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Abstract Recent observations revealed the existence of ice slabs and aquifers on the Greenland ice sheet
(GrIS). Both affect the ice sheet's hydrology: ice slabs facilitate runoff and aquifers modulate drainage to the
bed. However, their climatic drivers and history remain unclear, as most observations cover only two decades.
Here, we present a model simulation of the evolution of GrIS ice slabs and aquifers (1980–2020), evaluated
using radar measurements. The results show that accumulation, melt and rain rates are good predictors for the
spatial distribution of ice slabs and aquifers. Both features were already present in the late 1980s, and their
extent remained relatively constant until the beginning of this century, after which increased melt led to their
expansion. We show that almost any transect from the coast to the ice‐sheet interior will cross either an ice slab
region, or an aquifer, or both.

Plain Language Summary The Greenland ice sheet is covered by a layer of old, porous snow called
firn, which has the capacity to prevent surface melt runoff. The firn can however, form thick ice slabs or store
large amounts of water underground. These change the fate of surface melt by respectively enhancing runoff and
draining water to the ice sheet's bed. While observations have shown where these phenomena occur, it is still
unknown what the exact atmospheric conditions are that lead to their formation. Here, we tackle this problem
using computer simulations. Our results show that the amount of snowfall, melt and rain determine whether ice
slabs or aquifers can form. The results also suggest that ice slabs and aquifers are more abundant than previously
assumed, and that their observed expansion started only in the early 2000s, and they will continue to expand if
the climate gets warmer and melt and rain become more abundant.

1. Introduction
Since ∼1990, increased meltwater runoff has been the dominant contributor to mass loss from the Greenland Ice
Sheet (GrIS) (Enderlin et al., 2014; Mouginot et al., 2019). However, the fate of surface meltwater varies strongly
in place and time (Mankoff et al., 2020). In the ablation area an efficient drainage system develops over the course
of the melt season. This allows meltwater to quickly reach the edge of the ice sheet or drain to the bed via moulins
and crevasses (Chu, 2014). In the accumulation zone, however, the movement of liquid water is complicated by
porous, multiyear snow called firn. An estimated 45% of the total meltwater produced on the GrIS does not run off
but is retained in the firn by capillary forces or refreezing (van Angelen et al., 2013). Firn thus plays an important
role in moderating GrIS mass loss (Harper et al., 2012).

Ice slabs, ice layers of at least 1 m thick, have been detected inside the firn of the western and northern GrIS
(Jullien et al., 2023; MacFerrin et al., 2019; Machguth et al., 2016). They limit meltwater storage and facilitate
runoff (MacFerrin et al., 2019). Along the southeastern margin of the GrIS, however, high snowfall and high melt
rates lead to aquifers: year‐round storage of meltwater inside the firn's pore space (Forster et al., 2014; Miège
et al., 2016). Liquid water remains in aquifers for years (Miller et al., 2018), draining through crevasses to the ice‐
sheet bed (Cicero et al., 2023; Poinar et al., 2017). This release of liquid water dampens seasonal variations of ice
flow velocities (Poinar et al., 2019).

Both ice slabs and firn aquifers have expanded in the past two decades (Horlings et al., 2022; Jullien et al., 2023),
but the short time series prevented a robust coupling to climatic drivers. It has been hypothesized that extreme
melt events promote ice slab formation (Culberg et al., 2021; Jullien et al., 2023; Machguth et al., 2016) and that
aquifer expansion is associated with decreasing cold content (Horlings et al., 2022). Here, we use observations of
ice slabs and aquifers to evaluate a firn model, which enables us to study climatic drivers of GrIS ice slabs and firn
aquifers over a longer period (1980–2020).
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2. Data and Methods
2.1. Model and Forcing

We use the IMAU Firn Densification Model (IMAU‐FDM) version 1.2G (Brils et al., 2021). Liquid water from
melt or rain can percolate into the firn layer. IMAU‐FDM uses a “bucket method” for handling vertical water
transport. When water passes through temperate firn, some is retained within the pores through capillary forces,
called irreducible water. In IMAU‐FDM, the maximum irreducible water content is 5%–15% of the layer's mass,
depending on density (Coléou & Lesaffre, 1998). In a layer below the melting point, liquid water will refreeze
until no more cold content or pore space is available. Any remaining liquid water is then instantaneously
transported to the next layer, until either all water has refrozen or is retained as irreducible water. Here, firn and ice
are treated as fully permeable (Section 4.1). Water that reaches the model's bottom is assumed to run off. The
bucket method is computationally efficient but does not allow for saturated firn.

At its surface, IMAU‐FDM is forced with 3‐hourly mass fluxes and skin temperature from the regional climate
model RACMO2.3p2, referred to as RACMO hereafter. The coupling is unidirectional, which allows for a
higher vertical resolution than RACMO's internal firn model, while keeping the computational costs
manageable. The GrIS surface mass balance (SMB) from RACMO has been evaluated extensively, with ob-
servations dating back to 1975 (Lenaerts et al., 2014; Noël et al., 2018; van Angelen et al., 2014). Tedstone and
Machguth (2022) compared the extent of the modeled runoff area with Landsat imagery, and Smith
et al. (2017) compared RACMO's runoff to in situ measurements. These studies show that RACMO is well
capable of simulating the GrIS (near‐)surface climate and ablation zone extent. Some caveats remain, such as
compensating energy flux errors in the lower ablation zone (Noël et al., 2018), and a general overestimation of
the runoff area (Tedstone & Machguth, 2022). We initialize IMAU‐FDM by repeatedly running the period
1960–1980 until the firn layer is in equilibrium. The model is then run from November 1957 to January 2021
with a time step of 15 min and a spatial resolution of 5.5 km. Here, we analyze the evolution of firn after the
spin‐up period, from 1980 onwards.

2.2. Modeling Ice Slabs and Aquifers

A layer is considered ice if its density exceeds 830 kg m− 3, the approximate pore close‐off density. Modeled ice
layers thus have a density between 830 and 917 kg m− 3, consistent with field observations (Harper et al., 2012;
Machguth et al., 2016; Rennermalm et al., 2022). Following MacFerrin et al. (2019) and Jullien et al. (2023), an
ice layer is considered an “ice slab” if it is at least 1 m thick. Thinner layers will be referred to as “ice lenses.”
Given typical burial rates and ice velocities, the majority of ice slabs remain in the same model grid cell they
were created in. Again following MacFerrin et al. (2019) and Jullien et al. (2023), we only consider ice in the
top 20 m of firn. Grid cells with a mean negative SMB during 1960–1980 are considered ablation zone, without
firn, and are excluded from the analysis. Figures S1 and S2 in Supporting Information S1 demonstrate the
methodology.

We define a grid cell to contain an aquifer if, during an entire year, irreducible water is present in the firn at any
depth. Irreducible water content does not allow us to say anything meaningful about the volume of stored liquid
water, but this definition does allow us to map aquifer extent (Kuipers Munneke et al., 2014). Extent maps for a
multi‐year period represent the mean of the annual extents in this period.

2.3. Observations of Ice Slabs and Aquifers

Ice‐slab observations for 2010–2018 are taken from Jullien et al. (2023), who used 550–900 MHz airborne
accumulation radar from Operation Ice Bridge (OIB) (Carl et al., 2023; CReSIS, 2021). By comparing OIB to in
situ measurements from ground penetrating radar, Jullien et al. (2023) obtained ice slab probabilities up to a depth
of ∼20 m. These probabilities were converted into a binary ice slab extent (see Figures S2 and S3 in Supporting
Information S1 for an example).

Miège et al. (2016) also used accumulation radar data to map the location of GrIS firn aquifers (2010–2014). In
addition, they used the Multichannel Coherent Radar Depth Sounder (MCoRDS). Observations of bright,
continuous reflectors below the surface were manually converted to a water table depth.
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3. Results
3.1. Spatial Distribution

Figure 1 and Figure S3 in Supporting Information S1 compare modeled (a) and observed (b) extent of ice slabs
(2010–2018) and aquifers (2010–2014). IMAU‐FDM simulates ice slabs in a continuous band running along most
of the western and northern margin of the ice sheet's lower accumulation zone. This is in qualitative agreement
with the radar observations. However, the modeled extent is more continuous, especially in the north, and extends
further south. IMAU‐FDM predicts 18% of the total ice slab area to occur in peripheral glaciers and ice caps,
leading to a total modeled ice slab area of 230.0 ⨯ 103 km2. This is three to four times larger than the observational
estimate of the total area (60.4–73.5 ⨯ 103 km2), reported for the same time period (Jullien et al., 2023).

Both model and radar observations show extensive aquifers in the southeastern GrIS, where ice slabs are mostly
absent. Aquifers are also modeled and observed in the northwestern GrIS and on the southern side of Maniitsoq
ice cap. Unlike the observations, the model also predicts small aquifers where the CW and NW basins meet. As
for ice slabs, the modeled aquifer extent is more continuous than the observations and extends to lower elevations.
Modeled aquifers cover an area of 105.8 ⨯ 103 km2, of which 17% in peripheral glaciers and ice caps. Based on
OIB observations, Miège et al. (2016) derived a ∼5 times smaller extent for the same period (21.9 ⨯ 103 km2).
Interestingly, IMAU‐FDM also models locations containing both ice slabs and aquifers, predominantly in the far
southwest and northwest, bordering regions with only aquifers and ice slabs. The total area containing both ice
slabs and aquifers is 34.6 ⨯ 103 km2.

Figure 2 and Figure S6 in Supporting Information S1 show 2010–2018 modeled “slab content” (green line) per
100 m elevation bin, defined as the total amount of ice slabs in the top 20 m of firn. Modeled slab content de-
creases with elevation, roughly following a logistic curve. In the south, this transition is faster and ice slabs occur

Figure 1. Locations with modeled and OIB observed (a) ice slabs for 2010–2018 (Jullien et al., 2023), and (b) aquifers during
2010–2014 (Miège et al., 2016). Full black lines in (a) represent Mouginot et al. (2019) ice sheet basins. Gray lines are OIB
2010–2018 flightlines. Blue dots represent locations of the arrows in Figure 4. Dashed gray lines indicate elevation contours
at 500 m intervals.
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at higher elevations than in the north. When we recompute the model results using only grid cells that coincide
with OIB flightlines (blue lines), there is general agreement between model and observations within the uncer-
tainty bands. Different methods for computing the observations' standard deviation yields similar results, illus-
trating that the range is robust (Figure S5 in Supporting Information S1).

3.2. Temporal Evolution 1980–2020

According to the model, both ice slabs and aquifers were already widespread in the early 1980s (Figure 3).
Modeled extents remained constant until the 2000s, implying that their expansion is a recent phenomenon. Ice
slab extent increased stepwise. The greatest expansion was in 2012, which saw record summer melt (Nghiem
et al., 2012). This is consistent with radar (Culberg et al., 2021; Jullien et al., 2023) and field observations
(Machguth et al., 2016). In the following years, melt was less intense, which slowed down the expansion and
even leading to a recovery in pore space in parts of southwest Greenland (Brils et al., 2023; Jullien et al., 2023;
Rennermalm et al., 2022). Another, smaller jump occurred in 2015, due to large melt rates in northern
Greenland (Tedesco et al., 2016). In contrast, the modeled total aquifer extent increased gradually since the
early 2000s and decreased after 2012. Figure S7 and Table S1 in Supporting Information S1 show that recent
changes in ice slabs in SW and aquifers in SE agree broadly with observed changes (Horlings et al., 2022;
Jullien et al., 2023).

Figure 2. Modeled and observed mean ice slab content in the upper 20 m (2010–2018), in 100 m surface elevation bins for each basin (a–e) and the GrIS (f). Green lines
represent averages for the entire basin, blue lines the average of model grid cells that coincide with OIB radar measurements. Shaded areas represent one standard
deviation. For the orange and blue lines, only elevation bins with a large enough sample size are plotted (Figure S4 in Supporting Information S1). RMSE: root‐mean
squared difference between model results (blue line) and observations (orange line).
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3.3. Climatic Drivers

Figure 4 shows that the presence of aquifers, ice slabs and ice lenses is strongly governed by the rates of
accumulation and surface liquid water input (melt plus rain). With 1960–1980 averages, we approximate an
equilibrium situation, since this period is also used as the model's reference (spin‐up) period. Each type of firn
facies occupies a distinct area in Figure 4, with little overlap. In a climate with little melt and rain, a firn layer
forms without ice slabs or aquifers (purple), whereas if melt strongly exceeds accumulation, no firn can exist
(red). Dashed lines indicate the theoretical boundaries between ablation/accumulation zones and the ice slab/no
ice slab zones (Text S1 in Supporting Information S1). For low‐accumulation sites, a sufficiently high melt rate
leads to ice lenses. Higher melt rates lead to the formation of ice slabs. At higher accumulation rates, insulation of
the liquid water from the cold atmosphere limits refreezing, and aquifers form instead. Interestingly, in a narrow
band where melt roughly equals accumulation, aquifers and ice slabs are predicted to occur simultaneously. At
higher melt rates, aquifers eventually disappear as the system transitions toward the ice‐slab‐only regime. Our

Figure 3. Time series of modeled total extent of ice slabs (a) and aquifers (b) on the contiguous GrIS, and observational
estimates. Panel (a) shows model results for two different ablation zone thresholds, SMB = 0 (blue) or 16 m slab content
(purple). Horizontal lines and shaded areas indicate observational estimates of total ice slab and aquifer extent and their
uncertainties (Brangers et al., 2020; Jullien et al., 2023; MacFerrin et al., 2019; Miège et al., 2016; Miller et al., 2020, 2022;
Shang et al., 2022).

Figure 4. Average 1960–1980 combined melt and rain rates as a function of accumulation rate for all IMAU‐FDM grid cells.
Symbols indicate presence of ice lenses/slabs or aquifers for at least half of the 1960–1980 period. Arrows connect 1960–
1980 (arrow base) with 2000–2020 (head) averages for two selected locations (Figure 1a): KAN‐U (left) and FA‐16 (right).
Dashed lines represent melt/rain over accumulation (MoA) ratios of ∼0.7 and ∼1.7 (Text S1 in Supporting Information S1).
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study confirms that at least ∼500 mm w.e. y− 1 of surface melt is required to form aquifers (Kuipers Munneke
et al., 2014). Then, liquid water reaches greater depths that prevent it from refreezing in winter. The aquifer results
are also consistent with Forster et al. (2014). Figures 1 and 4 also imply that any transect from the coast to the ice‐
sheet interior will cross either an ice slab region, or an aquifer, or both. The only exceptions are in the NE and SE,
where model resolution might be too coarse to resolve the steep topography.

4. Discussion
4.1. Evaluation of the Model Results

4.1.1. Ice Slabs

Comparing observed and modeled ice slabs and aquifers is not straightforward. The model reproduces the OIB
results qualitatively, but there are some notable differences. Most striking is the larger total modeled extent. Table
S2 in Supporting Information S1 shows that 86% of observed ice slab locations agree with the model. This
suggests that low OIB coverage explains an important part of the difference. For instance, an important contri-
bution to the difference comes from peripheral glaciers and ice caps, where OIB has low coverage. Similarly, the
SW, CE, and NE ice sheet basins contain areas with lower coverage. Another uncertainty is the ice‐slab‐ablation‐
area boundary. Here, this boundary is set to the modeled 1960–1980 equilibrium line (SMB = 0). In reality,
however, the transition from the ice slab area to the ablation zone is neither steady nor sharp (Figure 2 and Figure
S10 in Supporting Information S1). MacFerrin et al. (2019) and Jullien et al. (2023) excluded parts of flightlines
that contain more than 16 m of ice, assuming those are situated in the ablation zone. If we use the same threshold
for the model results, this significantly decreases the difference, but erroneously decreases the width of the ice
slab zone (purple line in Figure 3a and Figure S8 in Supporting Information S1). The radar also has trouble
detecting ice slabs in the first ∼1.5 m of firn, owing to additional uncertainty near the surface (Text S2 in
Supporting Information S1).

Despite the larger extent, the modeled slab content is lower at high elevations while the transition to a higher slab
content is more abrupt (Figure 2). There are two reasons for this. Firstly, at higher elevations OIB flightlines are
biassed toward locations with a lower SMB (Figure S9 in Supporting Information S1). Recalculating the modeled
slab content while excluding the areas not sampled by OIB significantly improves the agreement, often falling
within one standard deviation (blue lines in Figure 2). Secondly, ice is treated as permeable in IMAU‐FDM
whereas Jullien et al. (2023) observed that ice slabs grow mostly by accretion on top. Therefore, at low melt
rates, the formation of multiple thinner ice lenses is more likely in the model. When these layers merge, they are
classified as slabs and the content increases sharply. Extreme melt years, however, can produce modeled ice slabs
within a single summer, even at higher elevations. As a result, extreme melt years determine the total ice slab
extent, rather than successive moderate melt years, and the total extent is not impacted much by treating ice as
permeable.

4.1.2. Firn Aquifers

Just as for ice slabs, the aquifer extent from OIB likely poses a lower limit. Of the observed aquifers, 62% is also
modeled (Table S3 in Supporting Information S1). It is possible that the presence of ice layers above the water
table reduces the backscatter, preventing their observation (Forster et al., 2014). Radar also requires enough water
to be present for the detection of an aquifer, whereas the model aquifer definition considers any amount of water,
at all depths. The bucket method in IMAU‐FDM only allows irreducible liquid water in firn, whereas an actual
aquifer often contains fully saturated firn. This possibly leads to a too large temporal variability in aquifer extent,
in response to variability in the atmospheric forcing. However, this is not what we find. For example, after 2012
the melt in the SE decreased (Brils et al., 2023), leading to a smaller aquifer extent. This decline agrees with
observations before and after 2012 (Horlings et al., 2022; Shang et al., 2022). Lateral flow of water is not included
in IMAU‐FDM either, whereas it has been observed within aquifers (Miller et al., 2018). However, the measured
specific discharge is negligibly low (1.4 ⨯ 102 m yr− 1). Firn aquifers are known to drain in heavily crevassed areas
(Cicero et al., 2023; Poinar et al., 2017), a process that is not included in the firn model. This could explain why
modeled aquifers extend to lower elevations (Figure 1 and Figure S7 in Supporting Information S1). The width of
the ablation zone in the SE basin is in the same range as IMAU‐FDM's grid size, potentially leading to a poor
representation of the ablation zone extent.
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4.1.3. Simultaneous Occurrence of Ice Slabs and Aquifers

The red areas in Figure 1a represent combined ice slab/aquifer locations in the model. While OIB did not detect
ice slabs in the southwestern tip of the ice sheet, Miller et al. (2022) reported ice slabs located next to aquifers in
this region. Their algorithm, however, does not allow ice slabs and aquifers to exist at the same location. And
although on a coarser resolution, the firn models SNOWPACK and CFM‐CSFC also simulate ice in the upper
20 m of firn in the southern GrIS (Thompson‐Munson et al., 2023). These results are in line with our prediction of
a mixture of ice slabs and aquifers in this region. Results from Miège et al. (2016) and Culberg et al. (2021)
suggest that aquifers can be perched above ice slabs, and thin ice lenses have been observed directly above them
(Forster et al., 2014). Liquid water has a bright reflection at the aquifer surface, making it impossible to detect ice
slabs beneath aquifers. For this reason, MacFerrin et al. (2019) and Jullien et al. (2023) manually excluded regions
that contain surface lakes or visible subsurface aquifers. This excludes the simultaneous observation of ice slabs
and aquifers with accumulation radar. Finally, we note that locations where ice slabs and aquifers co‐exist
coincide with regions with high rainfall (Huai et al., 2022). Rainfall coincides with warm and cloudy condi-
tions, which suppress refreezing (Bennartz et al., 2013; Van Tricht et al., 2016). Thus, rainfall might favor aquifer
formation whereas melt favors ice slab formation.

4.2. Implications in a Warming Climate

Figure 4 suggests that in a warmer climate, an increase in melt will lead to expansion of both ice slab and aquifer
regions. The arrows in Figure 4a connect the 1960–1980 and 2000–2020 mean climates at two locations, KAN‐U
and FA‐16 (Figure 1), illustrating how firn can change over time. Observations over the last decade show that the
firn at KAN‐U now contains a lot of ice layers (MacFerrin et al., 2019; Rennermalm et al., 2022) and that FA‐16
presently contains an aquifer (Miller et al., 2018). Figure 3 suggests that the ice slab expansion started in the mid
2000s and accelerated over time. This acceleration is partly due to the nonlinear increase of melt with temperature
(Trusel et al., 2018), but also because the topography of the ice sheet flattens at higher elevations, leading to larger
areas experiencing an increase in melt (Machguth et al., 2016; van As et al., 2017).

Regions containing ice slabs enhance surface runoff and facilitate the formation of supraglacial streams (Tedstone
&Machguth, 2022). This enhances the melt‐albedo feedback. On the other hand, regions with aquifers are mostly
devoid of such supraglacial features and store melt within the aquifer. This storage is temporary, and most of the
water will drain to the bed through crevasses (Miller et al., 2018). Ice slabs and aquifers thus have an opposite
effect on the hydrology: while ice slabs enhance surface runoff, aquifers delay it, and while aquifers release water
to the bed, ice slabs locally prevent this. Figure 4 suggests that when melt increases, aquifer locations can turn into
a location with ice slabs, leading to a fundamental change in ice‐sheet hydrology. This transition could occur more
frequently in a warmer climate.

5. Conclusions
In this paper, we use the firn model IMAU‐FDM, forced with the regional climate model RACMO, to identify
climatic drivers of ice slabs and aquifers on the GrIS and their contemporary area changes. Compared to ob-
servations, the model performs qualitatively well, but simulates larger and more continuous ice slabs
(233.0 ⨯ 103 km2) and aquifers (105.0 ⨯ 103 km2), of which many occur outside of the contiguous ice sheet. Their
total modeled area remained relatively constant between 1980 and the early 2000s, after which they expanded
inland. According to the model, any transect from the coast to the ice‐sheet interior will cross either an ice slab
region, or an aquifer, or both. We show that available liquid water (melt and rain) and accumulation are good
predictors for the occurrence of ice slabs and aquifers. Our results also suggest that, in a warming climate,
increasing melt and rain can turn an aquifer region, which delays runoff, into an ice slab region, which facilitates
runoff, representing a potentially fundamental change in the ice sheet's hydrology.

Data Availability Statement
The model output used in this paper can be found on Zenodo (https://doi.org/10.5281/zenodo.8386406 or https://
zenodo.org/records/8386406). OIB data on aquifers (Miège et al., 2016) and ice slabs (Jullien et al., 2023) can be
found with their DOIs https://doi.org/10.18739/A2985M (https://arcticdata.io/catalog/view/doi:10.18739/
A2985M) and https://doi.org/10.5281/zenodo.7505426 (https://zenodo.org/records/7505426), respectively. The
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firn‐aquifer extents from Horlings et al. (2022) are available through the NSF Arctic Data Center at: https://
arcticdata.io/catalog/view/doi:10.18739/A2JM23H40.
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