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Radar Response of Firn Exposed to Seasonal
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Cores and FDTD Modeling
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Abstract—We use ground-penetrating radars (GPRs), firn
cores, and electromagnetic finite-difference time-domain (FDTD)
numerical modeling to characterize the GPR response to a frozen
high-arctic firn pack. As a result of extensive summertime percolation, the firn pack comprises a high fraction of ice layers, lenses,
and vertical glands. We show that the GPR response on the firn
pack mainly depends on the following: 1) the thickness of the ice
layers; 2) the distance between layers; 3) the layer roughness; and
4) the presence or absence of elliptical ice lenses. Using 3-D FDTD
modeling, we show that the GPR is not sensitive to typical ice
glands, which implies that the GPR underestimates firn heterogeneity, such that firn stratigraphy in percolation and wet-snow
zones could be incorrectly interpreted as being better preserved
than it actually is. We find that thin ice layers (< 0.05 m)
or multiple thin ice layers give a strong response. Thicker ice layers
typically give a weaker backscatter per unit area, mainly due to the
lack of interference of the reflections from the upper and lower
interfaces, but are, due to their continuity, easily trackable. Ice
layers with a thickness comparable to the GPR wavelength give
180◦ phase-shifted upper and lower reflections and are, in general,
separated by a band of low GPR response, due to the lack of
permittivity contrast within the ice layers. Despite the ice lenses’
relatively short horizontal correlation length, as inferred from
cores, bands of high-amplitude clutter caused by these features can
be traced over several kilometers in GPR profiles.
Index Terms—Cores, firn, ground-penetrating radar (GPR),
numerical modeling, percolation, 3-D finite-difference time
domain (FDTD).

I. I NTRODUCTION

T

HERE has been increased interest in the percolation and
wet-snow zones of glaciers and ice sheets, due to the
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effect of recent climate change [1], [2]; the total areas of these
zones have increased in recent years over Greenland [3], [4]
and are predicted to continue to increase due to continued
warming. In the percolation zone, surface meltwater or rain
percolates down into the snow or firn in vertical “channels” or
flows laterally along impermeable layers [5]. This can occur
at subzero temperatures, with only the flow paths being at the
melting point. Refreezing occurs when liquid water reaches
a sufficiently cold layer, forming horizontal ice layers or ice
lenses as well as glands (refrozen vertical channels) [5], [6]. In
the wet-snow zone, percolation is sufficient to wet the entire
winter snowpack. Water can then potentially percolate further
down into older underlying layers and refreeze there, disturbing
the annual sequences of strata produced by annual climatic
cycles [5], [7], [8]. Meltwater percolation redistributes both
mass and energy and is thus of critical importance for interpretation of ice-core records and mass-balance measurements [2],
[9]–[11], as well as for firn properties such as energy content,
temperature distribution, densification, and crystal metamorphism [7]. If water reaches the bed, it can further threaten the
stability of ice caps by reducing the friction [12].
Recent advances in ice-core analysis show the potential of
cores retrieved from the percolation zone as climate or pollution
history archives [13], [14]. However, the redistribution of mass
due to water percolation can obscure and destroy the firn and
ice stratigraphy; in extreme cases, meaningful strata cannot
be obtained, and cores cannot be replicated. Alternatively, if
meaningful strata do persist over long distances, point core
properties are representative for the area as a whole, and the
annual sequences of strata are preserved and recoverable. It is
therefore critical to investigate and quantify whether percolation can lead to severe heterogeneity within the firn.
From a mass-balance point of view, the retention or refreezing of meltwater and firn compaction is also important since
one of the most feasible ways of measuring mass balance on
larger ice sheets is to measure elevation changes over time with
remote sensing [15]–[17]. Considerable effort is being made to
improve the accuracy of mass-balance estimates of ice sheets
and glaciers since their runoff is of direct importance to global
sea level [1], [10], [18]. However, to convert elevation changes
to mass changes, density variations must be considered since
firn density is strongly affected by the retention or refreezing of
meltwater in the firn [10], [19], [20].
Investigations of processes in the percolation zone include
direct observations from cores and pits [2], [5], modeling and
temperature measurements [11], [18], or a combination of both
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[6], [9], [21]. However, these techniques only provide point
estimates, which are known to vary at various length scales
[5]. To extend the core information, ground-penetrating radars
(GPRs) have often been used [22]–[25]. Ice, firn, and snow
properties as measured from cores or pits can be linked to
GPR data either by 1) visually connecting layers or features
in pits and cores to reflections seen in the GPR imagery (e.g.,
[26]–[29]) or 2) by modeling synthetic GPR traces based on
the constituent properties of the snow and firn, which are then
compared with actual GPR traces [30]–[33]. However, most of
the aforementioned studies have been conducted in either of
the following: 1) in firn with little meltwater percolation and
with relatively few and thin ice layers, lenses, and glands (or
after the summer percolation was well underway [34]); 2) at
single frequencies; 3) using single point (core) measurements,
and therefore, lacking information on spatial variability, one
would obtain from multiple cores; or 4) at higher frequencies
similar to those used by satellite or airborne radar altimeters
(∼13 GHz). Therefore, the GPR response to frozen springtime
firn within the percolation zone is not well understood for GPR
frequencies below ∼1 GHz.
Our hypothesis is that the footprint of most GPRs is large
compared to the extent of typical refrozen percolation features
such as ice lenses and glands. Thus, if these features do not act
as strong reflectors within the footprint, the GPR will overlook
them compared with layers with large spatial extent, and as a
result, the GPR will not give an adequate picture of the firn
heterogeneity.
The objective of this study is to test as to what degree typical
commercial GPRs can be used to infer information about firn
heterogeneity, the latter caused largely by water percolation.
The question we address is whether GPRs are sensitive to typical layer roughness and refrozen percolation features (glands
and lenses) or if the GPRs underestimate heterogeneity due to
the relatively large radar footprint, which would make the firn
stratigraphy appear to be better stratified than it actually is.
Here, we compare field GPR data obtained at three different
center frequencies, with synthetic traces calculated using 1-D
finite-difference time-domain (FDTD) electromagnetic (EM)
wave modeling. The FDTD model domains are determined
from core properties. To look at more complex geometric situations, we also present 3-D FDTD modeling to generate “whatif” scenarios where the GPR response has been calculated
for complex-shaped lenses and glands as well as layers with
varying roughness.
II. S ITE D ESCRIPTION
The experimental site is the ∼25-km-long polythermal
glacier Kongsvegen, Svalbard, 78◦ N (Fig. 1), the subject of
several GPR, synthetic aperture radar (SAR), and glaciological
studies (see [31], [35]–[37], and the references therein). At an
elevation of ∼650 m, close to the mass-balance stake “kng 8”
in the firn area, a grid (20 × 20 m) of GPR data at multiple
center frequencies were recovered together with five cores. A
500-MHz GPR profile extending several kilometers up and
down from the experiment area along the centerline of the
glacier puts the grid data into a larger context (Fig. 1). The 0 ◦ C
(springtime) isotherm in the firn is at ∼15-m depth. Melting

Fig. 1. Map of Svalbard and the field area, with (diamonds) Kongsvegen
mass-balance stakes numbered 1–9 (referred to as, e.g., “kng 8” in the other
figures). Inset shows the geometry of the GPR grid and (open circles) core
locations within the grid. The along-glacier 500-MHz GPR profile is marked
by the dashed line.

or rain events can occur year round on Svalbard, but during
summer, air temperatures remain consistently above freezing,
with the consequence that the snow is at the melting point in
summer. This leads to meltwater penetrating into the firn. The
meltwater refreezes to form ice layers and lenses of varying
thickness from submillimeters to more than 1 m, as well as
frequently observed vertical glands.
III. D ATA
A. Cores and Snow Pits
Cores were analyzed using digital imagery records for visual
interpretation and a dielectrical profiler (DEP) to measure the
downcore dielectric properties [38].
The image record is a quasi-rectified mosaic of nine images per meter stitched together using a semiautomatic crosscorrelation method. In this paper, we present images with a
black background and side lighting of the cores [39].
The DEP capacitance (Cp) and conductance (G) along the
cores were measured in 5-mm increments using 10-mm electrodes. Relative permittivity εr (nondimensional) and conductivity σ (in siemens per meter) were estimated following [31]
εr =

Cp
Cair

σ=

εair G
.
Cair

(1)

In nonmagnetic snow, ice, or firn, εr and σ are the two
parameters which describe the way in which EM waves emitted
by the GPR pass through and interact with the medium [40]. In
the conversion, εair was set equal to 8.85 × 10−12 F · m−1 and
is the permittivity of vacuum, and Cair = 64.5 × 10−15 F is a
constant obtained by taking a reading with an empty instrument
setup. No corrections for core diameter variations or artifacts
in εr data caused by variations of G (in siemens) during
measurements were made. For further details and discussions,
see [39].
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The DEP measurements are influenced by the core properties
over a 3–4-cm window along the core. DEP data close to cracks
and core breaks have therefore been removed and are replaced
by interpolated values guided by the digital imagery. The digital
images reveal a degree of heterogeneity not apparent in the DEP
record, due to the DEP’s large sensing window.
The winter snowpack at the time of data collection (April
2005) was ∼1.9 m deep. This snow is less consolidated than the
underlying firn and, thus, not suitable for transportation. The
permittivity profile of the snowpack is obtained from density
measurements in a snow pit and direct bulk measurements on
the core pieces. The snow permittivity is therefore a smoothed
average of six density profiles (five cores and one pit) and does
not reflect the heterogeneity in the snowpack. In the following,
we therefore focus on the firn.
For dry cold conditions, firn and snow density ρ (in kilograms
per cubic meter) is closely related to the relative permittivity
and has been estimated [41] by
εr = (1 + 8.45 × 10−4 ρ)2 .

(2)

To link the core data to the GPR imagery directly, core depths
are converted to GPR two-way travel time (TWT) by first
calculating the EM wave velocity v for each permittivity measurement interval
√
v = c/ εr

Z

2Δz
i=0

likely somewhat longer and the range resolutions thus poorer.
The antenna radiation patterns are not known (nor are they
provided by the manufacturers) for these antennas when loaded
on snow. Nevertheless, several studies have been devoted to
numerically calculate antenna radiation patterns and compare
the patterns with field or laboratory measurements. Their results
are encouraging (see, for example, [44] and [45]), and we
therefore believe that the antennas used here have a radiation
pattern that is well captured in our GPR modeling.
The data were recorded using 2048 16-bit samples per trace,
triggered using an odometer wheel. In the grid, the trace sampling frequency was 20 traces per meter. Profile spacing within
the grid was 0.25 m; therefore, 80 profiles were collected for
each of the three frequencies. The grid profiles were oriented in
the cross-glacier direction (Fig. 1). The centerline GPR profile
was obtained using the 500-MHz antenna sampling five traces
per meter (dashed line in Fig. 1).
Postprocessing of the data includes linear time-varying gain,
background removal, and zero-phase low- and high-pass filtering. For the along-glacier profile, the data were fivefold
stacked, and the envelope intensity was calculated by Hilbert
transforming the data.

C. GPR Modeling
The GPR response is synthetically calculated by solving
Maxwell’s equations [46]

(3)

where c is the speed of light (∼ 3 × 108 m · s−1 ). The TWT
starting from the surface and continuing downward is given as

TWT =

2775

vi

(4)

where Z is the vertical depth scale and Δz is the data point
separation (5 mm). The TWT depth relation derived using the
permittivity data agree well with three common midpoint GPR
profiles recovered from the same GPR grid (not shown).

B. GPR
The GPR data were recovered using a commercial GSSI
SIR-2 unit with 900-, 500-, and 350-MHz antennas. The 900and 500-MHz antennas are shielded bowtie antennas manufactured by GSSI (models 3101-D and 3102A) while the 350-MHz
antenna is a top-shielded antenna manufactured by Radarteam
AB (model HBD 350). Based on the manufacturers’ stated
center frequencies, the dominate wavelengths are estimated to
be ∼0.24, 0.42, and 0.61 m in firn for the respective antennas,
assuming that εr = 2 [∼ 500 kg · m−3 using (2)]. Assuming
that the antenna bandwidths are equal to the center frequencies,
range resolutions of 0.12, 0.21, and 0.30 m are expected in
typical firn [42]. The manufacturer-provided center frequencies
and bandwidths are probably slightly too high when the antennas are loaded on snow [43], so that the wavelengths are more

∂E
∂t
∂H
∇×E= −μ
∂t

∇ × H = σE + ε

(5)
(6)

where σ, ε, and μ are the material constituent parameter conductivity (in siemens per meter), permittivity (in farads per
meter), and permeability (in henries per meter), respectively,
and describe the change of the electric field (E, in volts per
meter) in time and its across space relation to the magnetic
field (H, in amperes per meter). The constituent parameters
are taken to be isotropic, i.e., independent of direction. When
discretized in the time and space domains, these equations can
be solved using finite differences, and the wave propagation
can be calculated forward in time within a space domain [47].
The model space is thus a discretization of the real physical
domain, and the physical properties are inferred by specifying
the constituent parameters and their frequency dependence for
each grid cell.
For the scheme to be stable, the grid size (Δx, Δy, Δz) and
the time step size (Δt) have to fulfill [47]
Δt ≤ 
1
c (Δx
2) +

1
1
(Δy 2 )

+

1
(Δz 2 )

.

(7)

To describe the emitted waves accurately, the wavelength of
the highest powerful frequency in the model domain should be
resolved by at least ten grid cells [48]. For an impulse GPR,
typically, the highest powerful frequency is three to four times
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the center frequency fc (depending on bandwidth), such that the
cell size needs to fulfill the conditions
Δx, Δy, Δz ≤

c
1
√
10 3fc εr

(8)

where εr is expressed relative to the free-space value (ε0 ∼
8.85 × 10−12 F · m−1 ) as
εr =

ε
.
ε0

(9)

Equation (8) defines the upper limit for the model domain
cell size and, thus, the time step with respect to frequency.
To resolve features realistically, a minimum of five cells are
needed; decreasing the cell size so that each feature is resolved
by ten cells improves the model results but causes computationally larger models. Thus, setting the model domain becomes
a tradeoff between computational time, EM wave frequency
spectrum, and the size of objects that need to be resolved [48].
To limit the FDTD model domain spatially, we have used
perfectly matched boundary conditions (PML). In effect, this
surrounds the model domain with a nonphysical absorbing
material and is used to prevent numerical and nonphysical
artifact reflections that would otherwise be caused by the model
boundaries [48], [49]. The boundary conditions were tested by
running the model without targets (i.e., ice layers, lenses, and
glands) and monitoring the EM field during wave propagation.
A PML boundary thickness of eight grid cells was found to
damp the wave sufficiently so that there were no artifacts from
boundary reflections in either the 1-D or 3-D models.
Permittivity and conductivity are, in this study, assumed to be
frequency independent over the frequencies used. Furthermore,
for this frozen firn, with large density contrasts, we believe that
conductivity variations will only give a minor contribution to
the GPR response and is set to 5 μS · m−1 [22]. For further
discussion, see end of Section IV-C.

Fig. 2. Three-dimensional FDTD model coordinate system, including GPR
antenna. Note that the full domain is not shown. For illustration purposes, the
domain and antenna are sliced along the x-axis to reveal half of the bowtie
element and resistors.

E. Three-Dimensional FDTD
Three-dimensional modeling using “GprMax3D” [49] is performed to determine the GPR response that we should expect
from complex features with strong spatial variation. Such features include ice lenses and glands, as described, for example,
by [5], as well as layer roughness, all of which are commonly
observed in our cores and pits. The 1-D modeling of down core
properties does not allow us to judge the importance of the
observed spatial variations and heterogeneity. Unfortunately,
running full-scale 3-D models (with dimensions in the range
of the core depths) is beyond the scope of this study for two
reasons: 1) we do not have ground truth data to accurately
know how to describe such a model domain for direct field
trace comparison, and 2) such models require substantially
more computer power and numerical dispersion needs to be
carefully taken into account. We therefore keep the 3-D models
to a reasonable size and, instead, create what-if scenarios to
evaluate the effect of typical 3-D features observed in the cores
and described, for example, by [5].
For the 3-D modeling experiments, it is convenient to relate
the target sizes to the center frequency wavelength (λ) in the
different media, which is given as a function of εr

D. One-Dimensional FDTD
We use “GprMax2D,” a 2-D FDTD model [48]–[50], to
compute GPR traces synthetically based on the constituent
parameters measured on the cores. Despite the code’s 2-D
capabilities, we run it in a 1-D mode by using a wide and
uniform horizontal domain. Because the 2-D model is invariant in the second horizontal dimension, the model antenna is
excited by specifying a current pulse in a line source [48].
There, we use a “Ricker” EM wavelet, i.e., the first derivative
of a Gaussian waveform, a wavelet that closely resembles the
shape and bandwidth achieved by typical commercial GPR
systems.
Models that used the ice-core data as input had a cell size of
0.002 m. To resolve the layers properly, the DEP permittivity
record was downsampled from 5-mm to 1-cm resolution. This
is coarse but sufficient to give a realistic response. Tests carried
out on smaller model domains, using smaller grid-cell sizes
and no downsampling, produced only minor differences in our
simulated data.

λεr =

c
√
fc εr

(10)

where fc is the center frequency and c is the speed of light in
vacuum.
The 3-D models have been performed by modeling a shielded
bowtie antenna of similar design to the GSSI 900-MHz antenna.
The antenna configuration and coordinate system is shown
in Fig. 2. The model antenna is surrounded by “free space”
(εr = 1, σ = 0 S/m) and is set 5 mm above a 1-cm-thick
fiberglass plate (εr = 2.5, σ = 0.01 S/m), simulating the plastic
sled, which, in turn, is situated 5 mm above snow (εr = 1.68,
σ = 5 μS/m) volume (0.84 × 0.54 × 0.65 m—x, y, z). In the
antenna, the two bowtie elements (transmitter and receiver) are
mounted in parallel and shielded with two perfectly conducting
half cylinders, to which the ends of the antenna arms are connected with resistors (280 Ω in total for each arm). The long axis
of the arms is directed in the y-direction (y-polarized antenna).
The metal bowties are attached to a 1-cm-thick plastic/foam
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Fig. 3. Three-dimensional 900-MHz antenna directivity when loaded on snow
at a distance of 2 × λsnow (0.51 m). Note how the shielding effectively cancels
out all radiation out to the sides, upward, and sidelobes.

(εr = 1.5, σ = 0.01 S/m) which lies inside the metal shielding. The weak but existing conductivity makes the material
slightly dispersive to the signal. The remaining space inside the
shielding is filled with a plastic/foam (εr = 1.5, σ = 0.5 S/m)
to reduce ringing. The transmitter bowtie is excited using a
700-MHz unit amplitude Gaussian voltage pulse creating a
voltage difference at the gap between the antenna arms. The
source has been given a 10-Ω internal resistance [48]. The
receiver voltage output (V ) is taken as V = −Ey/dy, where
Ey is the EM field in the y-polarization and dy is the gridcell size. The properties of the materials used in the antenna
construction are based primarily on typical material values.
The setup was tuned by trial and error to achieve an antenna
response similar to the actual GSSI 900-MHz antenna.
The antenna radiation pattern is dependent on the antenna
design, the height above the ground, and the ground’s electrical
properties [45], [51], [52] and is of great importance for the
interpretation of radar data. Without knowledge of the field
pattern, it is not possible to make any precise estimates of the
geometry or characteristics of the target and subsurface. We
calculate the field pattern by exciting the antenna over a snow
surface (εr = 1.68, σ = 5 μS/m). The normalized received
power (y-polarized) for a point target at various distances and
angles out from the center point between the bowtie elements
were calculated and are shown in Fig. 3 for the distance of 2λ in
snow, but were found to be fairly insensitive at distances greater
than λ away from the antenna.
The field pattern shows a half-power (3 dB) beamwidth of
∼41◦ in the E-plane (parallel to the bowtie elements) and a
wider H-plane beamwidth (cross-bowtie direction) of ∼63◦ .
Thus, a target off-nadir in the bowtie direction (y-direction)
will experience a weaker EM wave pulse compared to a target the same distance away from the center perpendicularly
to the bowtie (in the x-direction) from the antenna center.
Therefore, by running the antenna in a common offset mode
orthogonal to the antenna polarization (in our case, moving it
in the x-direction), the antenna is more sensitive (give stronger
response) to targets over a longer distance compared to targets
off to the side.
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The calculated beamwidths are for the antenna loaded on
homogenous snow. However, ray bending due to refraction at
boundaries, in a typical snow/firn pack, will focus the beam;
hence, the given beamwidths are more likely an upper limit
of what can be expected at depth. Applying Snell’s law for
a typical snow–firn permittivity contrast suggests a 4◦ and 6◦
beamwidth narrowing in the E- and H-planes, respectively.
Nevertheless, using the larger beamwidths, a 3-dB footprint
ellipsoid, with the long axis in the drive direction, at a depth of
2 m (typical winter snowpack thickness), will be ∼1.5 × 2.45 m
and, at 10-m depth, will be ∼7.5 × 12.3 m. For depths greater
than ∼1 and 2 m, the beamwidth footprints in the H- and Eplanes are larger than the footprint due to the range resolution.
For smaller depths (i.e., the 3-D modeling case), the footprint determined by the beamwidth is smaller than the rangedetermined footprint. This means that, at depths greater than
∼1 m, reflections far off-nadir from a horizontal plain may
arrive in later resolution bins and thus potentially mask deeper
nadir reflections [53]. At a depth of 2 m, the “effective resolution” over which we cannot separate two layers might therefore,
in the worst case, without synthetic beam focusing such as migration, be as poor as ∼0.25 m, further increasing to 1.25 m at a
depth of 10 m. In contrast, at depths shallower than ∼1 m, offnadir reflections will show up in the same resolution range bin.
Model domains were set up containing a snowpack (εr =
1.68, σ = 5 μS/m) and ice features (εr = 3.2, σ = 5 μS/m),
replicating ice layers, lenses, and glands. The features were
inserted at a depth of 0.51 m (2 × λsnow ). The full domain
size was 0.84 × 0.54 × 0.74 m (x, y, z), and the snow depth
was 0.65 m (the space above the snow is filled by air and the
antenna). This model size ensures that the 3-dB footprint is well
inside the model domain.
Four types of ice features and differences were modeled:
1) lenses; 2) glands; 3) single rough layers; and 4) layer
thickness. Their size and roughness were varied as fractions of
the wavelength which, at 900 MHz in ice, is ∼0.186 m.
1) Ice lenses were inserted in the model as ellipsoids, and
their radius and thickness were varied. Also discussed
in this group, due to the elliptical shape, are models
where half sphere ellipsoids have been superimposed on
an ice layer. These features then resemble vertical glands
intersecting an ice layer, where the final refrozen feature
has a dome shape [Fig. 4(a)].
2) Glands were simulated as vertical pipes spreading out
at the base when intersecting an impermeable restriction (i.e., ice lens or layer). The shape appears as
upward-pointing cones with nonlinearly varying radius
[Fig. 4(b)]. The shape was described by



(hmax − h)2
2
1−
(11)
r(h) = rmax − rmax
h2max
where r is the radius, h is the height, and the subscript
“max” gives the maximum radius and height. In a similar
manner to 1), the models were run with the gland superimposed on a layer, as well as isolated and independent
features.
These geometries could potentially be sensitive to orientation and double-bounce effects caused by multiple
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Fig. 5. Typical core slices from various depths. Cores are illuminated from
the side, set on a black background. Ice appears dark and firn white. Note the
high horizontal variability within the core slabs. On core slice (a), a dotted line
is added for easier core interpretation.

Fig. 4. Examples of the different geometries included in the 3-D modeling.
(a) Glands intersecting an ice layer forming an ellipsoidal half sphere. When
not formed on an ice layer, they are denoted as ice lenses and have a full ellipsoidal shape (curved lower boundary as well). This illustration corresponds to
model 5 in Table I. (b) Simulated glands intersecting and ice layer (covering
50% of the area), forming upward-pointing cones with a nonlinear radius
described by (11). When not modeled on an ice layer, the lower interface is
set flat. This illustration corresponds to model 12 in Table I. (c) Ice layer with a
Gaussian roughness described by the rms height and spatial correlation length.
This particular illustration is model 7 in Table III.

features. To test whether that is the case and to obtain
what we expect to be a typical trace-to-trace difference,
the response trace is calculated three times, randomly
inserting multiple features into the model domain (the
feature positions are regenerated each time) to cover a
certain area fraction. In the illustrated examples, this
fraction has been set to 50%.
3) The effect of layer roughness was investigated by inserting an ice layer with a random Gaussian roughness, i.e.,
the spatial depth distribution of the layer has a Gaussian
distribution [Fig. 4(c)]. The layer was inserted at an
average depth of 0.51 m (2 × λsnow ) and has a thickness
of 2.3 cm (λice /8). The roughness is described by its rootmean-square (rms) height and spatial correlation length
(lc) and has been varied as fractions of λice . To test what
type of trace-to-trace difference could be expected, depending on the antenna position relative to the roughness,
three traces were calculated in which the roughness was
regenerated for each trace.
4) To compare the response, i.e., power and wavelet appearance, of the aforementioned features, the effect of

changing the layer thickness was calculated as reference.
Models were created where the layer thickness was varied
over typical ranges encountered in our field site. The
depth to the upper surface of the layer was set constant
at 0.51 m (2 × λsnow ), and the thickness was varied by
lowering the lower ice/snow boundary.
IV. R ESULTS AND D ISCUSSION
A. Core Imagery
In the digital imagery, it appears that, in most cases, the lower
boundaries of ice layers are close to horizontal, while the upper
boundaries can often have a significant tilt or exhibit a high
degree of roughness at the firn/ice interface [Fig. 5(a)]. In a
few cases, the complete layer (both upper and lower boundary)
can be seen to tilt up to 10◦ . On many occasions, ice layers or
pockets of ice are visible on just one side of the core pieces
(core diameter of ∼0.075 m); these we refer to as ice lenses
[see, for example, Fig. 5(a) and (b)]. These layers imply that
the horizontal correlation lengths in firn can be very small. On
the other hand, ice layers thicker than ∼0.15 m are traceable in
all cores, indicating that the horizontal correlation lengths vary
depending on the scale of observation, i.e., thicker layers have
a longer correlation length compared to thinner layers.
The difference in appearance and shape of the upper and
lower ice layer boundaries seems to be dictated by the way
water percolates in snow and firn. Percolation occurs in two
ways [5], [6]: either driven vertically by gravity, traveling in
small channels, or horizontally, when the vertical water pathway is blocked by an impermeable layer. When the vertical
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Fig. 6. 500-MHz GPR profile (Hilbert transformed) going up glacier from stake 6.5 to 9 (see Fig. 1 for location), showing the zones with superimposed ice and
firn, as well as the previous year’s summer surface and winter snowpack. The white box and numbers refer to Fig. 7.

water pathway is blocked, water will pond and spread out
horizontally. If refreezing occurs at this stage, this process
forms cones or domes. The roughness of the upper boundary
of the ice layers is therefore typically greater than the lower
boundary and is responsible for a significant portion of the ice
layer thickness variation.
Refrozen vertical water pathways (glands) are seen in several
places in the cores, with typical diameters ranging from 0.25
to 1 cm. It also appears that many of the thicker ice layers
are made up of multiple thinner layers or sheets separated by
bubble layers, suggesting that they were formed during several
different percolation events [Fig. 5(a) and (c)].
The horizontal and vertical variations that we see in the
core imagery are not possible or correctly represented in the
DEP data due to their large sensing window. We therefore find
the digital core imagery to be valuable and complimentary to
the DEP record, despite not giving direct physical constituent
values.

Fig. 7. (a) DEP-derived core permittivity (εice ∼ 3.2, εﬁrn ∼ 2). (b) One
GPR profile from the center of the grid and (c) subsection of the GPR profile
extending up the glacier from the grid (see Fig. 6).

B. GPR and Core Permittivity Data
The GPR data are characterized by discrete layers which are
traceable over several kilometers in the firn (Fig. 6). We also
see bands dominated by clutterlike backscatter (Figs. 6 and 7,
reflection indicated by label 7). The clutter often comprises
hyperbolas caused presumably by point reflectors or possibly
also by layer roughness. However, these clutter-rich bands also
contain short sections of strong amplitude reflections with no
apparent hyperbolic tails. Comparing the core permittivity with
GPR profiles from the grid and extending along the glacier
center line (Fig. 7) shows that the strongest GPR responses are
caused by layers that are thin compared to the GPR wavelength.
In the imagery, there are also bands conspicuously lacking
reflections, which are often traceable over long distances as
well. The core permittivity records reveal that these bands could
be caused either by firn without any dielectric contrast (Fig. 7,
band between reflections 3–4) or by ice layers thicker than the
GPR wavelength (bands between reflections 5–6 and 7–8). Ice
layers have internally small permittivity contrasts and therefore
appear as low signal areas. Whether a low backscatter band is
caused by ice or firn can be determined based on the phase of
the reflections [23], [24], [51]. However, in practice, this can

sometimes be hard to verify. For example, in Fig. 7, reflector 8
appears in most of the profile to have − + − response,
panel (c), while in panel (b), it switches phase to + − +. The
latter polarity is what we would expect based on the core data.
We find that the reflections from the lower boundary of ice
layers that are thicker than λ/2 normally appear flatter, more
continuous, and smoother compared with the reflection from
the upper boundary (see, for example, reflection 3 in Fig. 7).
Using different GPR frequencies changes the degree of interference between reflections from layers. Fig. 8 shows three
GPR profiles obtained using the 900-, 500-, and 350-MHz
antennas together with core data and respective core positions.
The overall pattern of response is similar in that the thicker
ice layers identified in the cores (> 0.15 m) correlate to the
GPR imagery at all frequencies. However, there are also notable
differences between the frequencies. The thinner layers are not
so apparent at 350 MHz. For example, at ∼25 ns and at the
10-m horizontal position (Fig. 8), layers whose thicknesses are
close to the wavelength appear as one reflector, while at 500
and 900 MHz, the upper and lower reflectors are separated and
show opposite phases. The response (received wavelet) from
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Fig. 8. GPR profile in the grid using 900-, 500-, and 350-MHz antennas. The
profile passes two core locations at (a) 5 and (b) 15 m. Permittivity data from
the two cores are shown in the far left and right panels.

the same layer appears to vary in frequency in the 350-MHz
profile due to interference between the upper and lower reflectors (the reflectors appears smeared out in time at the 10-m
horizontal distance). The 900-MHz profile gives more detailed
information about the layers, but the profiles are richer in clutter
and can thus be hard to use for tracking layers over long distances. For firn containing many ice layers, more information is
gained using multiple frequencies, implying that there is not a
single optimal frequency.
C. One-Dimensional FDTD Modeling
The 1-D modeling and core data are shown in Fig. 9. The
response is calculated for 900, 500, and 350 MHz and is shown
together with the core permittivities. The modeling confirms
that, in general, thin and multiple thin ice layers give a highamplitude response, which is, in many cases, considerably
stronger than reflections from thicker layers. We therefore
believe that the clutterlike reflections in the GPR profiles (with
a low trace-to-trace correlation but appearing as a reflectionrich band when seen in B-scan mode) are mainly a result of
amplitude and waveform variations caused by thin and spatially
varying layers. These bands of clutter in the GPR imagery
can extend over long distances, and their intensity depends on
whether constructive interference occurs. Modeling suggests
that discrete reflections comprising three half cycles are mostly
caused by ice layers thicker than λ/2. In general, these layers
have a higher trace-to-trace correlation and can be tracked over
long distances (e.g., Fig. 7, reflections 3, 5, and 6). These layers
tend to have weaker reflection power compared with the highamplitude-clutter reflections, but are enhanced using filters or
stacking due to their continuity and long horizontal extent.
The firn in this area is relatively heterogeneous; only layers
thicker than ∼0.15 m are traceable between our cores. This
makes data from a single core of limited use for GPR modeling.
This is also apparent when picking out single traces from the
GPR imagery. The traces tend to differ significantly from each
other (particularly in the clutter-rich bands) even at distances

Fig. 9. Core permittivity image (intensity is indicated by the colored bar at
the top) together with respective FDTD-modeled 900-, 500-, and 350-MHz
traces. The modeled traces are shown in A-scan format overlain on a Hilberttransformed raster plot of the trace. The rightmost panels show average Hilberttransformed data, with the (filled gray) FDTD response for each frequency and
(black line) the observed GPR traces in the grid. The FDTD data are calculated
from five core locations, while the GPR data represent the average of 32 000
traces.

closer than 1 m. Therefore, interpretation from single traces
is difficult, and there is relatively poor correlation between
observed traces and synthetic traces at the core locations.
However, when displaying the GPR data in B-scan mode or
when stacking many traces, our modeled GPR traces and the
GPR data show similarities, despite the fact that only five cores
were recovered. The average modeled traces are shown in Fig. 9
together with a comparison of the average observed trace from
all data in the GPR grid. The averaged synthetic traces show
higher amplitude variability compared with the stacked grid
data, caused by the low number of averaged modeled traces
(5 compared with 32 000).
Occasionally, in the core imagery, we observe layers of
larger crystals forming low-density layers. These layers could
potentially increase the permittivity contrasts (thus increase
the reflectivity), but are not resolved by the DEP. Such areas
can also be overlooked in the core imagery due to the fact that
the cores easily break in these weaker zones. Modeling with
low-density layers (εr = 1.5) in the vicinity of the ice layers
does change the reflection power but is strongly dependent
on the relative thicknesses of the two layers. This effect is
further discussed for firn not exposed to surface melting by
[23] and [24].
In the core imagery, we do not observe gradual firn/ice
transitions longer than ∼2 cm. This transition is significantly
smaller than the GPR wavelengths and will not significantly
alter the reflection appearance compared to a sharp transition.
It is usually assumed that, in firn, the GPR response is
mainly caused by permittivity variations which dominate over
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TABLE I
MODEL NAME AND THE RESPECTIVE DIMENSIONS OF THE CONES AND
ELLIPSOIDS SUPERIMPOSED ON AN ICE LAYER. THE AREAL FRACTION
COVERED WAS SET TO 50% BUT VARIES ∼5% DEPENDING ON THE
RANDOM POSITIONING. CALCULATED TRACES ARE SHOWN IN FIG. 10

Fig. 10. (Left panel) Reference reflection from a flat λ/8 thick ice layer.
(Middle panel) Reflections from the same layer with superimposed half-sphere
ellipsoids (covering 50% of the layer area). (Right panel) Response for glands
frozen to an ice layer (appearing as upward-pointing cones with nonlinearly
decreasing radius). The bottom axis shows the diameter and thickness of
the superimposed features; the top axis gives the respective model number
found in Table I. Note that the glands do not significantly alter the received
power or wavelet appearance compared with the ice lenses. For model domain
illustration, see Fig. 4.

reflections caused by conductivity variability. We test this by
running two models of a homogeneous firn pack (εr = 2 and
σ = 5 μS/m, typical firn values for Kongsvegen) containing
the following: 1) a high conductive layer (εr = 2 and σ =
50 μS/m), corresponding to the peak values found in the DEP
measurements but keeping permittivity the same as the background firn, and 2) an ice layer (εr = 3.2 and σ = 5 μS/m).
A comparison shows that the reflection from the conductive
“doped” firn layer is typically ∼50 dB weaker at a 350-MHz
center frequency and depth range used in this study. For our
purposes, reflections caused by conductive layers can thus be
neglected.

TABLE II
MODEL NAME AND THE RESPECTIVE DIMENSIONS OF THE ISOLATED
CONES AND ELLIPSOIDS (NOT SUPERIMPOSED ON ICE LAYER).
THE AREAL FRACTION COVERED WAS SET TO 50% BUT
VARIES ∼5% DEPENDING ON THE RANDOM POSITIONING.
CALCULATED TRACES ARE SHOWN IN FIG. 11

D. Three-Dimensional FDTD Modeling
Our 3-D modeling of ice lenses, glands, layer roughness, and
varying layer thickness shows the following.
(a) An ice layer with superimposed upward-pointing ellipsoidal half spheres can amplify the reflection by ∼2 dB
compared with a flat ice layer (Fig. 10). Tests were done
with ellipsoidal shapes listed in Table I. If their height as
well as their radius (including the ice layer thickness)
approach λice /3, then the wavelet shape will start to
be significantly altered (models 3 and 6 in Fig. 10).
We also found that the ellipsoidal shape might focus
the beam due to ray bending. This amplifies the lower
ice–snow reflection from the bottom of the flat ice layer,
which appears 180◦ phase shifted (the latter not shown
in figure). The focusing of the EM wave can therefore
potentially amplify the returned signal and cause clutter
in the GPR imagery.
The responses to ellipsoids not superimposed on an
ice layer (replicating ice lenses), covering ∼50% of the
area and with dimensions listed in Table II, are shown
in Fig. 11. Due to the increased flat area of the larger

diameter features, they give a somewhat stronger response (i.e., less features but still covering the same area
fraction due to the larger diameter). Despite covering
only ∼50% of the area compared with the reference
ice layer, the response due to λice /4 thick ellipsoids are
stronger or of equal strength (depending on the ellipsoid
diameter) compared with the flat reference ice layer with
a λice /8 thickness (Fig. 11, model 5). For ellipsoids
with the same thickness as the reference layer (λice /8),
the response is ∼1.5 dB lower (model 4). When the
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TABLE III
MODEL NAME AND THE RESPECTIVE ROUGHNESS PARAMETERS.
CALCULATED TRACES ARE SHOWN IN FIG. 12

Fig. 11. (Left panel) Reference reflection from a flat λ/8 thick ice layer.
(Middle panel) Reflections from ellipsoidal-shaped ice lenses covering 50%
of the area at a depth of 2 × λsnow , but not superimposed on an ice layer.
(Right panel) Similar response for glands appearing as upward-pointing cones
with nonlinearly decreasing radius. The bottom axis shows the diameter and
thickness of the features. The top axis gives the respective model number found
in Table II. Note that the glands do not give a significant response compared to
the ellipsoidal lenses.

thickness approaches λice /2, the response wavelet is significantly modified (models 3 and 6) due to interference
between the reflections from the upper and lower interfaces. This also causes a marked peak power reduction
of ∼8 dB.
(b) Glands/lenses in the form of upward-pointing ice cones
or narrowing cylinders do not, when superimposed on
an ice layer, alter either the wavelet appearance or the
received power, unless they cover an unrealistic portion
of the layer or if their size is larger than the wavelength
(Fig. 10, models 7–12). The latter may be possible, but
we believe that, typically, we will not find more than a
few glands of that size within each square meter, thus
they will not give a significant contribution to the trace
makeup.
Isolated glands do (when not superimposed on an ice
layer) give a weaker backscatter compared to similarly
sized lenses (ellipsoids) covering the same area fraction
(Fig. 11). See Table III for dimensions tested. The reflection power and wavelet appearance from the glands
are weakly dependent on their height, but more so on the
diameter, with the smaller diameter glands (λice /2) giving a ∼2 dB lower reflection power. Compared with the
reflection power from the similarly sized ice lenses, the
difference depends mainly on the degree of interference
between reflections from the upper and lower interfaces
in the ellipsoids and superimposes a ∼3.5-dB difference
(largest at ellipsoid thickness λice /4—model 5). It is
notable that, in contrast to the ellipsoids, the cones do not
significantly alter the appearance of the reflected wavelet
at thicknesses ∼ λice /2 (models 9 and 12 in Fig. 11).
(c) The models comprising an ice layer with a Gaussian
roughness show that, by increasing the correlation
length, a larger trace-to-trace difference is experienced
(Fig. 12). Increasing the rms height does not cause a

Fig. 12. Calculated GPR response to ice layer λice /8 thick (0.023 m) with
varying Gaussian roughness. Three traces per “roughness characteristic” were
calculated (i.e., given by the rms height and correlation length) to show what
trace-to-trace difference can be expected depending on the antenna position
relative to the roughness. From left to right are traces caused by increased
rms height, and from the bottom and up are traces due to increased correlation
length. The models show that, by increasing the correlation length, larger traceto-trace difference is experienced, and the received wavelet might appear less
similar to the wavelet received from a flat interface. Increasing the rms height,
the peak amplitudes decrease (typically 3–6 dB) but give relatively little change
in wavelet appearance.

significant trace-to-trace difference but does alter the
received power. For the rms heights in our models, a
3–6-dB decrease is found. We believe that the roughness
modeled here is representative for ice layers in firn.
The change in wavelet appearance due to roughness
(i.e., the three half-cycle appearance) can be problematic
and obscure phase information that would indicate, for
example, if the reflection is caused by a low-over-high
permittivity contrast or vice versa. Our field data are
insufficient to model more specific roughness characteristics and scales, but these few experiments suggest that
a highly variable GPR response can be expected due to
roughness.
(d) The effect of variable layer thickness can be seen in
Fig. 13. Changing the layer thickness greatly alters the
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Fig. 13. GPR response calculated for varying ice layer thicknesses. Layer
thicknesses are expressed both (above) in centimeters and (below) as fractions
of the dominate wavelength in ice at 900 MHz (λ = 0.186 m). The peak power
difference between the strongest and weakest response is up to 4 dB.

peak power (up to 4 dB) and reflection waveform. The
strongest peak power occurs when the thickness is close
to λice /4 due to the constructive interference of the 180◦
phase-shifted wavelets from the top and bottom of the
layer. For thicker layers, the constructive interference
breaks down despite the relative large bandwidth of the
wavelet. Due to the influence of antenna bandwidth on
the degree of interference, this effect is, to some degree,
a function of the actual antenna used.
Comparing the different effects (1–4) shows that a Gaussian
roughness alone can alter both the wavelet appearance and
the peak power by 3–6 dB. In a similar manner, altering the
thickness of a flat ice layer, the peak power can be varied up
to 4 dB depending on whether constructive interference occurs
between the upper and lower interface reflections. If destructive
interference occurs and/or when the thickness exceeds λ/2, the
wavelet shape is significantly altered. By superimposing glands
and half-sphere ellipsoids on an ice layer, a different sort of
roughness is created, and the layer thickness will be locally
altered. Adding ellipsoids to a flat boundary can give up to a
2-dB amplification locally, whereas for glands superimposed on
an ice layer, the wavelet appearance and power are not significantly altered (< 1 dB). Ice lenses in the form of ellipsoids
can give a fairly strong response despite only covering a small
fraction of the area. We therefore conclude that ice glands give a
significantly weaker contribution and are thus easily overlooked
due to the much stronger response from layer roughness, layer
thickness, and ice lenses (ellipsoids), which can alter both the
response power and wavelet appearance.
One main limitation of our models is the small model domain. Backscatter from the features that we model will vary
depending on their distance from the antenna. The footprint of
the radar increases with depth, and the targets will be smaller
in relation to the illuminated area. Presumably, therefore, the
response to single small targets will decrease with increasing
depth and become more influenced by the degree to which the
layers are spatially homogenous with respect to their roughness
and thickness variation. In this study, small model domains have
been used to make the models feasible using today’s computer
power. Despite the small model domains, we do believe that,
even if the absolute decibel responses might be offset, they give
a fair indication of the response and interference pattern that can
be expected. Nevertheless, the 3-D models should overestimate
the importance of small features due to their shallow depths.
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In the upper firn column, the 3-D modeling confirms what is
observed from the core GPR and 1-D modeling, namely, that
the layer thickness and distance between the layers strongly
govern the GPR response. However, the 3-D modeling further suggests that layer roughness and ice lenses can greatly
alter the GPR response. Typically sized ice glands connected
to ice layers do not alter significantly the reflection power
or wavelet appearance. On the other hand, upward-pointing
elliptical domes can locally focus and amplify the reflected
energy and cause strong trace-to-trace differences. Thus, superimposing many such features onto an ice layer will form a nonGaussian roughness and thickness variation, and the appearance
and reflection strength might be on the same order of magnitude
as those observed due to variation of ice layer thickness.

V. C ONCLUSION
Both the core and GPR data show that the firn has a high
degree of heterogeneity caused by extensive surface melting.
Only ice layers thicker than ∼0.15 m are traceable in all cores.
Thinner ice layers are more variable in thickness and horizontal
extent. Nevertheless, bands of increased clutter and increased
GPR response caused by these layers are traceable over several
kilometers. The high degree of heterogeneity in the firn leads
to relatively poor correlation between observed GPR traces
and modeled traces, which are based on dielectric properties
measured at one location. To better describe and understand the
GPR response, multiple cores are necessary.
Most methods used to derive density and permittivity records
(for example, “gamma-density,” DEP [33], and neutron probe
[54], or just bulk weight–volume measurements) give no information about the horizontal variability at any scale. To improve
these records, simple digital imagery of core slabs provide a
valuable source of additional information.
In the core imagery, the lower boundary of the ice layers
tends to be smoother than the upper boundary, which often
seems to be interrupted by ice glands, an effect of meltwater
percolating downward in vertical channels. When the water
reaches an impermeable ice layer, it freezes as it spreads out
horizontally. This difference in roughness also agrees with
the GPR imagery, where the lower phase-shifted reflection
from the ice layer normally appears smoother compared to
the upper non-phase-shifted reflection. The upper reflection is
often composed of diffractions with a more irregular power
distribution.
Three-dimensional FDTD modeling shows that, for noncross-pole and vertical incident GPR surveys, ice glands with
typical dimensions inferred from cores and pits, superimposed
on ice layers, will not significantly alter the peak power (typically < 1 dB) nor the received wavelet unless their sizes are
comparable to the GPR wavelength. Nevertheless, these larger
glands intersecting a lens or layer seem to be less frequent and
are therefore not likely to contribute much to the trace makeup.
When multiple half-sphere ellipsoids or a Gaussian layer roughness is present, the GPR reflection strength and pattern can
be significantly altered (3–6 dB) over only small distances.
Ellipsoidal ice lenses can, when superimposed on an ice layer,
locally amplify the reflection from the lower flat interface due
to wave focusing at the upper curved interface. The amplified
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lower ice–firn reflection can appear 180◦ phase shifted compared to surrounding reflections. Since the shape of the features
(i.e., ice lenses, glands, and layer roughness) is based on our
own observations, as well as features described in the literature
(see, for example, [5]–[7]), we believe that the findings are not
valid only for Svalbard but are also applicable, for example,
within large areas of the Greenland percolation zone.
We conclude that the GPR response of frozen springtime firn
exposed to extensive summer percolation, comprising a high
fraction of ice layers, glands, and lenses, where layers range
in thickness from larger than the GPR wavelength to much
smaller, mainly depends on the following: 1) the thickness of
the layers; 2) the distance between layers; 3) layer roughness;
and 4) elliptically shaped ice lenses. Single thin ice layers
(<∼ λ/4) cause constructive interference between the upper
and lower reflection, and the interference of several thin layers
gives a strong reflection power. Ice layers thicker than half
the GPR wavelength are, in general, identified by a weaker
reflection, where the upper and lower reflections are 180◦ phase
shifted in relation to each other and separated by a band of low
backscatter. This phase shift seems to be harder to identify with
depth, probably due to the radar suffering a lower resolution
due the system being range limited. In practice, this means
that reflections that are off-nadir might mask or interfere and
cause reflections appearing with more than three half cycles.
Modeling further suggests that reflections from thin ice layers,
thin low-density layers (large crystals), and interface roughness
can cause the “extra” half cycles, which results in the phase
being variable over short distances. Despite the lower reflection
amplitude (compared to thin layers), thicker layers are easily
traced over long distances due to their extensive horizontal
extent and are enhanced using filtering or stacking.
Our GPR data and the modeling both use horizontally flat
and single polarization antenna configurations, with constant
offset. Using multipolarized antennas and off-nadir (such as
air- or satelliteborne SAR) or wide-angle measurements can
give a significantly different response to vertical features with
complex geometries [35], [36]. Data acquisition and modeling
with such a setup could potentially be used to yield more
information on the subsurface and to help in classifying the
reflection sources and firn heterogeneity.
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