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Abstract— An ultra-wideband radiometer has been developed
to measure subsurface properties of the cryosphere including
ice sheets and sea ice. The radiometer measures brightness
temperature spectra from 0.5 to 2 GHz using 12 channels, each of
which measures scene brightness temperatures over an ∼88-MHz
bandwidth resolved into 0.24-MHz intervals. The instrument
was flown over northwestern Greenland in September 2016 and
acquired the first, wideband, low-frequency brightness temper-
ature spectra over the ice sheet and coastal region. The results
reveal strong spatial and spectral variations that correlate well
with the physical properties of the surface encountered along
the flight path, which started over ocean, then passed the rock
near the coast, and then up onto the ablation, wet, percolation,
and dry snow zones of the interior ice sheet. In particular,
strong spectral responses in percolation and dry snow zones are
observed and plausibly explained by varying the distribution of
horizontal density layers and isolated icy bodies in the upper
portion of the firn. The success of the airborne deployment of the
instrument and subsequent implementation of algorithms to limit
radio frequency interference in unprotected bands is motivating
continued airborne investigations as well as stimulating research
into the feasibility of a spaceborne instrument.

Index Terms— Arctic, gesocience, ice, passive microwave
remote sensing.

I. INTRODUCTION

RECENT L-band radiometry from the Soil Moisture
Active Passive, Soil Moisture and Ocean Salinity
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(SMOS), and Aquarius satellite missions collected over the
polar ice sheets has sparked interest in studying low-frequency
microwave emission from the polar regions [1]–[4]. L-band
and lower frequency microwaves suffer less extinction and
experience extremely long penetration depths in glacier ice
(several hundreds to thousands of meters [5]) relative to
the C-band and higher frequency bands of other existing
passive spaceborne sensors [e.g., the Advanced Microwave
Scanning Radiometer-2 and the Special Sensor Microwave
Imager (SSM/I)], and thus are sensitive to the subsurface
temperature profile [4], [6]. The Ultra-Wideband Software-
Defined Radiometer (UWBRAD) operating from 0.5 to 2 GHz
is a new instrument to retrieve ice sheet temperature profiles
from a wide-bandwidth radiation spectrum [7]. The physical
basis for the measurement is to retrieve the shallower subsur-
face temperature using higher UWBRAD frequencies and the
deeper subsurface temperature at lower frequencies.

The engineering and technical details of UWBRAD includ-
ing specifications and calibration procedures are discussed
in [7] and [8]. Here, we focus on the description and inter-
pretation of the first measurements of wideband radiometric
spectra data successfully acquired by UWBRAD over the
northwestern Greenland ice sheet during an airborne campaign
that took place in September 2016. We present measured
brightness temperature spectra along a flight line originating
from Thule, Greenland. The line sampled ice-free ocean,
snow-covered land, and several melt facies characteristic of
the ice sheet. We compare the measurements with independent
measurements of ice sheet properties as well as complemen-
tary satellite data from SMOS. We interpret the results using
layered radiative transfer models and wave approaches that
include a scattering component designed to accommodate the
large ice bodies that typically form in the upper layers of the
melt facies.

II. OVERVIEW OF UWBRAD
A critical gap in the cryospheric observing suite is the

remote measurement of subsurface temperatures and related
physical properties of ice sheets at depth. Intraglacial temper-
ature is a key parameter for understanding ice sheet dynamics
and processes such as ice internal deformation and the rate
at which the ice sheet flows across its base. At present,
the only information about ice sheet intraglacial temperature
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TABLE I

UWBRAD INSTRUMENT SPECIFICATIONS

comes either from glaciological models or from the small
number of deep boreholes in which temperature profiles have
been directly measured from the surface to the base of
the ice sheet. However, the drilling of boreholes is a very
expensive activity, and glaciological models are affected by
uncertainties in the input geophysical parameters (e.g., the
geothermal heat flux and the accumulation rate [9]). To fill
that gap, we developed UWBRAD for ice sheet studies in
order to retrieve intraglacial temperature information. Given
that electromagnetic waves penetrate to different depths in
pure ice depending on their frequency (several kilometers at
low frequency [5]), using a multifrequency radiometer allows
collecting information coming from different depths of the ice
sheets. UWBRAD is, therefore, attempting to provide internal
temperature profile information through its combination of
multichannel measurements [7].

UWBRAD was designed to provide nadiral brightness
temperature observations from 0.5 to 2 GHz using multiple
frequency channels. Because this frequency range is not a
protected portion of the spectrum, UWBRAD must allow
for brightness temperature measurements in the presence of
other, man-made, radio frequency interference (RFI). The goal
is achieved by sampling 0.5–2 GHz frequency range into
12 channels each of ∼88-MHz bandwidth so that advanced
RFI detection and mitigation methods can be applied in real
time. The 88-MHz channel is contained within a measured
125-MHz bandwidth that is resolved into 512 subchannels,
with ∼360 of these subchannels comprising the 88-MHz chan-
nel. Brightness temperatures within each 88-MHz bandwidth
channel, therefore, are further resolved at a frequency resolu-
tion of 0.24 MHz, allowing both the detection and filtering of
interference and use as a “hyperspectral” radiometer for spe-
cific applications. This process enables UWBRAD to identify
open portions of the spectrum that can be used for radiometric
observations even in the presence of other transmitting sources.

Instrument specifications are listed in Table I. A conical
spiral antenna is used to make circularly polarized measure-
ments at the beamwidth specified in Table I. It is noted that the
circularly polarized brightness temperatures so measured are

Fig. 1. UWBRAD flight line (gray) of September 15, 2016. Line is overlaid
on a July 16, 2016 MODIS Terra image (250-m resolution, true color shown
here in grayscale, courtesy NASA worldview). The flight line begins over open
ocean before heading up a fjord and crossing onto land. The line intercepts
the ablation and wet snow faces evident in this mid-summer MODIS image
by the lower surface albedo and by the presence of small supraglacial lakes
at about 65°W. The line continues into the percolation facies (63°W). Data
collection ends just west of Camp Century, where the percolation facies begin
to transition into dry snow facies.

the average of the more traditionally measured horizontally
and vertically polarized brightness temperatures. For purely
nadiral observations, horizontal and vertical brightness tem-
peratures are identical for azimuthally symmetric media, but
the wide beamwidth of UWBRAD (∼60°) causes observed
brightness temperatures to represent an average of horizontal
and vertical brightness temperatures over a range of incidence
angles. The resulting measured quantity retains sensitivity to
subsurface physical temperatures, the primary science goal of
UWBRAD, and is modeled by the UWBRAD forward mod-
eling process. Although UWBRAD was originally intended
to sample the brightness temperature spectrum continuously
over the specified band, we later found it necessary to avoid
a portion of the spectrum near 1060 MHz and to install a
notch filter suppressing 1000–1120 MHz to protect against
saturation by the distance measuring equipment transmitter
installed on the aircraft. The absence of this frequency range in
the airborne implementation does not seem to have degraded
the geophysical interpretation of the measured data.

III. AIRBORNE EXPERIMENT IN NORTHWEST GREENLAND

A. Flight Line Overview

The UWBRAD instrument was installed on a DC-3 air-
craft managed and operated by Kenn Borek Airlines during
August and September 2016. Check-out and calibration flights
were conducted from Calgary and several sites were sampled
during testing including the Columbia Icefield and two small
lakes located near Calgary. The transit to Thule Airbase
Greenland occurred on September 12; approximately 6 h of
data were collected over northern Canada as part of the transit
flight.

The UWBRAD instrument was tested during a flight over
the northwestern Greenland Ice Sheet on September 15, 2016
(Fig. 1). The data collection was terminated just west of
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Camp Century, Greenland, due to an unexpected failure in
the UWBRAD receiver. Despite this early termination of the
flight, a substantial amount of data was successfully collected.
As illustrated in Fig. 1, data were acquired over ice-free ocean,
snow-covered land, and several melt zones characteristic of the
Greenland ice sheet. The flight first intercepts land at about
66.5°W. The terrain is characterized by bare rock interrupted
by numerous kilometer-scale lakes, one of which is located
near 66°W. The flight line passes across a narrow outlet glacier
at 65.5°W before overflying a kilometer scale, rocky nunatak
at 65.2°W longitude. The flight line then proceeds onto the
interior ice sheet.

The characteristic melt zones of Greenland evolve
up-glacier from the terminus and are a particular focus of
this paper [10]. In the summer, melt water is present on the
surface and in the upper layers of permeable firn, resulting
in modification of the ice sheet surface. In particular, refreeze
of the liquid water leads to structures within the ice column
that are important for understanding the microwave response
of the ice sheet. At the lowest elevations, all winter snow
accumulation is removed by melt in the ablation zone (location
shown in Fig. 1), resulting in the exposure of locally smooth
surface ice advected from upstream. The surface of the ice is
scribed by numerous, kilometers long, narrow crevasses. Inter-
secting networks of active and inactive cracks lead to cracks
spaced tens of meters apart. Because of strong summer melt,
the cracks serve to initiate melt-water channels that descend
to the edge of the glacier. Dust from the nearby deglaciated
terrain can accumulate on the surface. Snow accumulates only
in winter and can be scoured away by strong katabatic winds
which expose smooth, blue ice. Ice thickness ranges from less
than 100 m near the terminus to 500 m upstream.

In the wet snow zone, the snow is saturated with water
in the summer and kilometer-scale surface lakes form in
shallow depressions. Summer melt water seeps into and fills
the previous winter’s permeable firn and drains laterally to fill
the lakes. Once the surface cools at the end of summer, thick
(centimeter to tens of centimeters) ice layers can develop as the
water refreezes. The surface of the refrozen lakes is smooth.
The surrounding snow surface is roughened by sastrugi (ripple-
like deposits of wind-blown snow with wavelengths of several
meters or more).

In the percolation zone, reduced amount of surface melt
water descends through permeable snow and refreezes in
place. Water flows through narrow (several centimeters wide),
tens of centimeters long, vertical pipes. The water spreads
laterally in the firn upon encountering less permeable strati-
graphic layers. Consequently, the vertical ice pipes terminate
in horizontal ice layers or more locally in roughly disk-shaped
ice lenses that may be 10 cm or more in diameter. In the
upper percolation zone, measured in summer time, the root-
mean-square (RMS) surface roughness is less than 3 cm and
correlation lengths are less than 10 cm, though stormy periods
of strong winds and high precipitation can result in sastrugi
several tens of centimeters in amplitude.

Strictly speaking, the surface snow never melts in the dry
snow zone but here we take the dry snow zone to indicate only
very brief (days) periods of summer melt. Throughout the year,

Fig. 2. Twelve-channel UWBRAD brightness temperatures in kelvin versus
longitude in degrees. Center frequencies in megahertz for data averaged
over 88-MHz channel bandwidth are indicated in the legend. The data are
captured over ocean water between about −71.5° and −66.5° longitudes.
Warm temperature spikes between about −71° and −69° longitudes are
associated with small icebergs. Greenland’s rocky coast is intercepted at
about −66.5°. The data dip several kelvins near a lake located at −66°.
The data warm once over an outlet glacier at about −65.5° longitude before
peaking across a kilometer-scale, rocky nunatak at −65.2°. The data cool by
about 5 K over the adjacent ablation zone, further cooling in the wet snow
and percolation zones before warming again along the transition to the dry
snow zone.

the low-density (less than 300 kg/m3) snow surface in the
percolation and dry snow zones is roughened by wind-driven
sastrugi and scattered barkan dunes. RMS roughness in the
dry snow zone particularly near the ice divide is typically
less than a few centimeters. RMS roughness of refrozen melt
layers deposited within the upper firn is less than 0.5 cm with
correlation lengths of less than 4 cm (in situ measurements
made by one of the authors, KCJ). At the latitude and time
of our experiments, the National Snow and Ice Data Center’s
daily analysis of passive-microwave data (courtesy of T. Mote)
along the profile line showed that free water was absent from
the surface or within the upper firn layers. Some free water
may persist in the deeper supraglacial lakes.

The 12 channels of UWBRAD brightness temperature data
following RFI filtering versus longitude along the flight path
are plotted in Fig. 2. Additional information on the RFI
environment encountered and UWBRAD’s detection and fil-
tering approach is provided in [8]. The data are averages
over the individual ∼88-MHz subbands (center frequencies
indicated in the legend in megahertz) and are calibrated
using precampaign laboratory calibrations to determine the
excess brightness temperature of UWBRAD’s internal cal-
ibration source as well as open ocean brightness temper-
atures (for which a model is used to predict the “truth”
values as a function of frequency [11], [12]) to correct for
antenna effects. The calibration is performed separately for
each of the ∼360 0.24-MHz subchannels comprising each
of the ∼88-MHz channels, and the calibrated subchannels
are combined to obtain the 88-MHz channel brightness tem-
perature estimate. Precampaign laboratory calibration tests
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showed the noise equivalent delta temperature of a single-
channel UWBRAD measurement (integrated over the chan-
nel bandwidth) to be approximately 1 K. The curves in
Fig. 2 are further averages over six successive measurements
(approximately 20 s of flight time, during which the aircraft
traveled ∼2 km, or ∼1.67 antenna footprints). Mean values
of the brightness temperature for each channel vary with
frequency over the open ocean portions of the flight path
(around −68° to −67° longitudes) as expected due to changes
in the water permittivity with frequency [11], [12]. Although
measurements from ∼−72° to ∼−68° longitudes over the
ocean show generally similar relationships among frequency
channels, data in this region are affected by a gradual “warm
up” trend as the instrument begins operating and, therefore,
have higher uncertainty than data in other portions of the
flight. These data are included, however, because the flight
path overflew multiple small icebergs (identified in thermal IR
data also collected during the flight) from ∼−71.5° to −69.5°
longitudes that cause the multiple rapid increases in observed
temperatures. The narrowband increase in the 907.5-MHz
channel just east of −69° is apparently due to residual RFI
in the data set. Tb increases once the flight path intercepts
land just east of −67° longitude. Brightness temperatures then
decrease rapidly as the flight proceeds onto the ice sheet before
increasing to the end of data collection near Camp Century.

B. Correlation With Melt Facies and Other
Physical Properties

The ice sheet portion of the UWBRAD flight line is shown
in Fig. 3 (top). The line is overlaid on a JAXA ALOS-2
PALSAR-2 L-band radar image in HH polarization collected
on August 27, 2016. The white circles indicate the central loca-
tion of deglaciated terrain and the snow facies as identified by
features in the radar image and the intensity of the calibrated
backscatter [13]. Fig. 3 (bottom) further extracts PALSAR-2
HH-normalized radar cross-sectional values along the flight
line to provide more quantitative information. Proceeding
from left to right, image texture and a backscatter value of
about −9 dB characterize the “rock” region where the terrain
consists of bare rock interspersed with kilometer-scale lakes.
The ablation zone is evidenced by a smoother surface and
the absence of near-surface scattering bodies and hence low
backscatter (−15 dB). Backscatter increases in the wet snow
facies as volume scatter from residual snow and ice inclusions
begin to contribute (−6 dB) and small lakes are also evident
just south of the survey line at −64° longitude. Backscat-
ter from numerous ice lenses reaches a maximum in the
percolation facies (−2 dB) before falling as facies transition
to the dry snow zone (−9 dB). Similar albeit several dB
brighter backscatter coefficients were measured on an ESA
Sentinel 1A C-band radar image in HH polarization collected
on September 13, 2016 (not presented here). Greenland Ice
Mapping Project digital elevation model (GIMP DEM) surface
contours illustrate the generally smoothly increasing ice sheet
topography from west to east [14].

The 12 channels of UWBRAD brightness tempera-
ture (Tb) along this portion of the flight line are shown

Fig. 3. (Top) Segment of UWBRAD flight line (thick black line) and
GIMP DEM surface elevation contours (irregular black lines) overlaid
on an August 27, 2016 ALOS-2 PALSAR-2 L-band radar image. White
circles indicate the approximate center of snow facies along the path.
(Left to right) Terrain types are snow-covered rock and lake terrain, ablation,
wet snow, percolation, and dry snow. (Middle) UWBRAD 12-channel data
indicating the location of snow facies. The legend identifies the center
frequency in megahertz of each channel. (Bottom) L-band backscatter coef-
ficients measured along the flight line using ALOS-2 PALSAR-2 data. The
local angle of incidence is about 36° at −65° longitude and gradually increases
to 42° at the end of the profile. The ablation zone is characterized by low
backscatter (−15 dB). Backscatter increases across the wet snow zone before
peaking in the percolation zone (−2 dB). Backscatter decreases as the flight
proceeds toward the dry snow zone.

in Fig. 3 (middle). Tb is largely uncorrelated with surface
topography in this region, but there is a strong correlation with
snow facies. Tb warms from −66° longitude as the lake density
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Fig. 4. Individual facies spectra: deglaciated terrain consisting of bare
rock and small lakes (plus), ablation (square), wet snow (circle), percolation
(diamond), and dry snow transition (triangle). The locations of the data are
identified by white circles in Fig. 3.

decreases till the edge of a small outlet glacier is reached
at about −65.5° longitude. Tb peaks across a kilometer-scale
nunatak, a rocky island surrounded by glacier ice at −65.2°,
then the data cool by about 5 K over the adjacent ablation
zone. Although there is large-scale roughness in this zone
associated with crevasses, the intervening ice is smoothed by
summer melt and winter scouring by wind, thus dominating
the scene. This is consistent with the low backscatter in this
region. Moreover, the shallow thickness of the ice combined
with the warm seasonal temperatures (about 255 K up-glacier
from the nunatak) results in a modest vertical temperature
gradient (only several degrees variation down the column in
some cases) as well as this being on average the warmest
ice along the profile. The former point is consistent with
the relatively frequency-independent brightness temperature
response (Fig. 4) because all frequencies are sensing a similar
temperature even if the penetration depths among frequencies
are different. Given the lack of volume scatter and liquid water,
the absence of small-scale roughness, and relatively warm
internal temperatures, the ablation zone will have the highest
brightness temperature at this time of year. Tb decreases
as the line enters the wet snow zone, and some small Tb

variations may be associated with refrozen surface lakes.
Surface elevation rises across the wet snow zone and hence
mean annual temperature drops by several kelvins. However,
Tb drops by about 40 K as thick ice layers separated by lower
density firn are formed. Tb for each channel is minimum in
the strongly scattering percolation facies where ice lenses and
ice pipes are widely distributed in the upper meters of the
firn. Throughout the melt zones, the Tb trend is inversely
correlated with the variation in L-band backscatter. Note that
the minimum in Tb shifts eastward as the frequency increases.
Finally, Tb increases as the surface transitions toward dry snow
facies.

Individual facies spectra are shown in Fig. 4. While the
nominal sensitivity in each UWBRAD channel is 1 K or less,

Fig. 5. Vertically and horizontally averaged SMOS data at 20° incidence
(circles), UWBRAD nadirial data in 1400–1427-MHz band (dotted-dashed
line), and 40-km averaged UWBRAD data (black line). Both SMOS and
UWBRAD data have a sensitivity of ∼1 K. An approximate correction for
the contributions of up- and down-welling atmospheric contributions has been
applied to SMOS measurements [17].

variations of ∼±−5 K versus frequency are apparent in Fig. 4,
some of which remain consistent across all snow facies indicat-
ing residual calibration biases that are still under investigation.
The large-scale trends, however, remain clear. Of most interest
here are the individual trends in each snow zone. Rock/lake
and ablation facies spectra are near uniform across the band
which is expected given smoothing of the rock during past
glaciation and the smoother surface and more homogeneous
volume of solid ice exposed in ablation zone as the surface
melts each summer. There is almost 20 K of dynamic range in
the percolation facies and also at the site near Camp Century
in the transition to dry snow facies. Wet snow facies have a
range of about 10 K.

C. Comparison With SMOS, SMAP, and SSMI

UWBRAD data averaged over 1400–1427 MHz are com-
pared with the spaceborne measurements of the SMOS
L-band microwave radiometer in Fig. 5. SMOS data were
collected on September 15 at 1:00 A.M., very close to
the flight, in order to have a consistent comparison with
UWBRAD measurements. Vertically and horizontally aver-
aged SMOS data at 20° incidence are compared with nadiral
UWBRAD circularly polarized data. SMOS data at 20° are
used because data in the 0°–20° range are noisier, and in
the near-nadiral region, the variation in brightness temper-
ature with incidence angle is modest. Since the field of
view is also very different between the two instruments
(a ∼40-km footprint for SMOS versus a ∼1.2-km footprint
for UWBRAD), the UWBRAD data are also plotted after
smoothing with a 40-km-long running filter. This linear aver-
age for UWBRAD provides only a partial approximation of the
influence of the SMOS spatial footprint, since the 2-D SMOS
footprint includes an averaging over the UWBRAD flight
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“cross-track” dimension that is not observed by UWBRAD.
Open ocean SMOS data points west of −72° compare favor-
ably with UWBRAD data. SMOS data are warmer (30 K)
than UWBRAD data between −71° and −67° longitudes. This
difference is likely due to the land/sea contamination of SMOS
pixels over ocean [15] and to the small overestimation of
SMOS measurements over the sea [16]. Over the ice sheet,
there is very good agreement between UWBRAD and SMOS,
although SMOS is slightly warmer (5 K) than UWBRAD
at the Tb minimum, again possibly due to differences in
the spatial resolution of each instrument even following the
UWBRAD smoothing operation.

UWBRAD data were also compared to SMAP V and
H data (L-band at 40° incidence angle) as well as to SSMI/I
18- and 37-GHz data in V and H polarizations. Differences
between instrument frequencies and observation angles make
absolute comparison difficult without substantial assumptions
about an ice sheet model. Nevertheless, the spatial trends
discussed above are evident in all data sets giving us additional
confidence in the UWBRAD result.

IV. DATA INTERPRETATION USING LAYERED

RADIATIVE TRANSFER MODEL

Recent theoretical and experimental studies indicate that
near-surface ice sheet morphology influences the variation
of brightness temperatures with frequency and observation
angle [2], [18]. In particular, centimeter-to-subcentimeter-scale
vertical changes in firn-layer density superimposed on annual
accumulation deposits influence the variation of brightness
temperatures depending on the correlation length of the lay-
ered stratigraphy. Those layered density changes caused by
seasonal wind events, accumulation events, insolation changes,
and temperature variations among other processes result in
changes to the bulk reflectivity of the upper tens of meters of
the ice sheet. Layering also influences the brightness tempera-
ture spectra through coherent reverberation within each layer.
This can lead to changes in the mean value of the spectrum
as well as introducing frequency-dependent oscillations across
the spectrum. Earlier studies have shown that coherent effects
strongly depend on the correlation length of the layers. For
correlation lengths in excess of 40 cm, there is little difference
between coherent models and a simple cloud model over
the UWBRAD 0.5–2-GHz spectrum. As correlation lengths
shorten, there can be tens of kelvins difference in the mean
brightness temperatures between the coherent and the cloud
type models [3]. Moreover, interference can introduce oscil-
lations of significant amplitude at the shortest correlation
lengths.

In the dry snow zone and at the UHF frequencies employed
with UWBRAD, layering is important whereas scattering from
individual ice grains is a minor contribution to the bright-
ness temperature response. However, in the morphologically
complex melt zone facies, the presence of large icy bodies
along with layering can play a significant role [19]. As a
starting point for estimating how layer density variations and
embedded icy bodies can influence the UWBRAD brightness
temperature data, we begin by constructing density and tem-
perature models of the near surface.

In situ measurements of such data, including physical tem-
perature to the depths required for our forward modeling study
and nearly coincident with the flight experiment, are quite
limited. For temperature near the dry snow zone, we rely on
the measurements at Camp Century by B. L. Hansen in 1966
(reported in [20]). We ignore very near surface (few meters)
seasonal variations in physical temperature. For variations of
density with depth, we rely on the fit Camp Century density
curve of [21], density data collected by Dansgaard (personal
comm, 1977), and density data collected by Langway, Jr. [22]
at Site 2. High-resolution density profile measurements using a
neutron probe and made near Summit Station in the dry snow
zone capture the centimeter-scale variations and provide an
estimate of near-surface, firn-density variability (data provided
courtesy of E. Morris and described in [23]) but are of
only limited availability spatially. However, we also require
modeling of finer scale density variations with depth at our
study site than are available in the measured data sets, so we
follow [2] and construct a modified density profile ρ(z) that
consists of the sum of the mean density ρ̄(z) at depth taken
from the measured data and a variation ρn(z)ez/α characterized
by a correlation length l, a standard deviation �, and a
damping factor α such that

ρ(z) = ρ̄(z) + ρn(z)ez/α

where

�ρn(z)ρn(z
�)� = �2 exp(−(z − z�)2/ l2).

Here, correlation length l describes the spatial variability
of the firn stratigraphy with depth [24, Sec. 5.2.3, p. 248].
� represents the standard deviation of density fluctuation in
the upper layers of the ice sheet. Because the overburden
pressure decreases the magnitude of density variations at
depth, we include a damping factor (α) estimated based on
the available density profile data.

To approximate density variations in the percolation facies,
we use as initial values the 10-m density data collected
in the percolation zone of the southwestern Greenland ice
sheet [25]. This is justified by the similar L- and C-band
radar backscatter response between our study area and the
southwest Greenland sample site [26]–[28]. Then, we apply
a similar variability as described above. We use the Robin
temperature model described in [29] with a MODIS-estimated
mean annual surface temperature of 250 K (data described
in [30]), an accumulation rate of 35 cm of ice per year,
and thickness of 1015 m. We recognize that this temperature
estimate is at best approximate because we ignore near-
surface release of latent heat and horizontal advection of ice
downstream from the ice divide which has a mean surface
temperature about 3 K cooler. However, we contend that these
are small effects relative to the scattering contributions to be
further described below.

Observations in the percolation facies demonstrate that ice
lenses and ice pipes are common features that can be tens
of centimeters in size [10]. Here, based on observations
made by one of the authors (KCJ) near the morphologically
similar site Dye 2 in southwest Greenland, we assume that
icy disks of 10-cm diameter and 2-cm thickness are randomly
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distributed in the upper 50 m of the melt zone facies. The
number density of disks is varied along the flight path.

We use the physical property data described above as
a starting point for our forward model. Then, we estimate
parameters in both the percolation and dry snow zones to test
whether layering and ice lens variations can offer a plausible
explanation of the UWBRAD data. We begin our estimation
of Tb by decoupling different contribution factors by writing

Tb = T cloud
b � exp(−τs) = T̃b exp(−τs)

where Tb is the approximate brightness temperature, T cloud
b is

the incoherent cloud model described in [1] and [3] ignoring
layering and ice lenses variations, � is the bulk transmissivity
at the surface, and τs is the scattering loss from the ice lenses.
Note that approximating T̃b by T cloud

b � is just an estimation,
we infer parameters from this estimation, and then use more
realistic models [3] to recompute T̃b.

For the dry snow zone, we assume ice sheet temperature
and density profiles based on measurements at Camp Century.
For the percolation zone, we use measurements from compa-
rable snow facies. This combination enables the computation
of T cloud

b [1], [3] for both regions. Note that T cloud
b is kept

constant for the span of data shown in Fig. 8. However, the
T cloud

b spectrum still includes temperature profile information,
as the frequency dependence of T cloud

b is determined by the
interplay of frequency-dependent penetration depth and the ice
sheet temperature profile. By fixing the correlation length l
and the damping factor α of density fluctuations, as seems
justified by the stable Tb spectral patterns in both zones, the
transmissivity � of the top part of the ice sheet estimated
from the incoherent model is only dependent on the standard
deviation of density fluctuations �, and � is almost constant
across the spectrum.

We include the effects of scattering from ice lenses by
first computing the brightness temperature (Tb) excluding the
lenses. We then take a volumetric distribution of disks near the
top of the ice sheet and assume independent scattering from
each disk. We are essentially applying a Born approximation
considering the sparsity of the disks. Each disk scatters to
a plane wave propagating in an effective background media
as determined by the local snow density. We calculate the
scattering from each disk based on the infinite disk approxi-
mation [31, Sec. 1.6.3, p. 46], where the internal field inside
the thin disk is computed as the field solution of a layered
medium, before it is subsequently used to derive the scattering
far field with a finite volume integral. We incoherently add
up the scattering cross sections of all the disks to derive the
overall scattering loss arising from these buried ice lenses,
as represented by a scattering optical thickness

τs =
∫

dzn0(z)σs(z)

where n0(z) and σs(z) are the number density and scattering
cross section of the disks at depth z, respectively. We assume
that the ice lenses are uniformly distributed in the top 50 m
of the ice sheet. Hence, n0(z) = n0 is constant; thus, n0 is
the only free parameter to be adjusted. This scattering loss

Fig. 6. Comparison of model simulated brightness temperatures with
UWBRAD spectrum in the dry snow zone as located by the associated white
circle in Fig. 3.

Fig. 7. Comparison of model simulated brightness temperatures with
UWBRAD spectrum in the percolation zone as located by the associated
white circle in Fig. 3.

is finally used to apply a correction to the brightness tem-
perature initially calculated, yielding the corrected brightness
temperature

Tb = T̃b exp(−τs).

Such a simplification is valid since the upwelling radiation
is mainly contributed by the bulk of ice sheet beneath these
surface layers.

Thus, we are left with only two free parameters n0 and �.
These are inferred by a least RMS error (RMSE) match
between the model-predicted Tb using T cloud

b � exp(−τs) and
the measured Tb. The parameter selections shown in this paper
are based on a best fit to the data.

In Figs. 6 and 7, we compare the model simulated brightness
temperature spectrum with UWBRAD measurements of the
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Fig. 8. Coherent radiative transfer model-predicted brightness temper-
atures compared with UWBRAD measurements centered on the percola-
tion zone. (a) and (c) UWBRAD brightness temperatures along the flight
path at each of the 12 UWBRAD frequency channels, and as a function
of frequency at the five chosen locations along the path, respectively.
(b) and (d) Model simulation results corresponding to UWBRAD measure-
ments shown in (a) and (c), respectively.

dry snow zone and the percolation zone, respectively. The
UWBRAD spectra are the same as the brightness tempera-
tures illustrated in Fig. 4. In the simulation, we adopted the
temperature profiles and mean density profiles from the data
sources described above for the two snow faces, respectively.
We then adjust the fluctuating part of the density profile and
select the number densities n0 of the embeded icy disks based
on the spectral differences of the brightness temperatures.
For the approach to the dry snow zone near Camp Century,
we used � = 0.080 g/cm3, l = 15 cm, α = 75 m, and
n0 = 6/m3 (Fig. 6). For the percolation zone, we used � =
0.13 g/cm3, l = 12 cm, α = 50 m, and n0 = 9/m3 (Fig. 7).
These are justified by the fact that the percolation zone experi-
ences more rapid and strong density variations near the surface
than nearer the dry snow zone, and there are larger possibilities
to form ice lenses in the percolation zone than close to the dry
snow zone. Both coherent and incoherent scattering models are
used in the forward simulation to compute T̃b [3]. The coherent
model [3], [31, Sec. 5.2, p. 203] is the solution of Maxwell’s
equations, while the incoherent model [31, Sec. 5.1, p. 200] is
the solution of radiative transfer equations for layered medium
ignoring the scattering loss from snow grains. The layering
caused by density fluctuations is represented in each realiza-
tion of the density profile. The models have been run over
1000 realizations to ensure convergence. Both models follow
the decaying trend of UWBRAD brightness temperatures as
the frequency increases, and produce generally similar predic-
tions for these cases. The coherent model is more in agreement
with UWBRAD observations in the lowest frequency channel.

As demonstrated in Fig. 3, the UWBRAD brightness
temperatures reach their minima in the percolation zone, and
the minima show an eastward shifting trend as frequency
increases. We compare the model simulations of the spatial
pattern of brightness temperatures in Fig. 8(b) and the
brightness temperature spectra in Fig. 8(d) against the
UWBRAD measurements in Fig. 8(a) and (c), respectively.

Fig. 9. Longitude versus variations in the standard deviation of surface
density fluctuations (heavy dashed line) and in ice lens density (number per
cubic meter) (dotted line) derived from matchup with UWBRAD data set.

The simulated results illustrated in Fig. 8(b) and (d) are from
the coherent model. The comparisons are performed along the
flight line between −63.5° and −62.5° longitudes (or about
25-km total span) centered on the percolation zone. The
results successfully capture the Tb minima in the percolation
facies and also capture the eastward migration of the minimum
with increasing frequency, comparing Fig. 8(a) and (b). The
general trends of amplitude changes versus frequency are also
captured per the spectra at different longitudes comparing
Fig. 8(c) and (d). The model does a reasonable job of
explaining spectral trends of the UWBRAD data. Essentially,
we see that the density fluctuation raises or lowers the bright-
ness temperatures nearly uniformly over the entire spectrum
(excepting coherent layer effects), while the scattering losses
from the embedded ice lenses affect more the brightness tem-
peratures in higher frequencies, creating an added frequency
dependence. This frequency dependence is utilized to derive
the number densities of the embedded icy disks. The interplay
between density fluctuations and ice lens density as the data
move from west to east produces the unique spectral responses.

In performing the simulation associated with Fig. 8, we have
assumed the same ice sheet temperature profile and mean
density profile as used to simulate Fig. 7. The number densities
of the icy disks are derived from the UWBRAD spectra. For
the density fluctuations, we have assumed l = 12 cm and
α = 50 m as used in Fig. 7. We then choose standard deviation
� to optimize the match between model simulation and
UWBRAD brightness temperatures. The spatially changing
standard deviation of the density fluctuations and the density of
the ice lens inclusions derived through this process are shown
in Fig. 9.

We recognize several limitations in our analysis. There
may be residual instrument calibration issues, as suggested
in Figs. 4 and 8(c) (at 1.5 GHz) by the highly correlated
fine features across the Tb spectrum. Because of the sparsity
of in situ measurements, we assumed the same temperature
profile and mean density profile, and assumed uniform vertical
distribution of ice lenses across the top 50 m of the ice sheet.
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This seems reasonable given the 25-km range across the perco-
lation zone shown in Fig. 8. We assumed constant correlation
lengths and damping factors on the vertical stratigraphy along
the flight path, as supported by the consistent spectral features
of UWBRAD brightness temperatures. Given the estimate of
the correlation length and the damping factor, the derivation of
the standard deviation of density fluctuations and the number
densities of the ice lenses are then inferred by minimizing
the RMSE between the observed Tb spectrum and model
predictions.

Our assumptions are primarily constrained by the sparsity
of physical property data particularly in the melt facies.
Better in situ measurements are a possible solution but difficult
to obtain. Another solution, as suggested by our comparisons
with active radar data, is to incorporate complementary remote
sensing data streams. In the future, we hope to integrate
wideband radar into our instrument suite. We believe that this
will improve our estimates of how scattering influences the
brightness temperature data.

V. SUMMARY

Airborne experiments in Greenland during September 2016
demonstrate for the first time that ultra-wideband 0.5–2-GHz
radiometric data can be collected over the cryosphere even
across bands that are not protected from RFI. Geophysical data
collected over northwestern Greenland demonstrate correla-
tions between UWBRAD spectra and ice sheet melt facies. The
observed spectral behavior in this morphologically complex
sector of the ice sheet can be plausibly explained by varying
the distribution of horizontal density layers and isolated icy
bodies in the upper portion of the firn.

Investigation of the capability to measure subsurface tem-
perature is continuing, and the results from a planned 2017
flight designed to capture data over the interior dry snow zone
of Greenland are awaited. We are in the process of testing
temperature retrievals using a Markov chain Monte Carlo esti-
mate of two geophysical parameters: ice surface temperature
and geothermal heat flux, and use the Robin temperature
model as a framework for the estimate. We also plan to
estimate two so-called “nuisance parameters,” namely, number
scatterer density and standard deviation of variability in firn
density [32].

Experiments to date are sufficiently successful to begin
considerations for a spaceborne version of UWBRAD. A fea-
sibility study “Cryorad” is currently in progress under Italian
Space Agency sponsorship and is led by the Institute for
Applied Physics, Florence, Italy. Partners include The Ohio
State University, University of Hamburg, and the Italian
National Research Council. This study investigates options
for a satellite mission featuring an ultra-wideband (or mul-
tichannel) radiometer in the frequency range 0.5–2 GHz. The
mission objective is the improvement of the monitoring of ice
sheet internal temperatures, sea ice thickness, and permafrost.
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