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High-resolution radar mapping of internal layers

at the North Greenland Ice Core Project
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Abstract. Existing accumulation maps with reported errors of about 20% are determined
from sparsely distributed ice cores and pits. A more accurate accumulation rate might be
obtained by generating continuous profiles of dated layers from high-resolution radar
mapping of near-surface internal layers in the ice sheet (isochrones). To generate such
profiles we designed and developed an ultrawideband radar for high-resolution mapping of
internal layers in the top 200 m of ice and tested it at the North Greenland Ice Core
Project drill site. Reflection profiles of 2- and 10-km length reveal horizons that we
correlate with electrical conductivity measurement (ECM) recordings. Our results show
that the radar-determined depth of internal layers is within =2 m of that in an ice core
collected at a nearby location. Preliminary frequency analyses of layer reflections reveal
that the teflections are strongest at the 500-1000 MHz frequency range. Long-term
accumulation rate computed from radar data is within 5% of that obtained from snow

pits.

1. Introduction

Sea level has been rising at about 2 mm/yr over the last
century, About half of this rise is attributed to thermal expan-
sion of the ocean and melting of mountain glaciers [{ntergov-
ernmental Panel on Climate Change (IPCC), 1995]. To asscss
the role of the Antarctic and Greenland ice sheets in sca level
rise, an improved knowledge of the mass balance of these ice
sheets is required. There are two methods to determine the
mass balance of an ice sheet. The first is the flux method, where
a comparison is made between the (nct) long-term average
input (net accumulation) and output (ice flow) fluxes. The
second is the volumetric method, where changes in surface
elevation are measured. Clearly, along with ice velocities, ice
thickness, surface temperature and topography, and ablation
measurements, an accurate knowledge of accumulation rate is
needed for the flux method, and interannual variability of
snowfall is needed to interpret results from the volumetric
method [van der Veen and Bolzan, 1999; McConnell et al., this
issue; Davis et af., 2000].

Currently, accumulation information is determined from ice
cores and pits [Patterson, 1994]. Ohmura and Reeh [1991] gen-
erated an accumulation map using data on 251 pits and cores
and precipitation measurements from 35 meteorological sta-
tions located in the coastal regions. The accuracy of this map is
clearly a function of the spatial location of the data points.
Ohmura and Reeh [1991] also reported that an inherent accu-
mulation rate uncertainty of 209% in their map was due to the
inconsistency between the meteorological precipitation and
the glaciologically determined accumulation. In addition, more
than 75 different cores from 50 distinct locations were ob-
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cores was used to generate an updated map of accumulation
over the Greenland ice sheet. Bales et al. [this issue] report that
the uncertainty in accurnulation is on the order of 24% at
certain areas.

To provide improved spatial and temporal coverage, the
development of remote sensing methods for estimating the
accumulation rate is thus required. An accurate estimate of the
long-term accumulation rate can be obtained by mapping a
continuous profile of the dated layers in the ice shect. The
dated layers here refer to known volcanic and melt events.
Volcanic events register as a change in conductivity [Hammer,
1980}, whereas the melt events are marked by a change in the
density. Reflection profiles from ice-sounding radar systems
show many internal ice reflections between the bedrock and
the surface, and the source of these internal reflections has
been identified as layering involving small conductivity changes
due to changes in acidity from large volcanic events [Millar,
1981]. By mapping shallow internal layers we will be able to
identify known melt and volcanic events, and this mformation,
combined with published density and thickness data, can be
used to estimate the accumulation rate over a range of time
periods. Also, we can reduce the errors due to local variability,
as well as study the effect of such local variability by collecting
information on the near-surface layers over distances greater
than several icc thicknesses.

Although there are several types of radar systems that can
measure the thickness of the ice sheet, there appears to be no
system capable of achieving less than 1 m vertical resolution to
200-m depth, which is needed to map internal layers for accu-
mulation estimation. To determine the optimum radar param-
eters for this, we performed simple simulations on ice sheet
models. The electrical conductivity measurements of ice cores
and published real value of permittivity were used to model the
electrical properties of the ice sheet. The finite-difference
time-domain (FDTD) [Yee, 1966] technique was then used on
the ice model to determine the optimum radar parameters by
simulating the scattering response of the ice sheet due to radar
sounding. We then designed an ultrawideband frequency-
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modulated-continuous-wave (FMCW) radar system [Saunders,
1990, Stove, 1992] to operate over the frequency range from
170 to 2000 MHz for imaging the top 200-300 m of ice with
high vertjcal resolution on the order of 0.5 m. We performed
shallow radar-sounding cxperiments at the North Greenland
Ice Core Project (NGRIP) site (75.1°N, 42.3°W) during Junc
and July 1998 and in August 1999. We collected data over a
2km and a 10-km traverse with the radar mounted on a
tracked vehicle.

To date, FMCW radar has only been used for shallow snow
and ice soundings [Boyne and Ellerbruch, 1979; Yankielun et al.,
1992, Arcone et al., 1997; Koh et al., 1996; Richardson et al.,
1997; Holmgrer et al., 1998] at frequencies ranging from 800 to
12 GGHz and for soundings to 60 m in temperate ice at 1-2 GHz
[Arcone and Yankielun, 2001]. Our system greatly improves the
FMCW radar performance and demonstrates the stratigraphic
resolution possible.

2. Background

Fujita et al. [2000] have reported that the complex permit-
tivity of the ice sheet is a function of crystal orientation fabrics,
density, impurities (acidity concentration), and temperature,
Vertical discontinuities in the crystal orientation fabric have
been detected at Dome Fuji, East Antarctica. Even though
these discontinuities are only a few ccntimeters thick, they
produce strong radar reflections. The amplitude of the reflec-
tion coefficient caused by changes in crystal orientation fabric
Is independent of ice temperature and frequency [Fujita et al.,
2000].

Density changes are primarily caused by melt events. The
formation of a high-density melt layer occurs when a layer of
snow or near-surface firn melts during the summer and the
drainage forms a layer that subsequently refreezes. In between
the winter and the summer seasons a new layer of snow accu-
mulates over the melt layer. Hence the melt layer is sand-
wiched between two layers of law-density snow or firn. Density
changes seen in the dry snow zone are primarily due to the
pressure exerted by accumulation of snow above a layer. A
transmitted radar signal will reflect from the interfaces be-
tween these layers due to the contrasts in the dielectric con-
stant, which is proportional to density. A relationship between
the dielectric constant and density is presented in section 6.1,
where the wave speed due to firn density is computed. For a
monochromatic wave, the reflection coefficient for a three-
layer media, T at a firn interface of an embedded layer is given

by
2w
(). )
where &,, is the dielectric constant of layer 1 and layer 3, ,, is
the dielectric constant of layer 2, [ is the thickness of layer 2,
and A, is the wavelength in layer 2.

The magnitude of the reflection coefficient increases as the
dielectric contrast increases, but it is modulated by a sinusoidal
term related to layer thickness and wavelength. The maximum
valuc of the reflection coefficient occurs whenever layer thick-
ness is an odd integer multiple of A,,/4. The real part of the
dielectric constant does not vary as a function of frequency or
temperature [Fujita ef al., 2000]. ‘

Variations in conductivity have also been shown to be
sources of internal reflections [Hammer, 1980; Fujita and Mae,
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1994]. These variations are due to the acidic impurities em-
bedded in the ice during volcanic eruptions. We derive below
the reflection coefficient due to a change in conductivity. -

The permittivity of the background and acidic layer can be
expresscd as

&4 =&, —jEN (2)
Er=Ep— B, (3)

where &,; is the dielectric constant of the background, and e,,
is the diclectric constant of the acidic layer.

Let us assume that e}/e; << 1, and €, = &,,. The reflec-
tion coefficient from an acidic layer can be written as

2 sin (?), (4)
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where Ve, = Vel, — je's.
Using the above assumptions,

L
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Similarly,
— e js :]
VEn = (e — 5'\]#8—;1 (6)

Equation (4) can then be simplified to

exp (1;) 2 sin (%) (7)

The equation above shows that the reflection coefficient due to
a conductive change can be approximated with an imaginary
quantity. However, Fujfita et al. [2000] have shown that the
phase delay of the reflection coefficient drops below /2 with
increasing frequency for temperatures above the eutectic point
of the acid. Thus there is a contribution from the real part of
the dielectric constant as well for temperatures above the eu-
tectic point, The contribution to the real part of the reflection
coefficient is probably due to the presence of liquid assaciated
with impurities in the volcanic layer [Fujfita et al., 2000] which
may be present for temperatures above —40°C.

(eh —&h)

= 1e,

3. Simulation

We performed a finite-difference time-domain (FDTD) sim-
ulation to determine the radar sensitivity required to map
shallow intcrnal tayers. We used the electrical conductivity
data from the GRIP core [Clausen et al., 1995] to estimate the
imaginary part of the complex permittivity required for our
simulation. We assumed that the permittivity is constant as a
function of depth for our simulations. We used a relative per-
mittivity of 2 and a conductivity of 17 pS/m for the ice sheet.
The volcanic ash embedded in the ice sheet was modeled as a
layer with a relative permittivity of 2 and a conductivity of 40
pS/m. Using this information, we computed the shape of a
radiated 2-GHz, 1000-V pcak-to-peak pulse transmitted
through and reflected from a 5-cm layer of acidic volcanic ash.
Figure 1 shows the dielectric profile used in our simulation on
the left and the simulation results on the right, In the figure on
the right the first peak is the return from air-firn interface, and
the second peak is the return from the volcanic layer located at
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Figure 1. Dielectric profile used in our simulation (left) and
the finite-difference time-domain (FDTD) simulation results

(right).
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a depth of 10 m below the air-firn interface. The return from
the volcanic layer is about 85 dB below that from the air-firn
interface. Because higher frequencies are attenuated as the
signal propagates through the medium, the 3-db pulse width of
the return from the volcanic layer is about 1.1 times wider than
that from the air-firn interface.

The simulation shows that our system will require a dynamic
range of at least 85 dB if we were to operate the system at 2
GHz. Since we are using a 12-bit digitizer with a dynamic range
of 72 dB, we will have to attenuate the reflection from the
air-ice interface by at least 13 dB relative to the weak reflec-
tions from the internal layers. The dynamic range requirement
would be less stringent for systems operating at a lower fre-
quency since the amplitude of the reflection coefficient due to
conductivity changes increases with decreasing frequency. On
the basis of simulation results we decided to build a frequency-
modulated continuous-wave (FMCW) radar operating over
the frequency range from 200 to 2000 MHz. Range gating is
easy to implement in an FMCW radar with filters as opposed
to the very fast switches required in a short-pulse radar. For
this reason we built an ultrawideband FMCW radar for our
exploratory surface-based measurements. The encrgy reflected
by shallow internal layers at frequencies higher than about 1
GHz is small. We used bandwidth in excess of that required to
provide range resolution of 50 cm (~450 MHz with the Han-
ning weighting function) to minimize the effect of range side-
lobes of the strong surface reflection.

4. Principles of FMCW Radar Operation

As opposed to short-pulse radar, which transmits a 2-3 cycle
oscillation, an FMCW radar repetitively transmits a waveform
in which the frequency continually increases. The waveform is
modulated over a fixed bandwidth, which determines the range
resolution; the larger the bandwidth, the higher the range
resolution. The return signal from the target is then compared
with the transmitted signal to extract the range, amplitude, and
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phase information of the target. The difference between the
return signal and the transmitted signal is known as the inter-
mediate frequency (IF) or beat signal.

The transmitted signal voltage v,(t) is given as

u(t) = A cos 2afy + 2wBf, 1> + 8y), (8)

where f, is the initial sweep frequency, B is the FM sweep
bandwidth, f,, is the modulation frequency, 6, is the initial
phase of the sweep source, and ¢ is time.

Let us assume that the transmit signal impinges on a single
volcanic layer and reflects back. The received signal at the
receive antenna is

v (1) = A'T[ f()] cos {2af(t — 1) + 27Bf,(t = 7)°
+ 00+ L f(D)]1 9)

where T is the time it takes for the signal to travel the two-way
distance between the target and the radar, T'[ f(¢)] is the mag-
nitude of the reflection coefficient of the volcanic layer, and
o[ f(1)] is the phase of the reflection coefficient. The reflection
coefficient is a function of the transmit signal frequency, f(¢),
which as indicated is a function of time.

The received signal is down converted to IF by mixing it with
a portion of the transmit signal. After filtering out the higher-
order terms we obtain the following expression:

v(t) = A'T[f(1)] cos {2=ufyr + 27Bf,
(21t = 1) — L]} (10)

The above equation can be rewritten in terms of the beat
frequency (or IF), f,. The beat frequency is the instantaneous
difference frequency between the transmitted and the received
signal and is given by

fo = 27Bf,. (11)

Substituting the above equation into (10), we obtain
0 () = A'T[fi)] cos {2afyt + 2mfor — wfyr — GLAO]F (12)

The amplitude and phase of the target’s reflection coeffi-
cient can be extracted by means of the Hilbert transform (HT)
of the IF signal above. The HT of the IF signal will give us a
complex signal in the following form:

v(t) = A'T[f(1)] exp (j2afut + 2mfor — wfym — S f(O]}).
(13)

We can obtain the phase response of the target by comput-
ing the phase term in (13), removing the range contribution in
the phase term and then calibrating it with a target of known
phase. The amplitude can be similarly obtained by computing
the magnitude of the complex signal and calibrating it with a
target of known amplitude. Figure 2 shows the results of the
amplitude and phase extraction technique on simulated radar
data. The recovered signal is almost identical to the simulated
response except at the edges where there is a slight ringing.
The simulation was not on any real target, because the purpose
of the simulation was to show that it is possible to recover the
reflection profile of a target.

5. System Description

Figure 3 diagrams our FMCW radar system. We used a
triangular voltage waveform at the control port of a YIG os-



33,802 KANAGARATNAM ET AL.:
) :
[
0.5
. ‘
300 1000 1500 2000
Frequency (MHz)
3 : :
'gz.s I et S .
P | SOV SO e SR fom e -
= : :
ﬁ 1 b emmccceceremmmr e e ?’ ...................
05 i i
500 1000 1500 2000
Frequency (WEz)

Figure 2. Amplitude and phase extraction using simulated
_radar data.

cillator to generate a transmit signal whose frequency increases
linearly with applied voltage during the upsweep and decreases
linearly during the downsweep. The triangular waveform is
digitaily generated and converted to an analog signal on a PCI
card that is housed in the host computer. A DC- to 2-GHz
sweep is generated by down converting a 4- to 6-GHz chirp
from the YIG oscillator using a 4-GHz phase-locked signal.
The frequency of operation can be varied within this band-
width via the computer. We operated our system from 170
MHz to 2 GHz since the cutoff frequency of the antenna at the
lower end is 170 MHz. The variable-gain amplifier enables us
to set the output power to a constant level. The amplifier
output is supplied to the transmit antenna through a coupler,
an attenuator, and a power amplifier, which increases the sig-
nal level to about 23 dB m. The coupler is used to derive a
sample of the transmit signal to serve as a local oscillator, The
attenuator minimizes multiple reflections between the ampli-
fier input and the coupler output ports. The transmit and
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receive antennas were TEM horns, which are designed to op-
erate over the frequency, range from 170 MHz to 3 GHz. The
mouth of the antenna measures 94 cm by 68.6 cm and the
height is 93.3 cm. The antennas are shown in Plate 2a.

The receive antenna collects the reflected signal from the
target. This signal is supplied to a mixer through an amplifier
padded with attenuators both at the input and at the output
ports because the voltage standing wave ratio (VSWR) of the
wideband amplifier approaches values close to 2 at certain
frequencies. In the mixer, a beat frequency signal whose
frequency is proportional to the range is obtained by mixing
the received signal with a sample of the transmitter signal.
The beat frequency signal is further amplified and low-pass
filtered and digitized. The digitized signal is processed to
extract amplitude and phase information as a function of
range {depth).

6. Experiment and Resuits

The objective of cur experiment is to map the internal layers
at the Greenland ice sheet up to a depth of at least 200 m. We
obtained our radar profiles at the NGRIP camp during June
and July 1998 and August 1999. The NGRIP camp is located
3000 m above sea level in the middle of the Greenland ice cap
at 75.1°N, 42.3°W (Plate 1). We mounted the radar on a
tracked vehicle (Trackmaster) and collected data over a 2-km
transect in 1998 and a 10-km transect in 1999, The antennas
were mounted on both sides of the Trackmaster as shown in
Plate 2a. The apertures of the antennas were about 2 m
above the snow surface. The radar and data acquisition
systems were mounted in a Hardigg box as shown in Plate
2b. The systems were powered by a portable generator that
was regulated using an uninterruptible power supply (UPS).
The Trackmaster was operated at a speed of about 6.7 ms™'
(24 kph) during our measurements. The pulse repetition
frequency (PRF) of the transmitted RF signal was 8 Hz. The
IF signal (echo trace) was sampled at 1 MHz and digitized
using a 12-bit A/D card [Akins, 1999]. Eight traces were
coherently integrated before storage.

YIS Variable Gain Transmit
46 GHz Amplifier Horn Antenna
- Q=)

Attenuator

PLO
4 GHz
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Q

Figure 3. Block diagram of the prototype wideband FMCW radar system for mapping internal layers.



KANAGARATNAM ET AL.: HIGH-RESOLUTION MAPPING OF INTERNAL LAYERS

60

80

3

-50
Plate 1. Location of the North Greenland Ice Core Project (NGRIP) site.

During postprocessing in the laboratory, we removed the
DC offset in the time series data, applied a Hanning window to
reduce the range sidelobes in the frequency domain, and Fou-
rier transformed the windowed data to obtain spectral plots.
We then low-pass filtered the spectral data to determine the
amount of gain needed to correct for the 1/7% power falloff
with range because we used a high-pass filter to attenuate the
strong surface reflections to match the dynamic range of the
received signal to the A/D converter. The original spectra were
then multiplied with the inverse of the low-pass-filtered data to
obtain the gain-corrected spectra. The gain correction was
applied from about 10 m since the transition band of the
high-pass filter occurs after this range. The gain correction
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could not be applied before this range because the signals were
too small to be inverted accurately in the stop band of the
high-pass filter. All the spectra along the traverse were com-
piled to produce a reflection profile for the transect, and then
median filtering was applied along the layers to smooth the
image.

6.1. Results

Glacial ice and firn, particularly in the top 200 m, are strat-
ified media. The density, and therefore the velocity of propa-
gation, varies with depth. Therefore to determine the thickness
of layers between two events from a measured range, we must
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Plate 2a.

have additional information on firn density. The density of firn
up to a depth of 275 m has been measured at the NGRIP site.
We need to compute the permittivity of a heterogeneous

Plate 2b. (top) Radar system and (bottom) data-acquisition
computer mounted in a Hardigg box in the Trackmaster.

Antennas mounted on the Trackmaster.

mixture since the firn consists of a mixture of air and ice. We
used the Looyenga model [Looyenga, 1965] given by

e=[(el®— el®v, + "), (14)
where &, is the dielectric constant of ice (i.c., 3.15), €, is the
dielectric constant of air (i.e., 1), and v, is the volume fraction
of ice in the firn given by

v = plp;, (15)

where p is the density of the firn, and p; is the density of pure
ice (i.e., 918 kg/m?).

Figure 4 shows the dielectric constant that was computed
using (14), and Figure 5 shows the resulting velocity of prop-
agation as a function of depth. We computed the range to a
particular layer by integrating the velocity curve. The corre-
sponding range has to be divided by 2 since the time on the
scale is a two-way time.

Figures 6a—6g show radar reflection profiles of internal lay-
ers, recorded at NGRIP. Figures 6a, 6c, and 6e are for the 1998
field season, and Figures 6b, 6d, 6f, and 6g are for the 1999
field season. Data are plotted as a function of depth into the ice
and distance traversed from the camp. We placed the electrical
conductivity measurement (ECM) records to the right of the
figures for comparison with the layers detected by the radar.
The depths for the 1998 and 1999 data were plotted on the
same scale for comparison. We currently do not have high-
resolution density data for comparison with the reflection pro-
file; hence we are unable to account for all the reflections.
Some of the weaker ECM peaks do not have a corresponding
radar horizon, but the change in conductivity may be too low
for the radar to detect. However, the multitude of radar hori-
zons assures that one will always correspond with a major
ECM peak.

Figures 6a and 6b show layers detected from the surface to
a depth of 45 m. In these figures there are two layers detected
by our system that match impurities at 25 m deposited during
the Katmai eruption in 1912 and a melt event in 1889 at 34 m.
There is also a strong reflection from a depth of 40 m, but this
layer has yet to be identified.

Figures 6¢ and 6d show layers detected from depths of 45—
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Figure 4. Density and permittivity of firn at NGRIP.

105 m. Herc we have another two layers that have been iden-
tified as those resulting from the Tambora volcanic event in
1816 at 55 m and the Laki volcanic event in 1783 at 60 m (H. B.
Clausen, personal communication, 1998).

Figures 6e and 6f show layers at depths between 105 m and
165 m. According to the density profile (Figure 4), this depth
range and below is well within the ice region where density
contrasts should be minimal. These two layers we believe are
due to an unknown volcanic event in 1514 at 113 m and the
Mount §t. Helens velcanic event in 1479 at 118 m. Figure 6g
shows layers that were dctected between 165 m and 260 m
during the 1999 experiment.

Table 1 shows the error between the radar-measured depths
of major events and the depths determined from ice cores. This

table shows that our errors are within =2 m of the core-
determined depths.

It has been 1eported in a previous study {Fujita et al., 1999]
that the reflections from the firn are due to the changes in the
density. However, in this study the data were obtained with
systems that have resolution of about tens of meters. With a
resolution of this magnitude it will be difficult to resolve the
weak reflections due to conductivity changes from the reflec-
tions due to density changes. However, we believe we are able
to resokve the reflections with our high-resolution system. We
are awaiting high-resolution density data to verify this.

We analyzed the data to determine the frequency response
of the signal reflected by some of the layers. The frequency
response of the layer was determined by takirig the IFFT of the
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Figure 5. Speed of radio wave in the firn.
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Figure 6a. Radar echogram of internal layers observed along a 2-km transect at NGRIP in 1998 (0-45 m

depth).

filtered layer return and calibrating it with respect to the return
from a metal plate. We used computed wave speed in the firn
to estimate range to the layer. Figure 7 shows the frequency
response of the reflection from the layer located at about
148 m. This result indicates that most of the contribution to the
layer reflection is due to the signal in the 500-1000 MHz
range.

The layer depths measured with our radar are within =2 m
of the layers obtained from ice core data. We did not adjust the
density profile to match radar-determined depths with core

data. Using the radar data from the 1998 and 1999 experiments
and neglecting the effect of creep, we computed the average
accumulation rate from radar-determined depths and density
data from the NGRIP core as

@i Player
dr pwater

Accumulation rate, A = : (16)
where dR/dt is the change in thickness over time, py,., is the
average density between the two layers, and py,,., is the den-
sity of water.

Distance (km)

Figure 6b. Radar echogram of internal layers observed along a 10-km transect at NGRIP in 1999 (0-45 m

depth).
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Figure 6c. Radar echogram of internal layers observed along a 2-km transect at NGRIP in 1998 (45-105 m
depth).
To determine the error in our accumulation rate computa- aR
tion, we will first have to compute the uncertainty in our range Or = O 50 (18)
computation. The range is computed using the following equa-
tion: where
cT JR . R
R = 2 (17) 9e - T 2e- (19)

The uncertainty in the range oy is related to the uncertainty in
dielectric constant o, and is given by

The uncertainty in the dielectric constant is related to the
uncertainty in the density o, and is given by

Depth (m)

100

4 5
Distance (km)

10

Figure 6d. Radar echogram of internal layers observed along a 10-km transect at NGRIP in 1999 (45-105

m depth).
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Figure 6e. Radar echogram of internal layers observed along a 2-km transect at NGRIP in 1998 (105-165
m depth).

de hence
Ty = Ty o s (20) 2 1/3 1/3
ap (&5” — £1)
where o, = crp3[(e§’3 - &l?) £+ s}”} [——2 " : ] (22)

e p 2 (E%B _ Slﬁ)
Frin '5[ (e — &7 o + s}”’] [f] (21)  Substituting (21) and (22) into (18), we obtain the error ex-

' pression for our range computation as

120 ko

160

Distance (km)

Figure 6f. Radar echogram of internal layers observed along a 10-km transect at NGRIP in 1999 (105-165
m depth).
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Figure 6g. Radar echogram of internal layers observed along a 10-km transect at NGRIP in 1999 (165-290
m depth).
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i

(23)

In addition to the error in the range due to uncertainty in the
density, the range computation also depends on the resolution
of the radar. Although we transmitted a 2-GHz-bandwidth
signal, the frequency response of a typical reflection from the
internal layer (Figure 7) shows a 10-dB bandwidth of 500
MHez. This translates to a =30 cm uncertainty in the range.
Hence the overall uncertainty in the range computation

would be
81f3 — 8”3
o] =]

Op = . 0.3, (24)

2[(85’3 — 1) §+ s%”]

where o, the uncertainty in the density measurement, is 5%.
This result can then be used to compute the uncertainty in the

accumulation rate. The uncertainty in accumulation rate o is

given by
aA\? ad \?
o = [0 ﬁ + ﬂ'p m » (25)
where
04 Ha Player a4 d- R
aR 1‘pwalcr ’ aplayur B lpwarer ’
Equation (25) becomes
2 2
Player R
" \/( 7 E’b;;i;) ' ("” tpm) ' (29)

Tables 2a and 2b show the computed water-equivalent accu-
mulation rate per year along with its uncertainty, over the
periods indicated in column 1. The average density was deter-
mined by averaging the density of firn over the indicated pe-
riod. The accumulation rate over this period is then calculated
using (16). The average accumulation rate between 1259 and

Table 1. Depth Error Between Radar Data and Core Data

Event Core Depth,  Radar Depth 1998,  Error 1998,  Radar Depth 1999,  Error 1999,
Year m m m m m
1912 27 25 -2 25 -2
1889 34 34 0 35 1
1816 53 55 2 55 2
1783 59 60 1 61 2
1601 102 100 -2 102 0
1514 114 113 -1 115 1
1479 120 118 -2 120 0
1259 162 163 1 163 1
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Fignre 7. Frequency response of reflection from layer lecated at about 148 m.

1997 was determined by taking a weighted sum of the accu-
mulation rate for each of the periods indicated in column 1 and
dividing it by the total number of years over this period. Equa-
tion (26) was used to determine the uncertainty in the accu-
mulation rate. The uncertainty over the entire period was de-
termined by taking the square root of the sum of the squares of
the uncertainty of the accumulation spanning this period; that
is,

= 5 —y
T4 = T idippen t T T oo Tl
¥ o ¥

(27)

The average yearly rate between 1259 and 1997 was computed
to be 17.3 cm/yr with an uncertainty of about 4%. Dahl-Jensen
et al. {1997] report that modeling results indicate that the
average snow accumulation rate is about 19 cm/yr. However,
measurements at a location close to the NGRIP camp located
at 75.0°N, 42.0°W indicate an accumulation rate of 17.1 cm/yr
(8. Kipfstuhl, personal communication, 1998).

7. Summary and Future Directions

The accumulation rate is an important parameter required
for mass balance computation of ice sheets. Previous accumu-
lation rates were computed from the density of ice cores, and
accumulation maps were drawn based on these sparse results
[Ohmura and Reeh, 1991]. Some parts of this map have been
shown to have about 20% errors. Many more cores have been
drilled since then, and the accumulation rates have been com-
puted more accurately by identifying the thickncss between
known volcanic events, which have deposited their acidic ash
on the ice sheet [Bales et al., this issue].

In this paper we present the design of a radar system to map
near-surface internal layers in the Greenland ice sheet re-
motely. We developed a prototype ultrawideband FMCW ra-
dar system that operates from 170 to 2000 MHz based on some
simple FDTD simulations of the volcanic-layer characteristics
in the ice. We tested this system during the 1998 and 1999

Table 2a. Computed Accumulation Rate From 1998 Radar  Table 2b. Computed Accumulation Rate From 1999 Radar
Data Data

Measured Average Measured Average

Thickness, Density, Percent Thickness, Density, cmy/ Percent

m glem’ cm/yr Error m giom yr Error

1912-1997 25 0.50 14.59 1.49 1912-1997 25 0.50 14.59 149
1889-1912 9 0.63 24.62 2.28 18891912 10 0.63 27.49 2.47
1816-1889 21 0.71 20,49 1.50 1816--1889 20 0.71 19.59 143
1783-1816 5 0.77 11.68 1.26 1783-1816 6 0.77 14.05 1.35
1601-1783 40 0.84 18.42 1.12 1601-1783 41 0.84 18.96 1.14
1514-1601 13 0.89 13.29 0.09 1514-1601 13 0.89 13,33 0.87
1479-f514 5 0.90 12.84 1,32 14791514 5 0.90 12.87 1.32
1259-1479 45 0.91 18.59 1.04 1259-1479 43 0.91 17.76 0.99
Mean 17.3 +4.01% Mean 17.3 *4.12%
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INGRIP ficld seasons, and the results show that they are within
*2 m of the measured depths of the volcanic laycrs. The
long-term accumulation rate computed from radar data is less
than 5% of that obtained from snow pits.

This approach ofiers the potential for interpolating accumu-
lation derived from sparse ice cores across any desired region
of an ice sheet. However, this will only become practical if the
surfacc-based radar techniques described here can be applicd
from an aircraft and intcgrated with in situ observations. On
the basis of the results from our frequency analysis of the layer
reflection we are developing an airborne FMCW radar that
operates from 600 to 900 MHz for possibie field deployment in
the 2001 and 2002 timc frame. We are designing this system to
use synthetic aperture radar (SAR) in the along-track dimen-
sion and a large thinned array in the cross-track dimension to
reduce antenna beam widths. With successiul removal of off-
vertical clutter we hope to obtain airbornc data with as similar
a high degree of certaintly as with our ground-based systcm.
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