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Abstract— Measurement of ice-sheet thermal state via
microwave remote sensing techniques has the potential to pro-
vide critically needed observations on englacial temperature
at the local and continental scale. Better constraints of the
vertical englacial temperature structure are needed to improve
understanding of thermomechanical processes, ice rheology, and
basal sliding, and to reduce uncertainty in interpretations of
basal conditions such as material, roughness, and thermal state.
We investigate the potential to combine active and passive
microwave remote sensing techniques, namely ice-penetrating
radar sounding and microwave radiometry, to enable more pre-
cise, accurate, and robust measurement of ice-sheet thermal state
across widely varying thermal regimes. We simulate the effects of
englacial temperature profiles on the attenuation and brightness
temperature and explore the performance tradeoffs for joint
radar-radiometer system architectures. Our analysis shows that
active and passive microwave measurements have complementary
sensitivities to englacial temperature as a function of depth,
and that a ground-based joint radar-radiometer system can
reduce the requirements and complexity demanded of each single
instrument.

Index Terms— Ice-penetrating radar, microwave radiometry,
radar remote sensing, radar sounding.

I. INTRODUCTION

ICE-sheet thermal state is one of the most consequential
and one of the most poorly known physical parameters

involved in our understanding and modeling of ice flow

and dynamics. Englacial temperature affects ice rheology [1],

internal deformation [2], and basal sliding [3], [4]. It also
encodes information on the geothermal heat flux (GHF),

an important influence on basal melting and ice flow [5], [6].
Current measurements of ice-sheet thermal state are severely
limited in terms of their spatial and temporal coverage, as well
as their accuracy. These limitations contribute to significant
uncertainties in projections of ice-sheet behavior and sea level
change derived from numerical ice-sheet models. Better (larger
spatial scale, more frequent, more accurate, and more precise)
observations of ice-sheet thermal state (englacial tempera-
ture) are needed to constrain and improve understanding of
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thermomechanical processes and feedback mechanisms used

in large-scale numerical ice-sheet models [7], [8].
Current methods for direct observation of ice-sheet thermal

state include instrumenting boreholes (typically shallow) and

deep ice cores [9]. Unfortunately, these techniques are spatially
and temporally sparse, with fewer than 25 ice cores drilled to

bedrock in total across Greenland and Antarctica [10], [11],

[12]. They are also extremely resource intensive. To obtain
observations of ice-sheet thermal structure over a larger area,
the community has turned to microwave remote sensing

instruments, specifically ice-penetrating radar sounders [13],

[14] and microwave radiometers [15]. Ice-penetrating radar
sounders used for studying polar ice sheets are typically
chirped radar systems that transmit frequency-modulated
pulses of electromagnetic energy and measure the power
reflected from various dielectric interfaces within the ice
(echo power), including englacial layers and the ice-sheet

bed [16]. Englacial temperature is the primary variable affect-

ing attenuation of electromagnetic signals through ice [17],
and ice-penetrating radar measurements of echo power are
sensitive to englacial conditions, including ice temperature,
as well as basal conditions, including material, roughness,

and thermal state [18]. Microwave radiometers measure a
combination of thermal emissions originating within the ice
sheet and from the bed, with each emission contribution related
to the local physical temperature and experiencing attenuation

while propagating to the ice surface [19]. The combined
emissions observed are reported as a brightness temperature,
which can then be related to the physical temperature of the

ice sheet [20].
Ice-penetrating radar sounders and microwave radiometers

are both sensitive to the physical temperature of ice sheets,
but each technique has distinct limitations when used in the
context of observing ice-sheet thermal state and basal condi-
tions. Relating brightness temperature to physical temperature

is typically done using a “model-based retrieval” [15], [21].
This retrieval process a priori assumes a functional form
of the thermal profile as a function of depth. The expected
brightness temperature is then forward modeled for a set of
thermal profiles with the assumed functional form. Measure-
ments of brightness temperature are compared to the forward
model, and the retrieved englacial temperature is determined
by finding the best match between the forward model and
measurements. While this type of retrieval does provide an
estimate of the thermal structure of the ice sheet based on
microwave emissions, it requires assumptions on the form of
the thermal profile that may prevent its application in many
of the areas most critical for understanding and projecting
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ice-sheet behavior, evolution, and contribution to sea
level.

Several satellite and airborne radiometer missions have been
used to study the thermal properties of Earth’s ice sheets. For
example, using 1.4 GHz brightness temperature measurements
from the Soil Moisture Active and Passive (SMAP) satellite,
the presence of meltwater and the location of firn aquifers

in Greenland has been mapped [22]. The 1.4 GHz brightness
temperature measurements of the Soil Moisture and Ocean
Salinity (SMOS) satellite have been used to estimate tem-
perature profiles in Antarctica [21]. The retrieval algorithm
in [21] uses the Robin model for englacial temperature and
is therefore limited to areas where the Robin model is valid,
primarily the cold, deep interior of the Antarctic Ice Sheet [6].
SMOS observations of brightness temperature in Antarctica
are also limited by the relatively high frequency (1.4 GHz) of
the radiometer, which may be insensitive to thermal emissions
from deeper within the ice, and from the bed material, which
are highly attenuated before reaching the surface. Estimating
deep englacial temperatures and basal conditions from this sys-
tem thus require significant extrapolation, notably increasing
uncertainty at depth [21].

The Ultra-wideband Software-Defined Microwave
Radiometer (UWBRAD) is an airborne instrument that seeks
to overcome the limited depth-sensitivity of radiometers like
SMOS by utilizing 12 channels across the 500–2000 MHz

band to measure ice-sheet brightness temperature [23].
The processing of UWBRAD multi-frequency brightness
temperature measurements to date has also followed a
model-based retrieval using the Robin model for ice-sheet
temperature [15]. The existing method therefore also does not
provide englacial temperature measurements in glaciologically
critical areas, including those with fast-flowing ice, those that
are not in a steady state, those with temperate ice, or those
areas with thermal profiles that cannot be described by analytic
models. The extended bandwidth of UWBRAD leverages a
frequency-dependent depth sensitivity to temperature, with
its lower frequencies more sensitive to deeper portions of
the ice column and higher frequencies more sensitive to
upper portions of the ice column [20]. While the extension to
lower frequencies improves temperature retrievals at depth,
deep and/or warm englacial temperatures as well as basal
conditions remain challenging to observe.

A frequency-dependent sensitivity to temperature versus
depth arises from the frequency dependence of electromag-
netic attenuation in ice, which is primarily evident at fre-

quencies above 500 MHz [24]. Because most ice-penetrating
radar sounders operate beneath 500 MHz, where attenua-
tion is approximately frequency independent, a similar multi-
frequency analysis of radar sounding data does not provide
additional information on attenuation, or temperature, as a
function of depth (it does however provide valuable data on

basal roughness [25]). Because ice-penetrating radar sounders
are designed to observe reflections from the ice-bed interface
and to probe the full depth of the ice column, a radar
measurement of the total two-way attenuation emphasizes the
increased attenuation associated with the warmer temperatures
near the bed.

To investigate basal conditions using ice-penetrating radar
sounders requires correcting for attenuation, which can other-
wise cause significant ambiguity in the interpretation of basal

echo powers [26]. Correcting for attenuation in radar sounding

data requires the use of ancillary data from nearby ice

cores [27], the use of a thermomechanical model [28], [29],

analysis of englacial layer reflectivity [30], [31], or adap-
tive correction using basal echoes [13], all of which require
additional assumptions on the englacial and basal conditions.
Because attenuation is primarily a function of temperature,
improved understanding and observations of englacial tem-
perature are thus also useful for correcting attenuation in
radar sounding data and enabling more precise and accu-

rate measurements of ice-sheet basal conditions [25], [32].
More accurate measurements of englacial attenuation will also

enable higher fidelity analysis of englacial water content [33]

and basal accretion rates [34].
Even at the level of these general descriptions, it is clear

that radar sounders and radiometers probe the thermal state
of ice sheets in distinct and potentially complementary ways.
Here, we explore that complementarity in the context of
instrument architectures for a ground-based, multi-frequency
joint radar-radiometer instrument for measuring the subsurface
thermal structure of ice sheets. In this article, we show that
englacial temperatures can be observed with greater fidelity by
combining active and passive microwave measurements from
ice-penetrating radar sounders and microwave radiometers.
This has the potential not only to improve microwave ther-
mometry at the glacier to ice-sheet scale, but also to improve
studies of basal conditions using basal reflectivity. Because the
underpinnings of a radar receiver and radiometer are nearly
identical, they can be combined into a single, joint instrument
that is optimized for measuring thermal properties. Here we
explore the relative performance of each instrument alone and
in combination and discuss their ability to improve remote
sensing of englacial temperatures. Section II introduces the
physical models we use for our analysis, and Section III details
our simulation framework. In Sections IV and V, we discuss
the improvements a joint system enables from the radar and
radiometer analysis perspectives, respectively. In Section VI
we explore the requirements on each instrument’s performance
that dictate the architectural tradeoffs and decisions relevant
to implementation in a joint ground-based system, while
Section VII provides concluding remarks.

II. PHYSICAL MODELS

In order to explore the relative performance of radars and
radiometers for measuring englacial temperature within the
ice sheet, we simulate the effect of englacial temperature
on attenuation and brightness temperature. Using a general
model for englacial temperature allows us to explore the
sensitivity of various system architectures to a wide range of
physically plausible temperature profiles. The classic Robin

model [35], which is commonly used in model-based retrievals

of ice-sheet temperature [15], [21], [36] cannot be applied
in some of the most interesting and important areas of ice
sheets relevant for understanding and modeling ice-sheet evo-
lution and stability (e.g., fast-flowing regions with non-zero

horizontal advection) [6], [37]. To explore a wider range of
thermal profiles, we extend our englacial temperature model to
include the Budd column model, which accounts for moderate

horizontal advection of ice [38], in addition to the Robin
model. It is straightforward to adapt our analysis approach to
utilize other thermomechanical or numerical ice-sheet models
as well (e.g., [39], [40]). For englacial attenuation, we use
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TABLE I

PARAMETERS USED FOR ENGLACIAL TEMPERATURE SIMULATION

the semi-empirical Matzler model [24] that encompasses the
wide range of frequencies used for simulating attenuation and
brightness temperature. Finally, our brightness temperature

model is a generic incoherent cloud model [41], which is com-
monly used in the radiometer ice-sheet retrieval literature [20].
In this section, we walk through the basics behind each of
these models.

A. Englacial Temperature Model

Our model space for englacial temperatures encompasses
the traditional Robin model, which describes thermal pro-
files in areas of the ice sheet with negligible horizontal
advection and negligible strain heating plus a simple analytic
temperature model, the Budd column model, which allows
for moderate horizontal advection and strain heating at the

bed [42].
The steady-state Robin temperature model describes the

englacial temperature T (z) at depth z as

T (z) = Ts − z∗

√
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where Ts = T (z = H) is the temperature at the surface of the
ice, GHF is the geothermal heat flux, kt is the ice thermal
conductivity, z∗

2 = 2» H/ḃi is defined for convenience, »

is the ice thermal diffusivity, H is the total ice thickness,
and ḃi is the surface mass balance rate (often called the
accumulation rate) [35]. The Budd column model for T (z) in
contrast states
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where ´b is the GHF plus integrated strain heating, ³ is
the surface slope, ¼ is the lapse rate, and ū is the average
horizontal velocity [38]. The parameters Ts , H , » , z∗, and
ḃi are the same as above. Values for all physical parameters
used in our simulations are listed in Table I. In (1) and (2),
erf represents the error function. Budd et al. [38] defines
E(x) as the integral of Dawson’s integral, given by

E(x) =
∫ x

0

[

e−y2

∫ y

0

et2

dt

]

dy. (3)

Fig. 1. Attenuation rate as a function of temperature using the frequency
independent Debye model and the Matzler model at different frequencies.

B. Englacial Attenuation Model

The attenuation of an electromagnetic signal through ice is
primarily dependent on the physical temperature of the ice but
is also influenced by ice chemistry and electromagnetic fre-
quency [24], [30]. Attenuation is quantified via the absorption
coefficient, »³ , defined as

»³(T, f ) =
2Ã

¼0

ϵ′′
ice(T, f )
√

ϵ′
ice

(4)

where ϵice = ϵ′
ice + jϵ′′

ice(T, f ) is the ice dielectric constant,

j =
√

−1, and ¼0 is the signal wavelength in air. The total
two-way attenuation in dB experienced by a radar signal that
reflects off the bed is

Latt [dB] =
∫ H

0

2»³(T, f )10 log10(e)dz (5)

where e is Euler’s number.
Traditionally, ice-penetrating radar sounders have assumed

the frequency dependence of attenuation to be negligible
within their typical frequency range (1–300 MHz) [17]. This
assumption is grounded in the Debye model for the dielectric
constant of ice, which assumes a single relaxation in the
hertz to kilohertz range [24]. While the Debye model is used
widely within the ice-penetrating radar community, it does
not support the frequency range needed for radiometry on
ice sheets. Instead, the ice-sheet radiometer literature typically
utilizes the semi-empirical Matzler model for ϵ′′ that includes

explicit frequency and temperature dependencies [24], [43].
At frequencies less than 500 MHz and for low temperatures,
the Matzler and Debye models match relatively well as shown
in Fig. 1. It is also evident in Fig. 1 that the Matzler
model exhibits little frequency dependence beneath 500 MHz.
At higher frequencies, the Matzler model exhibits a more
pronounced frequency dependence. In this article, we exclu-
sively use the Matzler model as detailed in [43] and a real
permittivity of ϵ′

ice = 3.17 to encompass the wide range
of frequencies needed for both the radar and radiometer
instrument simulations. Using the Matzler model does not
prevent simulations of radar attenuation, whereas using the
Debye model would result in a loss of information for the
simulations of radiometer brightness temperature.
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C. Brightness Temperature Model

We model brightness temperature following the “cloud”
model in [20], which integrates the thermal emission from
discrete layers of ice, accounting for attenuation at each
layer, as well as the reflection and transmission coefficients
of the ice-bed interface and the ice-surface interface. Internal
reflections within the ice column and scattering are neglected
in this model.

The resulting brightness temperature is

Tb(¹, Æ)

= (1 − 0surf(¹))
[
∫ H

0

T (z)»³(z)
1

cos(¹)
exp

(

−
∫ H

z

»³

(

z′) 1
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dz′

)

dz

+ (1 − 0bed(¹)) T (0) exp

(

−
∫ H

0

»³(z)
1

cos(¹)
dz

)]

(6)

where 0surf is the surface Fresnel power reflection coefficient,
0bed is the bed Fresnel power reflection coefficient, T (z) is
the physical temperature of the ice, »³(z) is the absorption
coefficient of the ice, H is the ice thickness, and ¹ is the angle
off nadir. T (0) is the temperature at the ice-bed interface. For
all analyses, reflection coefficients are computed for horizontal
polarization [19], and assume a permittivity of 2.63 − j0.046
(frozen rock, [25]) at the ice-sheet base. The above description
neglects reflections in the upper layers of the ice sheet caused

by density variations in the firn [44]. While these effects can
be significant, they are not related to englacial temperature
sensitivities of primary interest in this work. It is noted that
radar observations have the potential to provide information
on firn layering effects on the radiometer, so combined radar
and radiometer measurements are also of interest for this
application [45], [46], [47], [48], [49].

The pattern-integrated brightness temperature takes into
account the beam pattern of the radiometer antenna and is
given by

TA
′ =

∫ ∫

4Ã
TB(¹, Æ) F(¹, Æ) d�

∫ ∫

4Ã
F(¹, Æ) d�

(7)

where TB(¹, Æ) is the brightness temperature distribution of
the observed scene, F(¹, Æ) is a normalized antenna radiation
pattern, and d� is the differential solid angle [19]. The
brightness temperature is assumed to be spatially uniform for
the purposes of our simulations.

III. TEMPERATURE SENSITIVITY SIMULATION

To investigate the complementary sensitivities of radars and
radiometers to ice-sheet thermal structure, we develop a basic
simulation of attenuation and brightness temperature responses
to different thermal profiles. We use this simulation to under-
stand how different system architectures influence thermal
sensitivity. Our simulation involves computing a superset of
plausible temperature profiles from the Robin and Budd mod-
els described in Section II-A. Plausible temperature profiles
are produced from each model by sweeping over the parameter
ranges shown in Table I under the assumptions that:

1) the temperature anywhere within the ice column cannot
exceed the melting point (273.15 K);

2) the temperature anywhere within the ice column cannot
be beneath 203.15 K.

If a profile does not meet these assumptions, it is considered
nonphysical and discarded from the superset. For each profile
in the superset, we calculate the observed brightness temper-
ature and attenuation for frequencies ranging from 200 MHz
to 2 GHz. In total, we simulated 669 660 thermal profiles,
of which 358 667 were considered plausible and included in
the superset.

We select thermal profiles from the superset to represent
various ice-sheet thermal regimes for forward modeling (e.g.,
cold-bedded areas, warm-bedded areas, slow-flowing areas,
fast-flowing areas, and areas with/without a significant hor-
izontal advection signature). We evaluate system architectures
by specifying instrument frequencies and radiometric resolu-
tion for both the radiometer and the radar. We then calculate
brightness temperature and attenuation measurements for the
true profile and a specified system. Based on these brightness
temperature and attenuation values, we find the subset of
temperature profiles that are consistent with the measurements.
A profile is considered consistent if the brightness tempera-
ture and/or attenuation the instrument observes is within the
radiometric resolution of the measurements produced by the
true profile and if its surface temperature is within ±5 K of
the true value. The latter process acknowledges the fact that
profiles having consistent brightness temperatures but larger
differences in surface temperatures could be rejected using

surface temperature data from a climate model (e.g., [50]) or

via a co-located infrared camera [51]. We note that seasonal
temperature variations at the surface are typically not observ-
able beneath depths of 20 m [35] and our simulations are rep-
resentative of mean annual temperature profiles. We investigate
the relative and combined performance of active and passive
observations by determining the matching profile subsets for
radiometer brightness temperature measurements alone, radar
attenuation measurements alone, and radar and radiometer
measurements in combination. In what follows, the difference
among consistent temperature profiles at a given depth will
be described as the temperature retrieval error for a given
system. We note that this definition does not involve the
direct application of a retrieval method but instead emphasizes
the sensitivity of the observed quantity to the temperature
at a specific depth. For a combined radiometer-radar system,
consistent profiles must provide both brightness temperatures
and attenuation measurements within the specified instrument
sensitivities.

To visualize the temperature sensitivity as a function of
depth we use stacked box and whisker plots showing the differ-
ence in temperature between the true and matching profiles as
a function of depth. An example of this visualization is shown
in Fig. 2(b). Throughout this article, the red line in these plots
represents the median temperature retrieval error, the dark blue
regions represent the 25th–75th percentile temperature error,
the light blue the 3Ã temperature error, and the gray dots
show the outliers. A perfect temperature retrieval throughout
the ice column would have a single red vertical line at 0 K
temperature error.

IV. IMPROVING ATTENUATION

CONSTRAINTS IN RADAR DATA

Disentangling the effects of attenuation and basal conditions
in ice-penetrating radar data has the potential to greatly
reduce uncertainty in interpretations of basal thermal state,



BROOME et al.: JOINT ACTIVE AND PASSIVE MICROWAVE THERMOMETRY OF ICE SHEETS 4300310

Fig. 2. (a) Simulated true temperature profile. (b) Simulated temperature
retrieval errors produced by a radiometer operating at 300 and 1000 MHz
with ±1 K radiometric resolution. Less than 0.5 K absolute median error
throughout the entire depth of the ice column. (c) and (d) Corresponding
error in attenuation at 300 and 1000 MHz, calculated from the thermal profiles
in (b). In (c) radar attenuation performance is represented by a standard box
and whisker plots with the −3Ã , 25th percentile, median, 75th percentile, and
+3Ã values and outliers indicated.

material, and roughness [18], [26]. However, disentangling
these effects is quite challenging. Various methods for attenua-
tion correction exist, including model-based corrections using

numerical ice-sheet models [52], [53] or 1-D analytic thermal

models [27], [54], empirical bed echo-based corrections using
along-track fitting [13] or 2-D cross-profile fitting [32], and
englacial layer-based corrections based on the layers that are
traced horizontally across profiles [30] or analyzed vertically
as a function of depth [31]. All of these approaches by neces-
sity make strong assumptions on glaciological conditions, and
these assumptions have the potential to result in ambiguous or
erroneous interpretations of basal conditions [26]. Therefore,
direct observation, constraint, and correction of attenuation
have the potential to reduce or remove the ambiguity between
attenuation and basal conditions in radar sounding data.

Uncertainties in attenuation are dominated by uncertain-
ties in englacial temperature, and corrections of attenuation
in radar sounding data can be greatly improved with better
constraints on englacial temperature. We show that for thermal
profiles where typical radiometer-based retrievals work well,
radiometers can provide these better englacial temperature
constraints, improving attenuation corrections and thus, inter-
pretations of basal conditions. For example, using the true
temperature profile shown in Fig. 2(a), our simulation shows a
radiometer can be used to estimate the temperature profile as a
function of depth with relatively low median error, as depicted
in Fig. 2(b). Using the retrieved temperature profiles with the
model for attenuation in Section II-B produces attenuation
estimates that have a median error of less than 1.5 dB across
a broad frequency range [see Fig. 2(c) and (d)]. In cases
where a radiometer is highly sensitive to emissions from the
full depth of the ice column, the constraints provided for the
radar attenuation from the radiometer instrument can be further
improved.

Correcting for attenuation at this level on a nearly pulse-
by-pulse basis with radiometer measurements could have a
transformative impact on radar sounding analysis, enabling

higher fidelity measurements of basal conditions and opening
the door for true radiometric analysis of radar sounding data.
This impact persists even in thermally complex areas where a
fully radiometer-based temperature retrieval is not possible,
as the combined constraint on englacial temperature (from
a joint radar-radiometer, see Section V) still significantly
reduces the ambiguity between attenuation and basal reflec-
tivity. Furthermore, basal reflectivity signatures are relatively

large, spanning a range of over 30 dB [52], [55], with spatial
patterns of reflectivity (including roughness effects) spanning
an even wider range [32]. The 25th–75th percentile error
in Fig. 2(c) is approximately 15 dB for both frequencies,
which still reduces uncertainty in basal reflectivity signatures
to allow commentary on the thermal state of the bed (i.e.,
whether it is frozen or thawed). Thus when interpreting basal
reflectivity patterns at the 10s of dB scale, the requirements
placed on radiometer performance for attenuation correction
are typically more easily met than those demanded the purpose
of temperature retrievals.

V. REDUCING UNCERTAINTY IN MODEL-BASED

TEMPERATURE RETRIEVALS

While radiometers can sometimes provide significant con-
straints on englacial temperature profiles in regions where
the assumptions of model-based retrievals hold [6], englacial
temperature estimates from radiometer brightness temperatures
alone are insufficient in many of the most dynamic, rapidly
changing, and consequential portions of the ice sheet. Model-
based retrievals inherently suffer degraded accuracy when the
functional form of the a priori thermal model is incorrect or
does not capture complex thermal behavior (e.g., temperate
ice or non-steady state thermal regimes) [18]. Alternatively,
exploiting the complementary sensitivity of a radar sounding
instrument augments the radiometer’s observational capabili-
ties and lessens overall system demands by utilizing the radar,
rather than a radiometer, to place constraints on the englacial
temperature in areas of deep and warm ice. Here, we highlight
the benefits radar data provides to radiometer-based thermal
profile retrievals.

Active electromagnetic measurements of attenuation made
by ice-penetrating radar sounders are highly complemen-
tary to the passive measurements of brightness temperature
by microwave radiometers. Because the attenuation signal
increases exponentially with temperature, it becomes easier
for the radar to observe and discriminate this signal as the
temperature of the ice increases. Fig. 3(g) and (h) demonstrates
that improvement in englacial temperature observations on the
order of 10 K, especially in deep/warm ice, can be achieved
by adding a radar measurement of attenuation as compared
to the radiometer measurements alone [see Fig. 3(b)–(d)].
Including a radar measurement of depth-integrated attenuation
thus provides valuable, supporting data to a radiometer’s
measurement of temperature in these potentially important
areas.

Although these examples utilized the Robin and Budd
analytic models, the complementary constraints of radiometer
brightness temperature and radar attenuation measurements
can be similarly exploited to improve model-data assimilation
schemes using numerical ice-sheet models, which are appli-
cable to a much wider range of ice-sheet flow and thermal
regimes.



4300310 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023

Fig. 3. Simulated temperature retrieval errors for a variety of system configurations measuring the true temperature profile in (a). Radiometer-only configurations
are (b) 1400 MHz radiometer, (c) 12 channel wideband radiometer spanning 500–2000 MHz, and (d) dual channel radiometer at 300 and 1000 MHz. Radar-only
configurations are (e) 300 MHz radar and (f) dual-frequency 300, 1000 MHz radar. Joint radar-radiometer configurations are (g) 12 channel wideband radiometer
spanning 500–2000 MHz and a single-frequency 300 MHz radar, and (h) dual-frequency radar and radiometer, each with bands at 300 and 1000 MHz. All
radiometers have ±1 K radiometric resolution. All radars have ±3 dB radiometric resolution.

VI. ARCHITECTURE IMPLICATIONS

As shown above, an instrument that simultaneously col-
lects radiometer and radarradiometer-only or radar sounding
data has the potential to improve both microwave thermom-
etry and basal condition observations across a range of
ice-sheet thermal states. We now investigate potential factors
in instrument design and architecture relevant for consideration
when implementing such a system. Our particular interest in
local-scale measurements of basal conditions and englacial
thermal structure leads us to focus on a snowmobile-towed,
ground-based solution. Although we focus on a ground-based
solution and address the practicalities of building and operat-
ing such a system, the complementarity between active and
passive microwave observations of ice-sheet thermal state and
basal conditions also applies to airborne and satellite-borne
systems. Our analysis of this approach suggests that combining
SMOS or SMAP radiometer data at 1.4 GHz (the lowest
frequencies available from spaceborne radiometers) over the
ice sheets with radar data at roughly 300 MHz collected from
various airborne radar campaigns is potentially promising for
investigating ice-sheet thermal structure at the continent scale.

We discuss potential system architectures in the context
of the simulated true temperature profile in Fig. 3(a), which
requires a joint radar-radiometer system to obtain full top-to-
bottom sensitivity to englacial temperature. The temperature
profile in Fig. 3(a) is isothermal and relatively cold in the upper
two-thirds of the ice column, with warming in the lower third
of the column and a basal temperature that approaches the
melting point. This profile is representative of thermal condi-
tions near an ice divide with little to no horizontal advection
and moderate accumulation. The presence of warm, deep ice
prevents the radiometer from being sensitive to temperature at
depth, while the relatively cold temperatures near the surface
contribute relatively little to the total attenuation observed by
the radar.

In Fig. 3(b)–(d), the temperature retrieval error is shown
for three different radiometer-only system configurations,
a single-frequency 1400 MHz radiometer [SMOS/SMAP ana-
log, Fig. 3(b)], a 12 channel 500–2000 MHz radiometer

[UWBRAD analog, Fig. 3(c)], and a dual-frequency
300 MHz/1000 MHz radiometer [see Fig. 3(d)]. All of these
systems show similar behavior in the temperature retrieval,
with generally good constraints in the upper portion of the
ice column where the englacial temperature is cold and con-
sistent, and increasing temperature error near the bed as the
englacial temperature warms and the radiometers lose sensi-
tivity. Fig. 3(e) and (f) shows the temperature retrieval error
for two radar-only system configurations, a single-frequency
300 MHz radar, and a dual-frequency 300 MHz/1000 MHz
radar. These results show greater error in the radar retrievals
near the surface and less error near the bed, as expected based
on the magnitude of the englacial temperature profile and
attenuation as a function of depth.

Significantly improved constraints can be provided on the
recovered temperature profile by using a joint radar-radiometer
system. Fig. 3(g) and (h) shows the retrieved temperature error
using two different system configurations for a joint radar-
radiometer. In both joint system cases, the temperature error
is less than in either the radiometer-only or radar-only case.
Furthermore, the error remains relatively low throughout the
entire depth of the ice column. Fig. 4 overlays the median
temperature retrieval error for each system architecture and
the simulated retrieval in Fig. 3. It is clear from this figure
that the radiometer instrument provides important constraints
on the englacial temperature in the upper portion of the ice
column. The reduced error achieved by combining the radar
and radiometer measurements shows that a joint system is
more capable of observing and reproducing the full vertical
structure of the englacial temperature profile.

Using the true temperature profile in Fig. 3(a) as an
exemplar, we explore joint radar-radiometer system designs
which maximize the amount of thermal data collected by the
instrument while minimizing system complexity.

A. Channel Quantity and Spacing

A major design choice in the implementation of a joint
microwave radar-radiometer is the center frequency, quantity,
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Fig. 4. Median temperature retrieval errors for the simulated retrievals shown
in Fig. 3.

and spacing of different channels. Prior work in radiometry
over ice sheets focuses on the need for a multi-frequency, very
wide bandwidth radiometer system, with different frequencies
used to reconstruct a depth-dependent temperature profile
[15], [20]. Most ice-penetrating radars are designed with
a focus on measuring topography beneath the ice sheets,
which leads to system designs with high bandwidth, fine
range resolution, and high transmit power [18]. In a joint
radar-radiometer system that is focused on measuring and
constraining englacial temperature, the overall complexity for
each system can be reduced, making the implementation of
each individual instrument more tractable.

Fig. 3(g) and (h), shows the temperature retrieval errors
for our example temperature profile using two different joint
radar-radiometer system configurations. The first, Fig. 3(g),
shows a system that uses a UWBRAD-like multi-frequency,
wideband radiometer alongside a single-frequency 300 MHz
radar, while the second, Fig. 3(h) shows a system with
both the radar and radiometer having two bands at 300 and
1000 MHz. These results show nearly identical errors in the
temperature retrievals for these two joint systems, suggesting
that by further decreasing the lowest radiometer measure-
ment to 300 MHz (which is practical for a ground-based
system), similar sensitivity to the ice-sheet thermal structure
can be achieved. The addition of a second active radar
channel at 1000 MHz also improves reconstructions by cap-
turing an additional constraint on the attenuation, which
is frequency-dependent at frequencies above 500 MHz (see
Section II-B). As noted previously, scattering and density
changes within the firn may play an important role in ice-sheet
brightness temperature measurements, and including a higher
frequency radar channel can support the measurement and
correction of these near-surface effects.

A joint dual-frequency radar-radiometer system reduces
overall system complexity, as the active and passive channels
can share some front-end hardware (amplifiers, antennas, etc.),
and because it is generally easier to design and build relatively
narrowband RF components, as compared to very wideband
ones. Provided one frequency is low enough (approximately
300 MHz) and the other is sufficiently high to capture shal-
low temperature variations and attenuation changes (approx-
imately 1000 MHz), one can use such a system to produce
reconstructions of englacial temperature as a function of
depth.

A simultaneous advantage and challenge for multi-
frequency, wideband radiometer systems is the presence of
radio frequency interference (RFI). Because radiometers make
very sensitive passive measurements, active RF sources within
a range of their receivers cause saturation, masking the actual
signals of interest. In wideband radiometers, the larger fre-
quency range provides more overall data and flexibility, such
that if one channel is corrupted by RFI, others may not be and

may still collect useful data [56]. However, being wideband
also presents a challenge because it is highly likely that some-
where across that bandwidth RFI will be present and degrade
the data, requiring a variety of sophisticated RFI detection
algorithms [56]. A narrowband system may be designed to
be frequency agile and adjust its exact center frequency

to avoid RFI as measured onsite for a given survey [57].
We envision implementing our system on a software-defined
radio to enable this agility and allow the actual bands used in
a specific deployment to be adjusted according to on-the-spot
measurements of RFI.

B. Radiometric Resolution

Radiometric resolution quantifies an instrument’s inherent
uncertainty to received power. An instrument with better
radiometric resolution (higher sensitivity, lower uncertainty)
can better discriminate incident signals with small differences
in energy, and as a result, may be able to better recover
the underlying ice-sheet thermal signatures. Fig. 5 explores
the design space of radiometric resolution, with radiometric
resolutions ranging from a modest ±3 dB for the radar to a
much tighter ±0.5 dB, and radiometer radiometric resolutions
(also called noise equivalent delta temperature, NEDT), rang-
ing from ±1 to ±0.2 K.

There are two main takeaways from these simulations.
The first is that a joint radar-radiometer system with modest
radiometric resolutions for each instrument [see Fig. 5(a)],
still recovers the englacial temperature better than a highly
precise radiometer-only system [see Fig. 5(i)]. Again, this
is because the radar adds a complementary sensitivity to a
temperature that is particularly evident in deep ice. An impor-
tant implication of this result is that a joint system, with
relaxed requirements on radiometric resolution, is much easier
to implement than a single instrument with tight radiometric
resolution.

The second takeaway from Fig. 5 is that while improving
radiometric resolution in a joint radar-radiometer system does
reduce the median error and spread in error of the recovered
temperature, it does not do so significantly. Fig. 5(b) and (c),
which have improved radiometric resolutions for the joint sys-
tem, have fewer outliers and lower basal temperature error as
compared to Fig. 5(a). However, there is not much difference
between the ±1 dB/±0.5 K case and the ±0.5 dB/±0.2 K case,
meaning additional improvements in radiometric resolution,
which may require significantly increased system complexity,
may not provide enough improvement in sensitivity to thermal
structure to be justified. This suggests that a less complex
and easier-to-implement joint radar-radiometer system may be
sufficient to observe the englacial temperature in many cases.

C. Antenna Beamwidth and Polarization

Historically, radiometers have used rather directive anten-
nas, while radar sounders have used nearly isotropic antennas.
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Fig. 5. Simulated temperature retrieval errors for a variety of system configurations measuring the true temperature profile in Fig. 3(a). (a)–(c) Joint
radar-radiometer configurations, with a 300 and 1000 MHz radar and radiometer. (d)–(f) Radar-only configurations, with a 300 and 1000 MHz radar.
(g)–(i) Radiometer-only configurations with a 300 and 1000 MHz radiometer. Columns show different radiometric resolutions, improving from left to right.
(a), (d), and (g) ±3 dB radiometric resolution for the radar and ±1 K radiometric resolution for the radiometer. (b), (e), and (h) ±1 dB for the radar, ±0.5 K
for the radiometer. (c), (f), and (i) ±0.5 dB for the radar, ±0.2 K for the radiometer.

Because we focus on a towed, ground-based system, we are
able to use less directive antennas. Fig. 6 shows the impact
of varying half power beamwidth (HPBW) for a ground-based
radiometer. While improvement is seen in the radiometer-only
configurations with narrowing HPBW in Fig. 6(a)–(c), the
improvement is only marginal. More importantly, Fig. 6(d)
shows that a joint radar-radiometer system with a nondirec-
tional antenna can still more accurately recover the true tem-
perature profile, despite limited antenna directivity. This shows
again that by combining radar and radiometer instruments,
we are able to reduce the overall complexity and requirements
of each individual instrument. Reduced antenna directivity
requirements are also advantageous in that smaller antenna
sizes can be acceptable.

While we have used Fig. 3(a) as an exemplar true tem-
perature profile for our discussion of system architecture,
a dual-frequency joint radar-radiometer is advantageous across
a wide range of true temperature profiles. Of the 358 667
temperature profiles simulated, in 270 798 profiles, a dual-
frequency joint radar-radiometer (e.g., 300/1000 MHz, ±3 dB,
±1 K radiometric resolution, isotropic antenna) achieved
median temperature retrieval error averaged over the full depth
of the ice column less than or equal to the depth-averaged
median temperature retrieval error of either individual instru-
ment. The radiometer instrument alone achieved the same

Fig. 6. Simulated temperature retrieval errors for a dual frequency 300,
1000 MHz radiometer measuring the true profile in Fig. 3(a), using (a) 60◦

HPBW antenna, (b) 30◦ HPBW antenna, and (c) 3◦ HPBW antenna. (d) Sim-
ulated temperature retrieval for a joint radar-radiometer system with channels
at 300 and 1000 MHz and an isotropic antenna. All simulations have ±3 dB
and ±1 K radiometric resolution for the radar and radiometer, respectively.

or lower depth-averaged median temperature retrieval errors
than the radar or joint system in 226 214 profiles, and the
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radar achieved the same or lower depth-averaged median
temperature retrieval errors in 64 862 profiles. In practice,
the performance metric of a system depends on the appli-
cation and glaciological process being studied, and it is
challenging to quantify performance without a specific appli-
cation, but using the general metric above, it is clear that a
joint radar-radiometer has potential use across many thermal
profiles.

VII. CONCLUSION

Measuring ice-sheet thermal state is critical for answering
a wide range of glaciological questions and for improv-
ing sea level projections from numerical ice-sheet models.
Existing remote sensing techniques face significant challenges
in recovering the full top-to-bottom thermal profile in ice
sheets. We showed that the sensitivities of active and passive
microwave measurements are highly complementary and that
by combining active radar measurements of attenuation with
passive radiometer measurements of brightness temperature,
significantly improved top-to-bottom constraints on englacial
temperature are achievable. Specifically, we showed that a
ground-based joint radar-radiometer instrument can reduce
requirements on channel quantity, radiometric resolution, and
antenna beamwidth when compared to those for a radar or
radiometer alone. The fundamental complementarity of radar
and radiometer measurements and the framework for their joint
analysis can also be extended to airborne or satellite systems.
By combining active and passive microwave observations,
we can improve our estimates of both the thermal state of
ice sheets and the attenuation-corrected radar characterization
of basal conditions in the most dynamic, compelling, and
consequential portions of ice sheets and glaciers.
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