
most extreme snowfall events55,56 and locally control the interannual 
variability of precipitation, the dominant SMB term at the ice-sheet scale.

In addition to the challenges in modelling firn itself, a major uncer-
tainty in simulating present and future ice-sheet firn stems from uncer-
tainties associated with atmospheric forcing, including the role of 
clouds20,22,57, extreme weather events52,53,55, biases in climate models58,59, 
and circulation changes60,61.
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Fig. 1 | Schematic representation of important ice-sheet features. a,b, Full ice 
sheet (a) and a zoom in showing surface and hydrological features (b), including 
liquid water (blue), ice features (grey), crevasses (black) and bedrock under the  
ice (brown). Large parts of the Antarctic ice sheet terminate in ice shelves (left-hand  
side of panel a) whereas most of the ice sheet on Greenland terminates over land 
(right-hand side of panel a). The equilibrium line (red dashed line) separates the 

accumulation zone (including the dry snow zone and percolation zone) from the 
ablation zone (including the seasonal snow and bare-ice zones). These regions are 
shown as progressively darker to illustrate the decreasing albedo. This figure is not 
to scale, and the hydrological processes might not occur concurrently and might 
vary across the ice sheet in response to different climates. Ice sheets contain many 
complex features, which strongly affect the characteristics of firn.
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Firn properties
Firn comprises a matrix of ice grains and air. It can be characterized by 
properties ranging from the microscale (grain) to the macroscale (bulk 
sample). The matrix forms after individual precipitating or drifting 
snow particles accumulate at the snow surface and undergo sintering 
following vapour diffusion along the grain boundaries62. Microscale 
firn properties relate to the structure and geometry of the ice matrix. 
Examples of common microstructural properties are grain size and 

shape, specific surface area, sphericity, coordination number and 
c-axis orientation63–66. Initial microstructural properties of snow are 
determined by atmospheric conditions67,68. Once buried, the micro-
structure evolves owing to snow grain metamorphism driven by vapour 
pressure dependencies on temperature and grain size that alter grain 
properties over time69.

At the macroscale, the dry density ρd is defined by the mass of solid 
ice in the matrix relative to the volume and is closely related to the 
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Fig. 2 | Current metrics for firn on the Antarctic and Greenland ice sheets. 
a, Modelled local surface mass balance (SMB, the local balance of surface 
mass fluxes including precipitation, sublimation, evaporation, erosion and 
runoff) for the Antarctic ice sheet. The values are calculated as a yearly mean 
from 1981–2010, derived from MAR v3.11 (ref. 260) forced with CESM2. w.e., 
water equivalent. b, As in a, but for annual surface melt (meltwater in firn or on 
bare ice). c, As in a, but for melt over accumulation (MOA, if this value exceeds 

0.7, meltwater starts to pond or run off). d–f, As in a–c, but for the Greenland 
ice sheet, with values derived as a yearly mean from 1980–1999 from MAR 
v3.12 (ref. 293) forced with CESM2. The reference periods for each ice sheet are 
characterized by a relatively stable SMB. Currently, regions with negative local 
SMB, meltwater in firn and MOA > 0.7 extend to higher elevations in Greenland 
than in Antarctica.
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porosity φ ρ ρ= 1 − /d ice , where ρice is the ice density. Porosity affects 
fluid, vapour and air transport and water storage in the firn, and it sets 
the upper bound for the volume of meltwater that can be refrozen or 
stored in aquifers. FAC is defined as the integrated porosity over the 
thickness of the firn. The wet firn density includes the masses of both 
the liquid water and solid ice in the firn matrix.

Firn density generally increases with depth (Fig. 3). The density 
of fresh surface snow is determined by atmospheric conditions, parti
cularly temperature and wind speed. With increasing wind speed and 
temperature, as well as with very low temperatures, fresh snow den-
sity tends to increase68,70. After initial snowfall, drifting snow, com-
paction and meltwater refreezing can increase the surface density 
to around 280–420 kg m–3. Subsequent densification of dry snow is 
entirely due to compaction and is primarily driven by overburden 
pressure from the mass of the overlying snow71. Densification occurs 
most rapidly up to a density of ~550 kg m–3, and is driven by settling 
(that is, the physical packing and rounding of snow grains). Between 
densities of ~550 kg m–3 and ~830 kg m–3, the dominant processes are 
recrystallization and deformation, which include sintering as stresses 
between grains decrease the pressure melting temperature along grain 
contacts72, and deformation along the basal planes of ice crystals63. 
Finally, beyond the pore close-off density of ~830 kg m–3, the ice matrix 
becomes impermeable to fluid movement and is no longer considered 
firn, but glacial ice. Densification is then achieved by the compression 
of closed-off pore space, driven by deformation of the ice and the 

disequilibrium between the hydrostatic pressure in the ice and the air 
pressure in the bubbles.

In wet firn, densification can occur through compaction and local 
mass influx. Compaction in wet firn is faster than in dry firn because 
melting makes grains more rounded41,69, and meltwater lubricates the 
grains making packing more efficient73,74 (Fig. 3). Additionally, water 
that fills the pore space can refreeze, which further increases the dry 
density. Wetting also influences the grain size of firn, whereby the grain 
size increases most rapidly on first wetting and in water-saturated 
firn, where smaller grains melt first while larger grains grow69. At low 
liquid water content, grains congregate in large, tightly packed grain 
clusters69.

Microstructural properties affect the optical75 and thermal proper-
ties of the firn, which affect the exchange of energy with the environ-
ment. Albedo is reduced with increasing grain size and ranges from 
0.35–0.5 for clean, bare ice to 0.9 for clean, dry snow75. Impurities and 
snow wetness can further decrease albedo, to as low as ~0.2 for dirty ice. 
Meanwhile, the thermal conductivity depends strongly on density. Firn 
air in the pore space reduces the thermal conductivity76; low-density 
firn (~100 kg m–3) has a thermal conductivity of less than 0.1 W m–1 K–1. 
Firn microstructure is a key control for thermal conductivity at low 
densities because the bonds between grains act as the conduits for heat 
conduction76. As the firn density increases, the thermal conductivity 
also increases until it reaches the ice conductivity of 2 W m–1 K–1 as the 
firn becomes glacial ice.
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Fig. 3 | Effects of meltwater on firn structure. Schematic representation of a dry 
firn column undergoing melt, producing surface hydrology features that include 
meltwater, potentially leading to hydrofracture. Depth scales for the upper 

snow layer, firn layer and compacted ice are indicated. The interaction between 
meltwater, firn and compressed ice can affect the retention of mass in the ice 
sheet through numerous pathways.
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Temperature strongly influences firn evolution. For example, 
increasing temperatures drive an exponential increase in the com-
paction rate77–79. Additionally, the evolution of many microstructural 
properties depends on the temperature and temperature gradient80,81. 
For example, grain growth rates increase with temperature65. Grain 
size also increases with the age of the firn and is approximately linear 
with depth82,83. Increased grain size decreases the densification rate77.

Although the macroscale properties firn density and porosity 
quantify the total pore space available for fluid transport through the 
firn column, microscale properties provide an additional control on 
the ease of fluid flow through firn (permeability) and influence the 
effective diffusivity of gases84–86. Differences in the microstructure of 
firn originating from different depositional events can be preserved in 
adjacent firn layers, even when the density is the same85. Additionally, 
the near-surface microstructure and density87 as well as the surface 
roughness88 determine the exchange of air between the atmosphere 
and the near-surface firn layers.

Firn hydrology
Liquid water, originating from surface melt or rain, strongly interacts 
with the firn structure as it flows through the pore space (Fig. 3). Current 
models suggest that Greenland surface melt is of similar magnitude to 
the total precipitation but only about 50% of the generated surface melt-
water runs off into the ocean89, with the remaining 50% being retained in 
the firn by capillary forces or refreezing. However, since roughly 2000, 
meltwater runoff into the ocean has become the primary source of mass 
loss for the entire Greenland ice sheet90. In Antarctica, sublimation is 
currently the dominant surface ablation process, with the annual sur-
face melt volume (40–100 Gt yr–1) estimated to be around half of the 
annual sublimation (110–160 Gt yr–1), and in turn, runoff is at most a few 
per cent of the surface melt flux (0–2 Gt yr–1; refs. 9,91) because almost 
all of the surface meltwater is retained in the firn2. Surface melt is largely 
absent over the interior of the East Antarctic Ice Sheet36, and modelling 
shows that since the early 1980s, SMB has generally been positive2,9,91, 
resulting in a stable firn thickness. Understanding the interactions 
between water flow and the ice matrix is crucial for determining the 
fate of meltwater in the ice sheet.

The physical model considered in firn hydrology is that of a vis-
cous liquid flowing through a variably saturated porous medium in 
which the pore fluid and matrix can change phase. Initially, water 
invades the air-filled pore space between ice grains, driven by sur-
face tension gradients and gravity92. The rate of percolation, depth 
of infiltration and spatial patterns of subsurface saturation are con-
trolled by the permeability of the firn — that is, the balance between 
viscous forces and capillary action — and by the thermal state93–95. 
The permeability of firn is heterogeneous, owing to centimetre-scale 
microstructure anisotropy64, causing heterogeneous infiltration. For 
example, fingering instabilities develop in alpine snow, when water 
ponds at capillary barriers or the leading edge of the wetting front96–98, 
forming preferential flow pathways. This preferential flow seems to be 
the dominant mode of flow in subfreezing, unsaturated firn99–101 and 
enables deeper percolation than would be expected for homogenous 
percolation.

Water initially enters firn that is below the freezing point, caus-
ing the percolating water to refreeze. Therefore, firn temperature 
controls and limits the depth of infiltration102,103 and the extent of 
lateral migration100. Refreezing alters the macroscopic permeability 
of the firn and reduces its water storage capacity by filling some pore 
space with refrozen ice. Refreezing also releases latent heat that warms 

the surrounding firn and reduces its capacity to refreeze subsequent 
infiltration104.

Refreezing produces a strong feedback mechanism between 
water infiltration and the physical, hydraulic and thermal properties 
of firn. These complex interactions lead to very different firn hydro-
logical systems in different parts of the ice sheet that can affect SMB, 
as well as ice dynamics, by modulating water input to the subglacial 
system. In the percolation zone, meltwater refreezes locally within 
the firn to form embedded ice layers, lenses, and pipes73,105; therefore, 
meltwater is retained locally and does not contribute to ice-sheet mass 
loss106. However, there is a gradient in refrozen ice content across the 
percolation zone, with these features occupying a large proportion of 
available pore space at low elevations where melt is high and snowfall 
is low46. Near the equilibrium line, meltwater input can meet or exceed 
the volume of available firn pore space, leading to the formation of 
features such as ice slabs45 and firn aquifers107,108 that contribute to the 
export of meltwater from the firn to other parts of the hydrological 
system (Fig. 1).

In high-melt, low-accumulation areas, percolated meltwater can 
refreeze in ice slabs inside the firn. These multimetre-thick continu-
ous layers of refrozen ice form just below the firn surface (Fig. 1b) and 
are sufficiently impermeable to block vertical percolation46,47. Subse-
quent surface melt can then form supraglacial streams that run off to 
lower elevations47,109, drain into the relict firn layer through surface 
crevasses110,111 or collect in supraglacial lakes that can later drain to the 
ice-sheet bed through hydrofracture112 (Fig. 3, bottom right). If there 
is sufficient insulating accumulation, buried lakes can also form and 
impound water for multiple years39,113. In Greenland, ice slabs are cur-
rently estimated to cover 60,400–73,500 km2 (ref. 14) (Fig. 4b) and to 
have expanded the ice-sheet runoff zone by ~26% since 2001 (ref. 45), 
leading to enhanced surface mass loss46. Extensive ice slabs are not yet 
common in Antarctica, although similar depletion of firn pore space114 
and subsequent lake formation and drainage processes109,110 occur in 
high-melt areas on ice shelves that experience repeated local inunda-
tion of the firn. The expansion of surface ponding in these regions can 
contribute to ice-shelf hydrofracture (Fig. 3).

In high-melt, high-accumulation regions, new snow can insulate 
wet firn from cold surface temperatures115 leading to the formation of 
nearly saturated subsurface aquifers that persist over the winter (Fig. 3, 
bottom centre). In areas with surface elevation gradients, these aquifers 
can efficiently transport meltwater from high to low elevations15,116,117, 
but it is generally considered that they delay the runoff of meltwater on 
the short term117. In Greenland, firn aquifers cover at least 21,900 km2 
(ref. 107) (Fig. 4b), with the largest aquifer at Helheim Glacier storing 
between 2.2 and 4.8 Gt of water16,116,118. However, it is likely that this 
water drains to the ice-sheet bed through hydrofracture at the aquifer 
boundaries18, leading to year-round water input to the subglacial sys-
tem that can dampen seasonal ice-velocity fluctuations119. Firn aquifers 
have also been identified on some ice shelves in the Antarctic Peninsula 
(Fig. 4a), where they contribute to hydrofracture-driven damage and 
the breakup of ice shelves109,120.

All of these firn structure changes caused by water percolation and 
refreezing can affect firn hydrology for decades46. It is this combination 
of strongly coupled nonlinear processes and the long memory that 
makes it so challenging to model water percolation.

Firn observations
Observations are used to design, constrain and tune firn models and 
have been indispensable in establishing a continent-scale picture of 
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Fig. 4 | Firn facies and features on the polar ice 
sheets. a, Surface topography of Antarctica from 
BEDMAP2 (ref. 294) and firn features, including 
regions exhibiting melt (purple–yellow shading; 
where at least 5 years are detected by passive 
microwave instruments295 between 2000 and 
2020); known firn aquifers120,194 (orange); wind 
scour zones296 (light pink); and blue-ice area297 
(blue). b, Surface topography of Greenland from 
BedMachine Greenland298 and firn features, including 
a proxy for the extent of the percolation zone (yellow 
hatching; any region above the upper limit of the 
summer bare-ice zone299 where passive microwave 
instruments detected at least 5 mm of water 
equivalent (w.e). melt over the melt season300 for at 
least 5 years during 2007–2015); ice slabs45 (purple); 
firn aquifers107 (orange); buried supraglacial lakes285 
(green dots; as mapped in the summer of 2019); 
and the 2012 melt layer prominence metric258 (blue 
shades; the horizontal continuity and density of a 
subsurface ice layer formed during the 2012 extreme 
melt season measured by airborne surveys, where 
a value of 1 or more corresponds to a horizontally 
continuous, solid ice layer258). The solid and dashed 
black lines indicate the upper limits of the ablation 
and percolation zones, respectively. Inset: enhanced 
details of the multiple hydrological features in 
northwest Greenland with ice blobs111 shown in 
white. These spatial variations in firn structure and 
hydrology reflect the history of firn–atmosphere 
interactions in each region and modulate the local 
surface mass balance.
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the prevalence of firn facies and features (Fig. 4). This section discusses 
the strengths and weaknesses of the various observational techniques.

Surface mass balance and firn structure
The evolution and properties of a firn layer such as annual accumulation, 
thickness and FAC can be monitored using various techniques. First, 
atmospheric conditions that determine firn appearance are monitored 
continuously using automatic weather stations, in Greenland121,122 and 
Antarctica123. Accumulation can be derived from measurements from 
acoustic or laser height sensors, augmented with density information 
from in situ snow profiles124, which sample the upper few metres of the  
firn, or from firn models125. Firn density is determined by measuring 
the volume and mass of a sample. Snow temperatures and stratigra-
phy observations (grain size and shape) are also often made in a snow 
pit to understand the evolution and metamorphism of the snowpack 
(Fig. 3). Shallow firn cores and deep firn cores, of which some reach 

pore-close-off depth, can be drilled to obtain a longer record of firn 
properties. They have been used to generate local and regional recon-
structions of FAC126,127 and local SMB29,128 spanning several centuries. 
However, snow pits and firn cores are time-consuming to obtain and 
often inadequately capture spatial variability.

Non-destructive measurement approaches, using wave-based 
geophysical techniques such as seismics or radar, have been devel-
oped to capture firn properties on large spatial scales (Fig.  5). 
Ground-based radar systems, which are often mounted on a sled and 
towed over the surface by snowmobiles, can map internal reflection 
horizons with vertical resolution of tens of centimetres129. These 
internal reflections arise because the firn permittivity of electromag-
netic waves depends on density. These measurements can reveal 
the spatial and temporal variability of local SMB across ice sheets 
from interannual to decadal timescales and over many hundreds of 
kilometres130–132. Data from repeated radar surveys can be used to 
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quantify firn compaction133,134. With wide-angle observations, vertical 
density profiles can be derived from the travel time of radar waves129,135 
using empirical relations between density and velocity136,137. Mobile 
receiver arrays could be used to efficiently map lateral variability in 
firn density132, removing the need for labour-intensive repositioning 
of individual antennas.

Active and passive seismic surveys make use of the dependence of 
seismic velocity on the elastic properties (for example density) of firn, 
from which density profiles and firn thickness can be derived. Passive 
sensors, which measure with long time periods (months to years) and 
low spatial resolution (tens to hundreds of kilometres), record ambi-
ent noise. In contrast, active sensors, which perform instantaneous 
measurements with high spatial resolution, record actively triggered 
seismic waves — for example using small explosives or a hammer and 
metal plate. Seismic methods are used to observe variations in firn 
thickness over regions on a kilometre scale138–140. A seismically observed 
velocity–depth profile can be translated empirically into a density–
depth profile141. The full elastic waveform can be used to measure 
density heterogeneities such as ice slabs142. Further, the different seis-
mic velocities of compressional and shear waves can be used to derive 
mechanical properties of firn that govern firn compaction and crevasse 
formation143,144. The splitting of shear waves indicates anisotropic 
crystal orientation, which promotes ice flow by shearing145,146, and such 
anisotropy can already emerge in the firn before it is compressed into 
ice143,147. A notable implication from these observations is that ice flow 
can be influenced by firn densification even before the ice has formed.

Although ground-based remote-sensing techniques can achieve 
a larger spatial coverage than point measurements from, for example, 
weather stations, snow pits and firn cores, their spatial and temporal 
coverage is still determined by logistical access. These limitations can 
be overcome by air- and spaceborne instruments, which can be oper-
ated on the ice-sheet scale. Such instruments offer large spatial and 
temporal coverage and have a high revisit frequency; however, these 
advantages come at the cost of reduced spatiotemporal resolution in 
both the horizontal and vertical directions.

Lidar, or laser scanning instruments, on board aircraft (such as 
NASA Operation IceBridge, Thematic Mapper and ESA CryoVEx148) 
and satellites (NASA ICESat and ICESat-2149,150), use the reflection of 
laser light from the snow surface to accurately measure surface eleva-
tion changes. However, laser-based measurements are limited to 
clear-sky conditions. Radar sensors (including ESA’s ERS-1/2, ENVI-
SAT, CryoSat-2 and Sentinel-3A/B) avoid this limitation, but, in con-
trast to laser light, radar waves penetrate into the near-surface firn 
layers151–153, as a function of frequency. Generally, aeroplane-based 
observations can obtain higher spatial resolution and receive signals 
from deeper down in the firn (100–200 m) than spaceborne sensors 
(down to 10 m). Physics-based firn models are often needed to extract 
the observed surface elevation change from radar measurements, 
owing to complications arising from changes in radar wave propa-
gation and ice dynamics150,154–157. Backscatter modelling enables the 
use of remote sensing to observe surface density variability158 and 
compaction rates159,160.

Advances in radar altimetry processing have enabled direct obser-
vations of near-surface firn densities and roughness from the observed 
return power of radar reflections161. It is expected that these observa-
tions of near-surface density will soon make it possible to directly 
convert the observed volume change derived from surface height 
change into mass change without the use of firn models161. However, 
despite the many advantages of remote sensing, in situ observations 

often remain crucial as a ground-truth for the development of retrieval 
algorithms and for evaluating spatial heterogeneity.

Observing the fate of meltwater
To assess sea-level rise in a changing climate, it is crucial to follow 
the meltwater produced at the surface of the ice sheet to uncover 
whether it is locally stored, routed towards other parts of the ice sheet, 
or running off into the ocean. Meltwater formation can be inferred 
when the snow surface temperature measured by automatic weather 
stations162 reaches melting point. The presence of meltwater at the 
surface can also be detected visually in snow pits, or quantified by 
dielectric measurement techniques, which use an empirical relation-
ship between the dielectric constant of snow and its porosity and/or 
water content163–166. Alternatively, the presence of surface meltwater 
can be derived from remotely sensed visual imagery, or from air- and 
spaceborne active sensors, such as synthetic aperture radars and micro-
wave scatterometers167,168. These sensors have small penetration depths 
of only a few metres, making them ideal to monitor the near-surface 
properties of the firn layer.

To determine what happens to the produced meltwater, water 
flow by percolation can be made visible by tracing coloured dye that 
is sprayed onto the ice-sheet surface before the melt season. When the 
melt season is over, the dye detected in snow pits or shallow firn cores 
reveals percolation and ice-layer formation, which can both occur at 
depths up to several metres169. Rates of vertical and lateral meltwater 
flow through snowpacks can also be monitored using tracers in real 
time, for example using a stable isotopic tracer solution170. Piezom-
eters, portable lysimeters, salt-dilution and tracer experiments have 
been used to measure hydraulic conductivities of firn areas of the 
Greenland ice sheet that contribute to runoff171. Combined with slug 
tests, these methods have also been used to determine the hydraulic 
conductivity and flow rates in firn aquifers120,172.

Electrical self-potential methods173,174 are promising approaches 
for measuring meltwater because they are cheap, and directly measure 
lateral and vertical liquid water flow, with minimal invasive impact. 
Horizontal and vertical firn permeability can be estimated over a bulk 
volume of the order of one to several cubic metres, using pneumatic 
testing using bore holes175. Additionally, radar techniques can detect 
the water content in firn because the dielectric permittivity and the 
scattering mechanism depends on the water content and the shape of 
water inclusions176,177. This technique has even been used in setups with 
buried radars that look upwards to detect meltwater percolation101. 
Although seismic and radar methods can be used to observe hydro-
logical processes178, they are not effective for quantifying the hydraulic 
properties of firn. Destructive testing is generally required to measure 
these properties, as discussed above. Developments have been made 
in the use of magnetic resonance sounding to non-destructively obtain 
liquid water volumes in the firn179.

Percolating meltwater processes can also be inferred from obser-
vations of the resulting changes in firn structure. Vertically installed 
thermistor strings can detect heating owing to the release of latent heat 
on refreezing100. Alternatively, refreezing can be studied by observ-
ing the changes in microstructure and density that it induces, such 
as the formation of melt grain clusters and ice layers. Liquid water 
and firn aquifers can be locally detected directly from the presence of 
water when extracting a firn core108. Remote sensing combined with 
backscatter modelling enables the observation of firn aquifers107,180 
and ice layers45 on continental scales. The strong dependence of 
microwave penetration depth on frequency also enables remotely 
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sensed observations of internal ice-sheet temperature profiles181 and 
water content182.

Records of the past
Firn cores provide records of the past because they contain layers asso-
ciated with past accumulation and melt events. Layers in the stratigra-
phy can be identified manually, with infrared imaging, or with computer 
vision183. Dry firn cores can also be dated by studying the annual layering 
created by the seasonal deposition of stable water isotopes, major ion 
chemistry or photochemical species (such as hydrogen peroxide). 
Markers of volcanic fallouts and atmospheric nuclear testing184,185 
provide absolute timing constraints. The distance between seasonal 
markers — the annual layer thickness — can be converted to metres of 
water equivalent by multiplying it with measured firn density. Plastic 
deformation results in ice layers becoming thinner and expanding 
horizontally as they become buried deeper. Ice-flow models can be 
used to correct for this process, as a function of depth186.

Firn-core density profiles can be established with very fine ver-
tical resolution using sophisticated instruments that measure the 
scattering and absorption of γ-ray, X-ray or neutron radiation187–189. 
Other methods that yield accurate, high-resolution density observa-
tions are dielectric profiling, ice-core scanners and borehole opti-
cal televiewing114,190. This high resolution is needed to determine the 
annual and intra-annual variability in accumulation and firn proper-
ties, especially in low-accumulation areas. X-ray measurements have 
also been used to obtain three-dimensional images of the firn and ice 
microstructure, for example to follow the pore close-off process191.

Melt events can be reconstructed by studying the ice layers that 
form on refreezing192, which are even detectable at the submillimetre 
scales using digital line-scanning184. Although single firn cores can be 
used to identify refrozen ice layers46,193, multiple cores from across a 
large area can reveal detailed variability in refrozen firn grain structures 
to support theories of firn aquifer formation within an ice shelf194. How-
ever, for large-scale (kilometre-scale) measurements, refrozen ice lay-
ers are often tracked using ground-penetrating radar161 or seismic138–140 
techniques. Whether and how melt-affected cores can be dated and 
used for climate reconstruction is currently under discussion159.

In the accumulation zone, firn ultimately compacts into ice. There-
fore, ice cores provide important clues into the characteristics of 
past firn195. For example, air enclosed in the ice provides three direct 
observational constraints on past firn conditions: the 15N/14N stable 
isotope ratio (δ15N) of N2; the oxygen to nitrogen ratio (δO2/N2); and the 
gas-age–ice-age difference (Δage) that is, the age difference between 
the ice and the air trapped in closed bubbles inside the ice, with the 
former being older.

The δ15N-N2 ratio is enriched under gravity until the lock-in depth 
is reached. Thus, the δ15N in the trapped air bubbles can be used to 
estimate past pore close-off depths196. The δ15N value is also affected by 
thermal fractionation in the presence of temperature gradients, and it 
can be challenging to disentangle the gravitational and thermal contri
butions. To do so, δ15N records can be combined with measurements 
of the 40Ar/36Ar ratio (δ40Ar) to provide estimates of the temperature 
gradients because argon and nitrogen experience the same degree of 
gravitational enrichment per unit mass difference, but have a differ-
ent sensitivity for thermal fractionation. The combined δ15N and δ40Ar 
data can thus be used to reconstruct the magnitude of abrupt climate 
shifts at the surface197.

The δO2/N2 ratio of air trapped in ice cores suggests that both sum-
mer insolation and temperature gradients affect firn microstructure198. 

The δO2/N2 in firn air bubbles is lower than that of the atmosphere, 
because the relatively small-diameter O2 molecules can leak out of 
newly formed air bubbles near the pore close-off depth199,200. This oxy-
gen deficit is not constant through time, but follows summer peak inso-
lation changes driven by variations in the Earth’s orbit on timescales of 
tens of thousands of years200. Although the details are poorly under-
stood, the mechanism linking insolation to pore close-off fractionation 
must involve changes to the microstructure of the firn itself201,202. The 
apparent detection of abrupt, millennial-scale climate change in Green-
land in the δO2/N2 record suggests that firn temperature gradients 
could affect the evolution of the firn microstructure198.

Owing to the continuous air exchange that can occur in firn, the gas 
at the pore close-off depth is younger than the surrounding ice matrix, 
resulting in a Δage that ranges from tens to thousands of years195. This 
Δage can be determined empirically with 20% uncertainty or less, 
using methane (CH4) records to date the gas bubbles203 combined 
with volcanic tie points to date the ice strata. These Δage measure-
ments provide an estimate of the time taken for snow to transform 
into ice. Because this transition depends on temperature, the changes 
in Δage throughout an ice core can be used as a proxy for past surface 
temperature204.

The largest changes in firn characteristics derived from the ice-core 
record are seen across the Ice Age cycles. Based on borehole-derived 
estimates, Last Glacial Maximum (LGM) temperatures in Greenland 
were around 20 °C colder than at present, whereas temperatures in 
Antarctica were 5–11 °C colder205–207. LGM SMB was around half its 
present-day value or less for both ice sheets. Additionally, Δage was 
around five times as large in Greenland208 and around twice as large 
in Antarctica as at present205, confirming that firn densification rates 
were strongly reduced during glacial periods. The changes in LGM 
firn thickness are more complex, because they represent a balance 
between the reduced temperature, which thickens the firn, and the 
reduced accumulation, which thins the firn layer. In Greenland and West 
Antarctica, the δ15N data show that the LGM firn layer was thicker than 
at present, suggesting that the temperature effect dominates. In East 
Antarctica, the LGM firn layer was thinner than at present, suggesting 
the dominance of the accumulation effect204,209.

Firn modelling
The modelling of firn has advanced concurrently with enhanced obser-
vational capabilities. Although models vary in complexity, formulation 
and numerical implementation, contemporary firn models generally 
contain a description of densification, thermodynamics and meltwater 
percolation, and are forced by atmospheric or ice-core observations, 
reanalyses or climate model output. These models have varying pur-
poses, including testing physical understanding of firn processes; inter-
preting observations, including ice cores; interpreting remote-sensing 
data for example data from repeat satellite altimetery; providing a 
surface boundary for the atmosphere over ice sheets in climate models; 
and assessing future ice-sheet mass balance. Firn models mostly have 
a similar structure, with specific process representations for dry and 
wet firn, as now discussed.

General modelling concepts
Firn modelling has undergone considerable development since efforts 
began in the 1950s (Fig. 5). The earliest firn models provided depth– 
density profiles using empirical densification laws. Later, empirical 
formulations were increasingly replaced by physics-based ones, for 
example for compaction and liquid water flow. To resolve the vertical 
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variability in firn properties, its temperature and its liquid water content, 
contemporary firn models use multiple layers210, using a combination of 
differential equations and parameterizations to simulate firn evolution.

Some firn models are forced by mass and energy fluxes from an 
atmospheric model, whereas others solve the surface energy and mass 
balances based on meteorological parameters. Because interactions 
between the firn layer and the atmosphere are two-way and complex, 
there is an ongoing trend to improve the descriptions of firn used in 
climate models and Earth System Models (ESM), or even replace these 
descriptions with existing complex firn models.

Modelling dry firn densification
A complete firn model includes equations that describe the conser-
vation of mass, energy and momentum, and constitutive equations 
describing the material properties. For dry firn, these are often reduced 
to an equation for temperature evolution, and one or more equations 
describing densification211,212. Initially, the form of these densifica-
tion equations was derived from the hypothesis that the proportional 
change of porosity is linearly related to the change in overburden stress 
(Robin’s hypothesis136). The model parameters were determined empiri-
cally using density data from firn cores, on the assumption that, in 
a stable climate, the depth–density relation is invariant with time 
(Sorge’s law213).

The success of these empirical densification formulations (such 
as the Herron–Langway model71) is remarkable, yet they have several 
limitations. First, they are not strictly rooted in physical first principles 
— for example, the conservation equations are rarely incorporated 
explicitly210; second, they neglect various physical processes, such 
as grain size evolution, and assume an abrupt transition between dif-
ferent densification regimes; third, their capacity to model transient 
behaviour is uncorroborated210,214; and last, they cannot be assumed to 
be accurate outside their calibration range. To overcome these limita-
tions, two main classes of dry firn models have emerged: first, models 
on large spatial scales with high temporal resolution, which can be used 
for interpreting altimetric data, for example77,159,215; second, models that 
focus on fixed positions over long timescales for interpreting the pal-
aeoclimate information stored in ice cores216,217. The two model groups 
have substantial overlap and are moving towards a more process-based, 
semi-empirical description of densification.

The densification of firn is mainly driven by pressure sintering 
processes, such as grain boundary sliding, dislocation creep and dif-
fusion creep63,72,218. The importance of each of these processes varies 
throughout the firn column, leading to different densification regimes. 
The processes can guide process-based parameterizations on the 
macroscale77,219 and microscale220,221. However, these parameteriza-
tions do not generally give more accurate results than purely empiri-
cal parameterizations, possibly because the densification processes 
in different regimes are not strictly separated222–224 and the transi-
tion between them should be modelled gradually225. Additionally, the 
parameterizations should be calibrated using time-dependent rather 
than steady-state data210.

Dry firn models have continued to be developed. For example, 
the representation of microstructure and its effect on densification 
has been improved by including grain connectivity217,226,227, size77,82,214 
and impurity concentration223,227,228. Additionally, the ice dynamical 
effects of horizontal divergence229,230 and strain softening231 have been 
incorporated as extensions to one-dimensional densification models or 
can be represented by three-dimensional full-Stokes flow models that 
include a constitutive equation for compressible, porous firn232.

The understanding of firn processes has substantially improved 
since the 1950s, which is demonstrated by the multitude of densi-
fication equations and adaptations that now exists. Many of these 
are implemented as options in the common modular framework of 
the Community Firn Model212. However, the different approaches are 
not always compatible, and a combined calibration will be needed 
before present knowledge can culminate in a generally applicable 
firn model.

Modelling wet firn and firn hydrology
Modelling approaches for wet firn diverge more than those for dry 
firn233, owing to the various formulations for meltwater infiltration233 
and poor constraints on important model parameters5,233. Model com-
plexity and numerical instability are key concerns when considering 
refreezing, impermeable layer formation, meltwater retention and flow 
within water-saturated firn layers. The balance between the physical 
complexity represented by the models and computational efficiency 
is considered in the wet firn models discussed here, including bucket 
models, models based on Darcy’s law, models based on the Richards 
equation, preferential flow models and, finally, multidimensional 
firn models.

Water percolation in firn models is generally based on the capil-
larity of firn, whereby the amount of water that firn can hold with 
capillary forces is related to its density and grain size66,215,234. Incor-
porating this concept in models is essential to capture the meltwa-
ter storage in firn. In bucket models, water exceeding the capillary 
capacity can percolate downward instantaneously. Percolation stops 
when the water reaches a layer with a temperature below the melting 
point with sufficient pore space to refreeze, or when it reaches an 
impermeable layer. Water leaving the bottom of the simulated firn 
column is considered runoff. An alternative group of models use 
Darcy’s law, which describes the flow of a fluid through porous media. 
These Darcy-type models solve the balance between capillary suction 
and gravity93,95,235, which generally provides a better simulation than 
bucket models of the downward percolation speed and the inhomo-
geneous water distributions caused by microstructural transitions 
in firn. Reproducing these processes is important to enable an accu-
rate description of the formation of ice layers236. Models solving the 
Richards equation, a formulation of Darcy’s law for unsaturated flow, 
often provide better agreement with observations than bucket-type 
models234, although mainly at shorter timescales and with additional 
computational cost.

Neither bucket nor Darcy-type models account for water flow 
in preferential paths237. Efforts have been made to parameterize this 
process either using depth-dependent parameterizations238 or by sepa-
rating percolation into two regimes236. Preferential flow can also be sim-
ulated using centimetre-scale two-dimensional models, because it can 
be guided by spatial heterogeneity in firn structure99,239. Even though 
it is not currently feasible to use such models on the ice-sheet scale, 
they can still advance the understanding of the role and importance 
of preferential flow in forming hydrological features and generating 
runoff.

Additionally, bucket and Darcy-type models cannot produce a 
satisfactory solution for the interaction of meltwater with ice lenses 
and ice slabs, which prevents them from assessing the extent to which 
these features increase runoff from the ice sheet. Model representa-
tions of ice slabs and ice lenses vary widely. Some models ignore them, 
assuming that some penetration path always exists at the kilometre 
scale at which the model is applied215,240. Other models assume that 
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there is no water percolation, and that any rain or meltwater produced 
immediately saturates or is treated as runoff233. Some models allow 
percolation and ice lens or slab formation but tend to over-predict 
their formation233. Multidimensional firn models are required to 
simulate lateral water flow in firn (for example in aquifers241) and 
to improve the simulation of the amount and timing of runoff over 
impermeable ice slabs or the firn–ice interface. However, the compu-
tational cost of such models is still prohibitive for large-scale applica-
tions, which makes it challenging to use these models to assess future 
firn hydrology.

Modelling chemical tracer transport
Modelling the transport of atmospheric trace gases within the firn 
supports the interpretation of records of past environmental change. 
For these applications, the pore space is divided into open and closed 
porosity, with the former reflecting pores that remain intercon-
nected with each other and the overlying atmosphere, and the latter 
reflecting pore clusters that are effectively isolated or closed off. The 
open pores aid the movement and mixing of atmospheric gases. Gas 
transport is dominated by molecular diffusion, but downward advec-
tion, near-surface convection, and dispersion also have a role195,242. 
One-dimensional numerical models of firn air transport can skilfully 
simulate the distribution of atmospheric tracers in dry firn243,244. The 
effective vertical diffusivity of firn is difficult to predict from first prin-
ciples or measurements because of the highly irregular pore structure, 
and a common modelling approach is to calibrate the model using trace 
gases with a known atmospheric history245–247.

The pore space also aids the diffusion of water molecules in the 
vapour phase248. This process attenuates centimetre-scale spatial vari-
ations in water stable isotope ratios, resulting in a loss of the seasonal 
cycle in water isotope ratios (δ18O and δ2H) at most sites249. Numerical 
modelling of water isotope diffusion can be used to reconstruct this 
annual signal248,250.

The changing ice-sheet and ice-shelf firn
Observation and modelling techniques have made it possible to assess 
changes in firn characteristics caused by anthropogenic warming and 
evaluate potential future changes. Both these aspects are now dis-
cussed. However, it is important to note that any changes, particularly 
projected changes, have an associated uncertainty — thus, findings 
should be interpreted with caution.

Observed changes
Observations of warming and extreme weather events over Greenland 
and Antarctica have made it possible to better understand the potential 
impact of a warmer future on firn characteristics. Since the satellite era 
(1979 to present), surface melt over the Antarctic ice shelves has been 
limited251, but some ice shelves have experienced brief, but intense, melt 
events. For example, atmospheric rivers and associated foehn winds55,252 
occurred over the Larsen C ice shelf in the Antarctic Peninsula, which 
coincided with a multidecade period of strong atmospheric warming253, 
triggering intensive melt events that resulted in firn densification and 
firn air depletion254. These mechanisms have strongly preconditioned 
most of the Antarctic Peninsula ice-shelf collapses that have occurred 
since the 1970s255. By contrast, relatively little change in firn thickness 
has been observed on the East Antarctic ice sheet5, despite anomalous 
events being recorded, for which the link to climate change is uncertain. 
For example, in 2022, a highly anomalous heatwave occurred over East 
Antarctica, adding substantial precipitation. Partially because of this 

event, 2022 had the highest recorded Antarctic SMB since the beginning 
of the satellite record256.

Over Greenland, repeated intensive melt summers have caused the 
inland expansion of metre-thick, low-permeability ice slabs. Since 2001, 
overall temperature trends in Greenland have remained unchanged, 
although between 1991 and 2019, coastal regions experienced summer 
and winter warming of approximately 1.7 °C and 4.4 °C, respectively48. 
Atmospheric warming48,257 and changes in tropospheric circulation 
seem to have led to a decrease in firn permeability, particularly after 
the 2012 melt season258. This assertion is supported by a modelled 
expansion of the Greenland ablation area and an observed increase 
in the runoff area. Observations indicate that firn retention capacity 
(as captured by FAC) has changed in different facies of the Greenland 
ice sheet. Although the FAC over the dry snow zone has not changed 
substantially since 1953, large changes have occurred in the percolation 
zone; for example, the firn retention capacity reduced by 150 ± 100 Gt 
during 1998–2008 and 540 ± 440 Gt during 2010–2017 (ref. 127). 
Increased rainfall can also contribute to FAC depletion and warming 
of the firn through refreezing, as evidenced from a single rain event 
in late October 2008, that produced warming effects comparable to 
those of summer surface melt259.

Future changes
In all future climate scenarios, the atmosphere over the Greenland and 
Antarctic ice sheets is projected to warm to a varying degree, leading to 
enhanced liquid water in firn as a result of increased precipitation19,23,  
a greater ratio of rainfall to snowfall20,21, and increased surface melt22,23.

Future changes to Antarctic and Greenlandic SMB, surface melt 
and MOA are anticipated (Fig. 6), albeit with uncertainty inherent to 
both the driving ESM and the regional climate model parameteriza-
tions and climate sensitivity. SMB over Antarctica is primarily driven 
by changes in snowfall, which has increased in the twentieth century 
at the rate of 2.5 mm decade–1 since 197929 and is projected to increase 
substantially in the future within the dry interior260 (Fig. 6a). In Antarc-
tica, surface melt is currently small (70–100 Gt yr–1) compared with 
SMB (~2,200 Gt yr–1)9 and mostly limited to the floating ice shelves that 
surround the continent (Fig. 2b). However, the disintegration of these 
ice shelves, accelerated by the formation of melt ponds after firn air 
depletion, could lead to increased mass loss. Surface melt rates are antic-
ipated to increase substantially over the ice shelves in the future, from a 
mid-century scenario-independent doubling261 up to an order of magni-
tude increase by the end of the twenty-first century for high-emissions 
climate scenarios22,262. The intermediate climate scenario projects a 
surface melt anomaly (Fig. 6b) corresponding to a threefold increase 
in ice-shelf surface melt rates by the end of the century.

As ice-shelf resilience, captured by MOA, is affected by snowfall as 
well as melt, the critical threshold of 0.7 can be reached both in regions 
where air temperature and melt are high, such as the Larsen C ice shelf, 
and at lower temperatures in regions with less precipitation, such as 
the Amery, Ross and Filchner–Ronne ice shelves (Fig. 6c). Ice shelves 
are more vulnerable in scenarios with greater predicted warming263,264: 
for example, the Larsen C and Amery ice shelves are expected to reach 
MOA = 0.7 under a medium greenhouse gas emission scenario (Shared 
Socioeconomic Pathway SSP2-4.5) whereas the Ross ice shelf reaches 
this threshold only in the high emission (SSP5-8.5) scenario (Fig. 6c).

Unlike Antarctica, most of the Greenland ice sheet terminates 
over land. SMB is projected to increase in the high-elevation interior, 
as in Antarctica, but decrease at lower elevations over a proportionally 
much larger area than for Antarctica, owing to increased runoff and the 
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increasing shift from snowfall to rain (Fig. 6d). Surface melt is projected 
to extend into the interior (Fig. 6e) and the MOA = 0.7 contour moves 
inland, depending on future warming (Fig. 6f). The current estimates 
of the sea-level rise contribution of Greenland ice-sheet SMB loss in the 
twenty-first century are +4 ± 2 cm for Representative Concentration 
Pathway (RCP) 4.5 and +9 ± 4 cm for RCP 8.5 (ref. 23).

These future changes will affect firn both directly and through 
changes in the hydrological features of ice sheets and ice shelves109,265. 
In the lower-accumulation area of Greenland and the ice shelves of Ant-
arctica, reduced snowfall and increased refreezing will reduce the firn 
thickness and air content, reducing meltwater stored by capillary forces 
or in aquifers7,266. Within Greenland, in addition to the expansion of the 
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Fig. 6 | Future metrics for firn on the Antarctic and Greenland ice sheets. 
a, Yearly average surface mass balance (SMB, the balance of surface mass fluxes 
including precipitation, sublimation, evaporation, erosion and runoff) anomalies 
for the Antarctic ice sheet during 2071–2100 relative to 1981–2010. Anomalies 
are derived from MAR v3.11 (ref. 260) forced by one CESM2 ensemble member 
under a medium greenhouse gas emission scenario (Shared Socioeconomic 
Pathway SSP2-4.5). w.e., water equivalent. b, As in a but for annual surface melt 
(liquid water in firn or on bare ice). c, As in a but for regions where the melt 
over accumulation ratio (MOA) exceeds a threshold value of 0.7 (above which 

meltwater starts to pond or run off), under low, medium and high greenhouse gas 
emission scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5, respectively). The hatched 
area indicates regions where MOA < 0.7 for all scenarios. d–f, As in a–c but for 
the Greenland ice-sheet anomalies during 2071–2100 relative to 1980–1999 
derived from MAR v3.12 (ref. 293). The reference periods for each ice sheet are 
characterized by a relatively stable SMB. Future warming is projected to cause 
the inland expansion of regions with negative local SMB, meltwater in firn, 
and MOA > 0.7. This expansion will be more pronounced in Greenland than in 
Antarctica.
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Glossary

Ablation zone
An ice-sheet region with negative yearly 
local surface mass balance.

Accumulation
The increase in mass at the surface of the  
ice sheet caused by precipitation, or 
the deposition of wind-transported snow.

Atmospheric blocking
The presence of large-scale, nearly 
stationary pressure anomalies 
generally driven by high pressure in the 
atmosphere, which disrupt the mean 
storm track and can cause persistent 
weather (especially temperature 
extremes) in a large area, lasting several 
days or even weeks.

Backscatter modelling
Modelling the interaction (reflection, 
refraction and scattering) of 
electromagnetic waves with the 
ice-sheet surface.

Blue-ice areas
Areas with sufficient negative surface 
mass balance to expose the bare 
glacial ice.

Bucket models
Simple description of liquid water 
flow in models, in which capillarity is 
represented by a threshold of liquid 
water content that must be reached in a 
layer before water moves downward to 
the layer below.

Buried lake
Also known as subsurface lakes. Liquid 
water body in the firn, formed when 
a surface lake freezes over and gets 
buried by snowfall. To be distinguished 
from aquifers, which denote saturation 
of the pore space in firn.

Capillary barrier
Strong contrast in capillarity between two 
snow layers owing to contrasting snow 
microstructure properties, which inhibits 
the downward percolation of water.

Coffee-can method
A method to measure firn compaction 
by anchoring a string or pole at the 
bottom of a borehole and measuring 

the surface-height change relative to 
a reference point on the string or pole. 
So named because the original anchors 
were coffee cans.

Darcy’s law
A relationship between flow rate 
and pressure drop, governed by 
the permeability of the medium 
and the viscosity of the fluid that 
describes flow through a fully saturated 
porous medium.

Deep firn cores
Firn cores reaching deeper than 
approximately 15 m, such that elaborate 
equipment is often required to extract 
the core.

Dry snow zone
Area of the firn that remains dry 
throughout the year.

Elastic properties
Material properties that define the 
response of a material to the application 
of a force, for example by deformation 
or compression.

Empirical densification laws
Densification laws that use parameters 
derived from observed depth–density 
profiles.

Firn air content
A measure of the amount of air-filled 
pore space in the firn, computed as the 
volume integral over the porosity.

Firn aquifers
Areas inside the firn with full saturation 
of meltwater, which remains liquid 
throughout winter until the start of the 
next melt season.

Fractionation
Separation of molecules with different 
isotopic compositions caused by pore 
close-off, temperature differences or 
the presence of a temperature gradient.

Glacial ice
Part of the ice sheet where the pores 
in the matrix are closed off all the 
way to the bedrock (typical density 
>830 kg m–3).

Metamorphism
Changes in the microstructure of 
firn caused by vapour transport, the 
presence and flow of liquid water, and 
variations in pressure within the snow 
or firn cover.

Percolation zone
Area of the firn with sufficient meltwater 
production or rainwater input to trigger 
downward water flow.

Permeability
In the context of firn, it indicates the 
ability of liquids and gases to move 
through the ice matrix.

Permittivity
A measure of a material’s ability to 
interact with, and become polarized 
by, an applied electric field, thereby 
governing the transmission, reflection 
and absorption of electromagnetic 
waves in the material.

Pore close-off
State of the ice matrix at which the firn 
air becomes occluded into closed, 
isolated bubbles and the individual 
pores are no longer connected and thus 
cannot exchange gases, chemicals or 
liquid water.

Preferential flow
Inhomogeneous water flow in firn 
caused by microstructural features 
such as vertical pipes, small-scale 
spatial variability in hydraulic properties, 
or flow fingering resulting from 
instabilities in the wetting front.

Runoff
Liquid water leaving the firn column, 
firn layer or ice sheet, depending on 
the context. Surface runoff refers 
specifically to water leaving the firn at 
the surface.

Runoff area
Area of the firn in which at least some 
of the meltwater produced will leave 
the firn layer through surface runoff or 
drainage through the englacial drainage 
system in the same melt season it was 
produced.

Sastrugi
Surface snow bedform, which is 
widespread in environments dominated 
by drifting snow, characterized by 
elongated ridges of wind-packed 
snow that form owing to snow 
erosional processes carving into 
wind-packed snow.

Semi-empirical
Empirical approach that satisfies the 
principles of continuum mechanics, 
such as balance equations and 
material theory.

Shallow firn cores
Firn cores up to approximately 15 m 
depth. Typically obtained using 
hand drilling or only lightweight 
equipment.

Sintering
The formation and growth of bonds 
between snow particles.

Slug tests
Test to determine the horizontal 
hydraulic conductivity of a saturated 
medium by removing, adding or 
displacing water and monitoring 
the water level while equilibrium 
conditions return.

Slush fields
Areas of the firn where meltwater 
can be observed at the surface, 
suggesting a high degree of water 
saturation.

Strain softening
Reduction of a material’s viscosity with 
increasing strain as it is deformed.

Super-resolution downscaling
A technique typically used in 
machine learning to construct 
high-resolution images from 
low-resolution images.

Wetting front
Separation between uniformly wet and 
dry firn.
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ablation zone, ice slabs and other features associated with increased 
percolation and refreezing are expected to continue to expand to 
higher elevations in the interior45.

Summary and future perspectives
Firn is important for understanding the water budget of the Green-
land and Antarctic ice sheets, correcting altimetry observations, and 
improving the interpretation of samples of past atmospheric compo-
sition trapped in bubbles in glacial ice. Progress in observations and 
model development have contributed to a relatively well-established 
consensus on firn compaction in the absence of liquid water. Simi-
larly, a detailed process understanding of percolation, refreezing, and 
formation of meltwater features has progressively been established.

However, upscaling this knowledge from the local scale to larger 
(ice-sheet) scales remains a major challenge. Uncertainties stem from 
a limited understanding of how thick and expansive ice slabs can grow 
before they limit local downward percolation267, leading to reduced 
water retention in the firn258,268,269. Current firn models struggle to 
reproduce ice layers in the firn and generally do not capture lateral 
flow35,45,106. Therefore, the response of the firn to predicted atmospheric 
warming is uncertain, especially in areas with surface melt. Neverthe-
less, reductions in albedo will amplify melt and decreases in FAC and 
permeability will reduce storage capacity2. These nonlinear feedbacks 
are expected to reduce the capacity of firn to act as a natural buffer 
against mass loss.

There are several avenues for further firn research that will support 
the monitoring and prediction of the future state of the firn layer (such 
as local SMB and FAC) under climate change. An advanced physical 
understanding of firn processes is crucial to assess the climate-change-
driven transient state of the firn layer, while also making the models 
less reliant on tuning. The assumption of steady-state conditions, 
which is often made for model calibration71,77,215, is increasingly vio-
lated owing to climate change. Additionally, the impact of extreme 
weather events on the firn layer could fall outside the validity range 
of empirical approaches. To advance physical knowledge of transient 
firn compaction, it is important to focus both on surface snow den-
sity as the initial condition for compaction, and on continuous field 
measurements of subsurface compaction. Such field measurements 
include strain-rate measurements using the coffee-can method77,270–272, 
repeat high-resolution density measurements using neutron probes187, 
phase-sensitive radio-echo sounding273 or other indirect observations.

Laboratory experiments can also be used to understand firn pro-
cesses because they enable precise control over stress and tempera-
ture, allowing expected future conditions to be sampled. Additionally, 
evidence of the influence of grain-scale microstructure on macroscale 
processes such as compaction and heat and mass flow220,221 should 
encourage the use of techniques such as X-ray microtomography191 and 
magnetic resonance imaging274, to improve the physical understanding 
of these processes and improve firn-core analysis and model develop-
ment. To improve the understanding and modelling capabilities of the 
fate of meltwater in connection to sea-level rise, it will be critical to 
develop methods to observe how deep water can percolate in wet firn in 
the presence of ice slabs, microstructural transitions and hydrological 
features such as preferential flow paths and vertical pipes101,102,275. The 
modelling of wet firn processes could build on model approaches that 
have been developed for seasonal snow, regarding preferential flow, 
lateral flow and their effects on microstructure236,276.

The three-way integration of in situ sampling, satellite data pro-
cessing and modelling should also be a key priority. For example, 

deriving ice-sheet mass balance and FAC from the accurate elevation 
change measurements from ICESat-2 requires firn models for estimat-
ing density and settling in the firn column11,277. Remote-sensing data can 
also be used to update the firn properties, such as density and optical 
grain size, in a model using time-dependent assimilation278. Such devel-
opments will require current firn model frameworks to be rethought, 
for example by using prognostic variables for snow microstructure 
that have a common basis with remote sensing, or by enabling models 
to be forced by observed surface-height changes.

Given the increased availability of observational data, computing 
resources and assimilation techniques, more thorough uncertainty 
bounds for model simulations should be expected. For example, 
Bayesian frameworks279 could provide a probability distribution, 
rather than a single value, for the optimal parameter set. Such dis-
tributions can be used to calculate the uncertainties of the final firn 
model output. Machine learning provides another powerful avenue 
to exploit the wealth of remote-sensing and in situ data available, 
which can aid the integration of data with models through improved 
parameter or property estimation280, or the analysis of large amounts 
of remote-sensing data. Examples of machine learning applications 
include, super-resolution downscaling281 of satellite melt estimates282, 
clustering techniques to identify ice-sheet surface facies283, or clas-
sification tasks to determine the existence and spatial extent of slush 
fields284 and buried lakes in firn285. Machine learning can also be used 
to create emulators, which provide a computationally efficient repre-
sentation of the full (or parts, in a hybrid fashion286) complex physical 
model. Emulators can achieve simulations that are orders of magnitude 
faster than the original physics-based model without sacrificing much 
accuracy, allowing for extensive sensitivity analysis, model parameter 
calibration, and derivation of confidence intervals for the estimates5,287. 
All these developments benefit from sustained efforts to standardize 
the publication of datasets and climate model outputs, for example 
SUMup288, Pangaea and the Coupled Model Intercomparison Project 
phase 6 (CMIP6) archive, as well as efforts to obtain different types of 
measurements at a single location.

To assess future sea-level change, climate models and ESMs must 
consider the firn layer. To calculate the mass and energy exchange at 
the interface between the atmosphere and the firn, the temporally 
varying albedo must be considered, especially in areas with melt. 
Additionally, the temporally and spatially varying surface roughness, 
which is affected by snow properties and wind processes, should be 
accounted for. The firn layer must be represented by multiple layers 
to account for prognostic density and albedo, and to consider water 
transport and retention289. The goal is for ESMs to include a dynami-
cally evolving ice sheet to account for the melt–elevation feedback 
and improve predictions of sea-level change290. Ice-sheet models also 
require forcing from the heat and mass fluxes at the bottom of the 
firn, which impacts glacial flow. Emerging evidence that ice dynam-
ics is affected by grain size291 suggests that firn models that include 
grain size could inform the development of constitutive laws for ice 
deformation291. However, fully coupled firn model integration into 
ice-sheet models or the large-scale ESMs used for sea-level projections 
is currently rare292.

Firn is the thin layer governing the interface between a warming 
climate and accelerating ice loss. Therefore, advances in understanding 
firn will have a crucial role in achieving accurate large-scale simulations 
of ice-sheet responses to global warming.

Published online: xx xx xxxx
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