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ABSTRACT | This article reviews existing and planned con-

tributions of spaceborne microwave radiometry from P to S

band to new measurements of key geophysical variables with a

particular focus on the polar regions. It summarizes the current

state of spaceborne microwave radiometry to measure ice

sheet thermal states, sea ice thickness (SIT), salinity, and sea

surface salinity (SSS). Then, this article discusses the potential

of wideband radiometry, with continuous sampling in the range

of 0.4–2 GHz, as a breakthrough for enhancing the estimation

of geophysical variables such as SSS and the geothermal

heat flux beneath the polar ice sheets, which are currently

monitored primarily using L-band radiometry satellites. Fur-

thermore, this article describes opportunities for new unique

observations that cannot be achieved with the current constel-
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lation of satellite sensors. In addition, this article demonstrates

the advantages of using low-frequency radiometry in sensing

soil moisture and biomass from space due to the great sensing

depth. This article concludes with a discussion of mission

concepts highlighting the CryoRad mission, which has been

selected as one of the four candidates for European Space

Agency Earth Explorer 12 competition and is now conducting

Phase 0 feasibility studies, envisions a 0.4–2-GHz dedicated

spaceborne radiometer operated with circular polarization.

KEYWORDS | Cryosphere; microwave radiometry; new mis-

sions; sea surface salinity (SSS); wideband.

I. I N T R O D U C T I O N
Polar regions are critical parts of the rapidly changing
Earth system. Mass loss from the Greenland and Antarctic
ice sheets now constitutes a major contribution to sea-level
rise [1]. The instability of ice shelves—the outer floating
part of the ice sheets—and their potential future collapse
poses additional risks for accelerating ice sheet discharge
and sea-level rise even further [2]. In parallel, the reduc-
tion of sea ice extent and thickness in both the Arctic [3]
and the Antarctic [4], along with declining snow cover and
rising permafrost temperatures, are strong indicators of
the continuing degradation of the cryosphere [5]. Some of
these changes are associated with the warming of oceans,
while the Southern Ocean plays a dominant role in the
total heat gain by the global ocean [6], [7].
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The combined effects of land ice melting and sea
ice decline have altered ocean–atmosphere interactions.
These changes enhance ocean heat storage, intensify the
freshwater cycle, and modify ocean stratification. In turn,
this cascade of processes affects sea-ice dynamics and
ocean overturning circulation, with implications for both
regional and global climate systems. Dense, saline waters
formed in polar regions feed the abyssal layer of the
global ocean, transport heat between hemispheres, and
help regulate atmospheric carbon dioxide concentrations
[2], [8]. Through their impacts on sea level and ocean
convection, the consequences of these changes in polar
regions are global, impacting weather patterns, climate,
and ecosystems worldwide.

The global significance of polar regions is further under-
scored by McKay et al. [9], which identified polar regions
as containing many of Earth’s climate tipping points,
critical thresholds beyond which a change would signifi-
cantly alter the Earth system and impact human welfare.
A deeper understanding of how and when such tipping
points might be reached, as well as the potential impacts
of mitigation and adaptation strategies, requires improved
observational capabilities and process-level knowledge of
the cryosphere. Despite considerable advances over the
last decade, especially in weather and climate modeling,
substantial uncertainties persist in our understanding of
cryospheric processes. These uncertainties largely stem
from a lack of high-quality observations of key physical
parameters at the temporal and spatial scales necessary
for the next-generation assimilation and predictive mon-
itoring. Due to the cryosphere’s vast extent, remoteness,
and extreme environmental conditions, satellite observa-
tions have long been crucial for understanding cryospheric
processes. The abilities of spaceborne microwave sen-
sors to provide all-weather, day-and-night observations
have made them especially valuable. Recent achievements
include the use of interferometric synthetic aperture radar
(InSAR) to map ice sheets, delineate grounding lines, and
monitor sea ice motion, as well as the use of radar altime-
try to measure the thickness of both sea ice and polar ice
sheets [10].

Spaceborne microwave radiometers have also been
extensively employed due to their extensive spatial cover-
age and short revisit time, enabling weekly or subweekly
observations. Before 2009, the lowest available frequency
for passive microwave observations from space was 6.8
GHz (∼5-cm wavelength), limiting emission to being from
the upper tens of meters in ice sheets/shelves, centimeters
in sea ice, and very low sensitivity to ocean salinity. The
introduction of L-band (1.4 GHz) spaceborne radiome-
ters on missions such as ESA’s Soil Moisture and Ocean
Salinity (SMOS) (2009), NASA/CONAE’s Aquarius (2011),
and NASA’s Soil Moisture Active Passive (SMAP) (2015)
significantly expanded remote sensing capabilities over
polar regions. These instruments, originally designed for
SMOS monitoring, also provided information from deeper
layers in ice, snow, and frozen soil compared to sensors
operating at higher frequencies (e.g., SMMR, SSM/I,

AMSR-E, AMSR2, and the future MWI aboard MetOp-SG).
This enhanced sensing capability has enabled several key
cryospheric studies, such as inferring subsurface ice sheet
temperature [11], [12], detecting sea ice thickness (SIT) in
the critical 0–1-m range where the uncertainty of satellite
altimetry is high [13] identifying freeze/thaw cycles of
permafrost [14], [15], and detecting subsurface meltwater
and aquifers in ice sheets and shelves [16].

Although this progress has yielded significant and new
geophysical results and applications, important limitations
remain. The emission depth for L-band signals is not
sufficient for thick ice sheets [11]. For example, ice sheet
temperature estimation at L band becomes inaccurate
below 1000–1500 m depth, which is insufficient for char-
acterizing the full thickness of many parts of the Antarctic
and Greenland ice sheets. At depths beyond 2500 m,
temperature uncertainty can exceed 8 K in some locations
although it remains below 2 K in approximately 75% of
cases [12]. For sea ice, a data fusion approach, which
combines SMOS and CryoSat observations, can potentially
yield ice thickness estimates with less than 30% uncer-
tainty for very thin (<50 cm) or thick (>1 m) ice [17].
However, the accuracy drops for intermediate thicknesses
(50–100 cm), falling short of the Global Climate Observing
System (GCOS) threshold and goal uncertainty require-
ments, which are 25 and 10 cm, respectively [18]. For sea
surface salinity (SSS), the uncertainty increases in polar
regions because the sensitivity of the measured brightness
temperature (TB, primarily a function of surface emissivity
and physical temperature) sensitivity to SSS decreases by
about a factor of three from warm to cold water [19],
[20], [21], [22]. To overcome these limitations, new ideas
have emerged to extend observations to lower microwave
frequencies and expand the observational bandwidth [23].
This approach enables greater emission depths for glaciers
and sea ice and improves sensitivity to SSS in cold water.
In particular, a wideband radiometer operating between
0.4 and 2 GHz offers two major advantages. First, although
this frequency range is more susceptible to radio frequency
interference (RFI) [24], continuous sampling across nar-
row subbands allows for the extraction of uncontaminated
TB data. Second, wideband data enable new retrieval
approaches based on spectral properties of the surface and
subsurface, similar to hyperspectral methods in the opti-
cal domain, or atmospheric sounding in the thermal and
microwave domains. The rich spectral information enables
simultaneous retrieval of multiple variables, such as the
ice temperatures at different depths within the ice sheet,
while reducing the risk of ill-conditioning. At microwave
frequencies, the achievable spatial resolution is funda-
mentally constrained by the diffraction limit, which scales
with wavelength and antenna aperture size. Previously,
using these lower frequencies from space was considered
impractical due to the inherently coarse resolution dictated
by the diffraction limit and by technological constraints
on antenna size. However, synthetic aperture techniques,
such as those employed by ESA’s SMOS mission, have
demonstrated the feasibility of achieving higher spatial
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resolution at L band. Moreover, recent advances in large
deployable antenna systems, implemented on missions
such as NASA’s SMAP (L band) and ESA’s copernicus imag-
ing microwave radiometer (CIMR) and Biomass, further
extend the potential for high-resolution observations at L
band and below, making spaceborne radiometry at these
frequencies increasingly practical.

This article summarizes recent progress in wideband,
low-frequency radiometry; provides scientific rationale for
its application to cryospheric and related Earth system
processes; and describes the technical implementation of
future spaceborne missions based on this emerging obser-
vational approach.

II. C A P A B I L I T I E S O F
L O W - F R E Q U E N C Y M I C R O W A V E
R A D I O M E T E R S
Microwave thermal emission at low frequencies exhibits
increased emission depth into geophysical media, as
detailed in [23]. Specifically, frequencies below the
1.4-GHz protected band—used in missions such as SMOS,
Aquarius, and SMAP—allow for significantly greater emis-
sion depths in soil, sea ice, and ice sheets. For example,
in wet soil, the emission depth at 0.4 GHz is approxi-
mately 50% greater than at 1.4 GHz. In compacted sea
ice (up to 1 m thick), the increase is around 100%,
while in ice sheets, it exceeds 300% [23]. This greater
depth of emission improves the sensitivity of radiometric
measurements to subsurface properties, enabling more
accurate retrievals of variables such as soil moisture, SIT,
and internal ice sheet temperature profiles. For SSS, lower
frequencies also offer improved sensitivity in cold water
environments. At 0.4 GHz, the sensitivity to salinity is
approximately three times higher than at 1.4 GHz in
high-salinity conditions, and even greater in low-salinity
waters. In Sections II-A–II-D, the observational capabilities
and scientific motivations for adopting wide-band, low-
frequency microwave radiometry are reviewed. The focus
is on cryospheric and polar ocean parameters correspond-
ing to the main objectives of current mission proposals;
however, information on soil and vegetation parameters
are also provided.

A. Ice Sheet and Shelves

1) Background: Satellite observations over the past
three decades have documented an accelerating loss of
mass from both the Greenland and Antarctic ice sheets.
Studies that couple ice sheet modeling with climate mod-
eling indicate that this acceleration is likely to continue
well beyond the end of the century, particularly under
high greenhouse gas emissions scenarios [25]. Even under
pathways consistent with Paris Climate Agreement targets,
projections suggest that mass loss from these ice sheets
will remain one of the dominant contributors to future
global mean sea-level rise [2]. Uncertainties in the sea-
level rise contribution from land ice have been quantita-
tively assessed in [25], who evaluated a range of climate

scenarios and ice sheet/glacier model combinations for
estimating sea level by 2100. While projections for moun-
tain glaciers remain relatively consistent across scenarios,
estimates for the Greenland and Antarctic ice sheets vary
widely, with projected sea-level contributions ranging from
12 to 42 cm by 2100 under risk-averse assumptions. This
uncertainty reflects a limited understanding of key rate-
controlling processes.

Antarctica’s contribution is even more uncertain and
spans a broader range of outcomes, due to the com-
plex and poorly understood processes governing ice–ocean
interactions and ice sheet dynamics. The study given in
[25] emphasizes that variability in basal melting beneath
ice shelves is the dominant source of uncertainty in
Antarctic projections. These basal processes govern the
thinning and collapse of ice shelves, which, in turn, reg-
ulate the discharge from grounded ice upstream. Addi-
tional uncertainty stems from the parameterization of ice
sheet dynamics. Consequently, improved observations and
model constraints are urgently needed to better character-
ize Antarctic basal processes, ice shelf stability, and their
coupling with the ocean. International research programs
have proposed strategies to reduce these uncertainties,
and significant progress has been reported [26]. However,
major uncertainties remain related to a limited quantita-
tive understanding of many of the processes that control
the mass balance and stability of ice sheets, and the
inability to characterize such processes from space using
existing or planned sensors [25], [27], [28].

Within the Ice Sheet Model Intercomparison Project
(ISMIP6 ensemble of future projections [28]), the domi-
nant sources of uncertainty for ice sheets include surface
forcing, ice–ocean interaction, model initialization, and
representation of subgrid physics [25], [27], [28]. Many of
these uncertainties are associated with poorly understood
processes, such as basal hydrology and sliding, ice–water
interactions, and meltwater routing. A persistent limitation
is the lack of observations for two key physical parameters:
englacial temperature, which directly influences ice viscos-
ity and deformation rates, and basal thermal state, which
controls whether the ice is frozen to the bed or capable of
sliding.

Englacial and basal ice sheet temperatures are governed
by a combination of long-term surface temperature his-
tory, upward geothermal flux at the base, vertical and
horizontal ice advection, and internal heating processes
such as shearing, sliding, and refreezing of meltwater [29],
[30]. Yet, direct measurements of these temperatures exist
only at a small number of deep boreholes in Greenland
and Antarctica [31], [32]. This sparse observational cov-
erage leads to poorly constrained ice thermodynamics,
which, in turn, contributes to uncertainty in ice sheet
modeling. For example, the basal thermal state—whether
the base is frozen or thawed—remains undetermined
across large areas [33], limiting the ability to model basal
mass balance and predict dynamic responses to climate
forcing [34].
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Fig. 1. Basal thermal state of the Greenland ice sheet (left) and the std of ice temperature at different elevations above the bed from seven

glacial cycle spin-up simulations with different geothermal flux maps. Ice flow model: PISM [39], [40] and geothermal flux maps [41], [42],

[43], [44], [45], [46].

Obtaining 3-D observations of the internal tempera-
ture field, particularly near the base, would significantly
improve the initialization of ice flow models that rely on
glacial-cycle spin-up methods and enhance the accuracy of
the assimilated basal state when applying inversion tech-
niques. For spin-up approaches, the resulting temperature
fields are highly sensitive to assumptions about surface
climate history and geothermal heat flux. This sensitivity
is demonstrated in Fig. 1, which shows results from seven
glacial spin-up simulations using the same ice flow model
[parallel ice sheet model (PISM)] and forcing, but with dif-
ferent geothermal heat flux maps. Substantial temperature
differences with standard deviation (std) often exceeding
3 K are observed near the bedrock, leading to divergent
dynamic behaviors in the modeled ice sheets. Even partial
measurements of the 3-D temperature field—limited, for
example, to areas with minimal melt or refreezing–would
enable the isolation of additional influential variables
such as ice fabric, impurity content, geothermal heat flux,
and internal damage. These constraints are essential for
advancing model fidelity and narrowing the uncertainty in
future sea level rise projections.

2) Microwave Applications: Significant progress has been
made using spaceborne L-band radiometers to infer the
glaciological properties of ice sheets and glaciers. For
example, SMOS TB data, combined with a thermodynamic
model, have been used to infer temperatures within the
East Antarctica plateau to a depth of about 1500 m [12].
Additionally, L-band radiometry has been applied in both
Greenland and Antarctica to detect meltwater and firn

aquifers—perennial liquid water layers trapped within the
firn column—which play a crucial role in modulating
meltwater transport and contributing to glacier mass bal-
ance [35], [36], [37], [38]. Deep water investigation may
benefit from lower frequencies due to increased emission
depth, but this potential has not been thoroughly tested or
explored.

Microwave low-frequency radiometers offer a promising
approach to probe temperature deeper, with higher accu-

Fig. 2. Temperature profile and normalized contribution profile

(relative to total TB emitted by the ice sheet) for (a) Dome C and (b)

WAISD locations.
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Fig. 3. UWBRAD transects across Greenland (left). The 2016 Greenland flight is shown in yellow. The 2017 Greenland flight is shown in

black. The portion of the 2017 line along which intraglacial temperatures were estimated is shown in red. Slope-derived ice-flow lines

extending from the ice divides are shown by black thin lines. Retrieved geothermal heat flux (blue) with error bars computed as part of the

parameter retrieval (right); black line is the basal topography, while geothermal heat flux from Martos and others (2018) along the transect

is in red, and its average at the Camp Century, NEEM, and North GRIP borehole sites are in black circles [52].

racy. Fig. 2 illustrates the sensitivity of TB as a function
of depth into ice, simulated using the snow microwave
radiative transfer (RT) model (SMRT [47]) for two distinct
sites: 1) Dome C with cold surface conditions and 2)
the warmer west antarctic ice sheet (WAIS) divide. Both
simulations utilize prescribed temperature profiles from
in situ measurements [30] and density profiles derived
from in situ data [48] extrapolated at depth using [49].
At the warmer site 2), the contribution is high in the
upper part of the ice sheet and generally follows an
exponential decay with depth, except very close to the
surface. As expected, the contribution at lower frequencies
is higher from deeper layers. In contrast, at the colder site
[Fig. 2(a)], a distinct secondary peak of sensitivity appears
at depth (2500–3200 m) for the lowest frequencies (e.g.,
0.4–0.8 GHz). The temperature dependence of complex
permittivity, as modeled by Mätzler [50] and used in this
SMRT simulation, introduces this increase in absorption
with temperature. The cold, overlying ice layers are more
transparent and less emissive at such low frequencies,
enabling radiation from the underlying warmer and more
emissive layers to reach the sensor, resulting in this much
deeper contribution to the final signal. These simulations
highlight that while higher frequencies probe the near-
surface, lower frequencies (e.g., 0.4 GHz) are sensitive to
the deep thermal state within the ice column, with the
depth sensitivity nonlinearly modulated by the tempera-
ture profile in the overlying ice layers. This demonstrates
the potential for multifrequency passive microwave obser-
vations (combining high and low frequencies) to provide
crucial, noninvasive observations on the internal thermal
state of ice sheets.

The capability of airborne wideband radiometers to
retrieve vertical temperature profiles within ice sheets has
been successfully demonstrated in field campaigns over

the Greenland ice sheet in 2016 and 2017 using the
Ultra-Wideband Software Defined Microwave Radiometer
(UWBRAD) [51].

A Bayesian inversion was applied to retrieve geophysical
parameters from TB observations [53], using advanced RT
models [54], [55] to account for polar firn density layering
[54], [55], [56] along with a parameterized ice sheet
temperature model [57]. The retrieved results revealed a
gradient in basal temperatures along the ice divide from
West to East. In this region, the insulating effect of thicker
ice layers offsets surface cooling associated with higher
elevations. Retrieved basal temperatures increase along
the ice divide from West to East, as the insulating effect of
thicker ice overcomes surface cooling driven by increasing
surface elevation. These retrievals also yielded estimates
of basal geothermal heat flux, a key parameter for ice
sheet thermodynamics and underlying crustal properties.
As shown in Fig. 3, geothermal heat flux values ranged
from approximately 50 to 80 mW · m−2 along the transect
[52]. After applying corrections for internal strain heat-
ing, these estimates were reduced by 10–20 mW · m−2

and were generally consistent with independent estimates
based on magnetic anomaly data.

To date, temperature retrievals using wideband
microwave radiometry have been primarily confined to
interior ice sheet regions. These areas are characterized
by minimal volumetric scattering due to small snow
grains compared with the wavelength and relatively
homogeneous firn stratigraphy. In such environments,
melt and wind crusts are infrequent and can be accounted
for using ancillary datasets such as ice cores and ice-
penetrating radar [58], [59]. In contrast, near the seaward
margins of the ice sheets—where surface melting leads
to percolation and refreezing—scattering from embedded
ice lenses becomes significant. In regions away from
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Fig. 4. Locations of subglacial water inferred from wideband

radiometry data along the Priestley Glacier, Northern Victoria Land,

Antarctica; adapted from [62].

crevassed, fast-flowing glaciers, Jezek et al. [60] observed
that such scattering reduces TB by up to 40 K relative
to the dry snow zone and increases spectral variability,
as higher frequencies become increasingly affected.
Accurate temperature retrievals in these areas require
prior knowledge of scattering properties, which are
generally unavailable. However, ice lens characteristics
can be estimated using plausible temperature profiles.
During the 2016 airborne UWBRAD experiment (yellow
line in Fig. 3), the estimated ice lens density decreased
from about 7 to 2 lenses/m−3 as the aircraft moved
upslope. Near the glacier margin, at lower elevations,
more intense summer melt promoted the formation
of firn aquifers tens of meters below the surface. One
notable example of subsurface characterization beyond
the firn layer comes from the Priestley Glacier in East
Antarctica, an outlet glacier channeling ice through the
Transantarctic Mountains toward the Nansen Ice Shelf
(Fig. 4). Outlet glaciers such as this play a critical role
in ice discharge from the interior of both the Greenland
and Antarctic ice sheets. Along portions of the Priestley
Glacier, strong katabatic winds removed surface snow, and
extended segments were crevasse-free—ideal conditions
for microwave sensing. Motivated by [58], [61], and [62],
a combination of airborne radar data at 0.189–0.199 GHz
and radiometer measurements from 0.5 to 2 GHz was
used to characterize the thermal state and distribution
of fresh water at the glacier bed. The presence of basal
water was detected based on the spectral signature:
specifically, when the TB difference between the 1.980-
and 0.540-GHz channels exceeded 10 K. The spatial
distribution of inferred water patches is shown in Fig. 4.
The selected detection threshold was based on observed
spectral evolution along the glacier, from the upstream
entrance near site 13 to the terminus on the Nansen Ice
Shelf at site 8. Gaps in detected water were interpreted
as resulting partly from local crevasse zones, which
disrupt the microwave signal. These results support the
viability of integrated methods for detecting thermal

and hydrological structure at the ice sheet base, even in
dynamic or complex terrain. Together, these developments
highlight the growing utility of wideband and multisensor
microwave approaches for constraining subsurface ice
conditions and improving thermomechanical ice sheet
models.

3) Ice Shelves: Ice shelves are the floating extension
of an inland ice sheet over the polar oceans. Located
almost exclusively in Antarctica, they play a central role in
regulating ice sheet dynamics by buttressing grounded ice,
thereby reducing inland ice flow and limiting contributions
to sea-level rise. Ice shelves also facilitate the export of
glacial meltwater and modulate ocean circulation within
subice shelf cavities. Recent mass budget assessments of
all Antarctic ice shelves from 1997 to 2021 revealed
widespread negative trends [63], [64]. This loss is partic-
ularly pronounced in West Antarctica, where basal melting
has increased due to intrusions of warm circumpolar deep
water. This thinning weakens buttressing capacity and
enables acceleration of grounded ice upstream, enhanc-
ing mass loss and dynamic imbalance. In the Antarc-
tic Peninsula and other regions, ice shelves are further
destabilized by surface processes such as meltwater-driven
hydrofracture, as well as by mechanical rift propagation
and temperature-dependent weakening in shear margins
and suture zones [65], [66].

Ice shelf retreat and collapse are governed by a com-
bination of thermal and structural factors, including rhe-
ology, temperature, internal damage, and meltwater con-
tent. Temperature plays a particularly important role in
rheological behavior: warmer ice deforms more easily,
influencing how stress is distributed and accommodated.
Meyer and Minchew [67] showed that temperate ice
zones, especially in shear margins and suture zones, can
act as mechanical weak points that localize strain and
contribute to structural weakening. These regions are
prone to damage accumulation, enhanced crevassing, and
hydrofracture under meltwater loading, all processes that
can lead to calving or collapse. Monitoring the thermal
structure of ice shelves is, thus, essential for assessing
their stability. Low-frequency microwave radiometry offers
a unique observational window into subsurface conditions,
including englacial temperature and basal composition.
However, low-frequency radiometric studies of ice shelves
have so far been limited to modeling and single-frequency
L-band observations. Using borehole measurements at two
locations on the Ross Ice Shelf, Fig. 5 examines the spectral
TB response across the 0.5–2-GHz range [68]. At the Little
America V site, which consists entirely of meteoric glacial
ice, TB increased with frequency. In contrast, at station J-9,
where several meters of brine-rich marine ice overlie the
ocean, TB decreased with frequency (Fig. 5). The lower
frequency signal was enhanced by the higher emissivity
of marine ice, increasing sensitivity to the radiometrically
cold ocean beneath. This spectral behavior is analogous to
that of sea ice growth, where thickness and composition
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Fig. 5. Spectral emission of the Ross Ice Shelf (left) at J-9 with marine ice accretion (darker colors) and without (lighter colors), and at Little

America V (right), where marine ice is absent. SMAP data are shown as dots [68].

modulate TB [69]. Thicker shelf ice generally attenuates
the signal from the ocean, but the presence of marine
ice alters this by increasing basal emissivity, particularly
at lower frequencies that are more sensitive to conditions
near the ice–ocean interface.

A separate L-band study across the Ross Ice Shelf found
a counterintuitive decrease in TB with increasing ice thick-
ness [70], attributed to limited sensing depth (∼500 m)
at L band. Thicker ice near the grounding line retained
lower temperatures at depth, while thinner shelf ice farther
downstream was warmer due to prolonged exposure to
basal ocean heat. Additionally, Jezek (personal commu-
nication, 2024) suggested that small-scale roughness at
the ice–water interface (on the order of millimeters) can
further influence the L-band signal by modulating the
contribution of the basal layer. Despite promising case
studies, current radiometric observations are limited by
narrow bandwidths and sparse spatial coverage. Future
wideband radiometric systems—operating from ∼0.5 to
2 GHz—could greatly enhance the characterization of
basal and englacial temperatures across ice shelves. These
observations would provide key constraints for models of
ice shelf weakening, fracture propagation, and collapse
risk under future climate forcing

B. Sea Ice

1) Background: Long-term changes in sea-ice extent,
volume, and mass are key indicators of the climate change
impact on the polar regions. Arctic sea ice is not only
declining in extent and thinning [71], [72], [73] but is also
becoming younger [71], [74], providing clear evidence of
climate change [2], [75]. For these reasons, GCOS (2022)
recognized sea ice coverage and thickness—key factors in
calculating sea-ice volume and mass—as essential climate
variables (ECVs) that must be continuously monitored.
Moreover, the World Climate Research Program (WCRP)
recently recommended further investigation of Antarctic
SIT, calling it “the largest single gap in our knowledge

of the climate system” [4]. Sea ice processes influence
freshwater outflows from melting ice and salinification
during ice formation, playing a crucial role in polar ocean
freshwater budgets and their variability [83]. Dense, high-
salinity water forms primarily over the Arctic and Antarc-
tic continental shelves, where polynyas facilitate sites
for continuous sea ice growth [84]. Lateral transport of
sea ice also represents a significant surface freshwater
flux with major implications for Earth system processes.
Tschudi et al. [74] found that reduced Arctic sea ice export
through the Fram Strait has increased Greenland Sea
salinity, leading to lower sea surface height and stronger
cyclonic gyre circulation in the Nordic Seas. This, in turn,
enhanced Atlantic Water transport into the Nordic Seas
and Arctic Ocean, with the Barents Sea warming linked
to weakened ice export [79]. Similarly, the ongoing trends
of Southern Ocean surface cooling and freshening have
been linked to increased wind-driven northward sea ice
transport, which extracts freshwater in the form of sea
ice near the Antarctic continent and releases it at the ice
edge further north [85]. The weakening of the Atlantic
meridional overturning circulation (AMOC) over the past
decade has also been associated with Arctic sea ice decline
[87], and a reduced efficiency of the “Barents Sea cooling
machine” [88], a phenomenon visible as a “cold blob” in
the subpolar North Atlantic south of Greenland. Simula-
tions of large-scale sea ice mass balance and upper ocean
characteristics are highly sensitive to how ice salinity is
represented in ice-ocean models [82]. The lack of large-
scale sea ice salinity observations—previously unmeasur-
able from space—has hindered the ability to validate
model parameterizations. Therefore, large-scale observa-
tions of sea ice salinity would have a significant impact
on verifying model-simulated salinity distributions and
assessing the response of high-latitude oceans to ongoing
and future climate change. While sea ice concentration has
been observed by microwave radiometers since 1972 [83],
and drift velocity is currently estimated using both passive
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Fig. 6. Average SMOS SIT (version 3.3) over the time period of 2010–2023 from May to September.

and active sensors (see [71] and [84]), satellite-based
observations of SIT remain challenging (see [85]). The
GCOS report recommends improving methodologies for
quantifying sea-ice thickness sensing (Action F2—GCOS
2022). The SMOS L-band radiometer has demonstrated
the ability to measure SIT for closed-ice thicknesses of less
than 50 cm in both the Arctic and Antarctic [13], [18],
[86], [87] with the required ECV accuracy (i.e., 10–25 cm
[88]).

2) Microwave Applications: Several investigators have
reported low-frequency airborne radiometer experiments
to study the detailed emission process and its sensitivity to
arctic ice thickness [89]. Early UHF radiometer measure-
ments over low-salinity Baltic Sea ice showed a nonlinear
increase in TB with thickness up to about 1 m, consistent
with interference patterns interpreted as coherent emission
within the ice layer [90]. Shipborne 611-MHz observations
in the Antarctic later confirmed a monotonic emissivity–
thickness relationship for first-year ice up to roughly 0.8 m.
A semicoherent model introduced random thickness varia-
tions to suppress interference effects, yielding a monotonic
emissivity–thickness relation that enables inversion for sea-
ice thickness [91]. Estimating SIT in the Antarctic presents
additional challenges compared to the Arctic, notably due
to larger uncertainties in snow cover depth, limited obser-
vational coverage, thinner and more dynamic ice, and
greater ambiguity in freeboard–to–thickness conversions
(see [92]). Sea-ice thickness retrievals from radar and
laser altimetry remain limited by uncertainties in snow
depth and density, surface roughness, and radar penetra-
tion, which together bias freeboard estimates by several
centimeters and thickness by up to a few decimeters. These

effects are particularly critical for relatively thin, first-
year ice, where small freeboard errors translate into large
relative thickness uncertainties [85], [93], [94], [95].
Polynyas such as the Ross Sea Polynya are well-delineated.
Recognizing these limitations, Kaleschke et al. [96] applied
the Arctic thickness retrieval algorithm to the Antarctic
(Fig. 6). Ice thicknesses were less than 1 m about the
perimeter of the pack, with several validation datasets
were available in the Weddell Sea and showed a small
mean difference (bias) and an root mean square devia-
tion (RMSD) of about 30 cm between the retrieved and
validation data. In a campaign study conducted in 2018,
airborne wideband 0.5–2-GHz radiometric measurements
were acquired on relatively homogeneous Arctic sea ice in
the Lincoln Sea [23], [97]. The study in [96] concludes
that the SMOS SIT retrieval algorithm is valid for sea ice
up to about 1 m thick. However, for ice thicknesses greater
than 1 m, SMOS-based estimates significantly underesti-
mate the thickness compared with in situ observations, due
to the limited emission depth at L band. Furthermore, the
assumption of fully closed sea ice coverage (100% sea ice
concentration) is often not met, leading to a systematic
underestimation of SIT, especially in areas of ice diver-
gence, such as within the marginal ice zone.

In a campaign study conducted in 2018, airborne wide-
band 0.5–2-GHz radiometric measurements were acquired
on relatively homogeneous Arctic sea ice in the Lincoln
Sea [97]. The results showed spectral variations ranging
from 30 K for open water to 20 K for thin ice types, and
10 K for thicker multiyear ice. In that early-fall study,
a simple homogeneous ice slab RT model was used to
construct lookup tables of modeled spectra parameterized
by thickness and salinity. The models were compared to
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Fig. 7. Comparison of the measured (thin lines) and modeled (red

squares) TB time series for the period when the antenna orientation

was kept at 35◦ off-nadir.

the measured TB spectra, and the ice thickness and salin-
ity were retrieved by optimization. Retrieved thicknesses
ranged between about 0.2 and 2 m for most of the pro-
file, which was not unexpected for the ice pack north of
Greenland. Estimated ice salinities varied from about 5 to
over 20 ppt, representing overestimates for both multiyear
and new ice. The salinity discrepancy may be the result of
neglecting important effects, including uncorrected sea ice
concentration, physical property gradients through the sea
ice, interface roughness, and the presence of snow, along
with uncertainties in the electrical properties of the sea ice.

A ground-based ultra-wideband radiometer operating at
0.540, 0.900, 1.380, and 1.740 GHz was later used to mea-
sure microwave thermal emissions from an Arctic sea ice
floe as part of the Multidisciplinary Drifting Observatory
for the Study of Arctic Climate (MOSAiC) Expedition [69].
The instrument was deployed on a drifting ice floe near
86

◦
N, 120

◦
E during December 2019 and observed second-

year ice (potentially with refrozen melt ponds) that expe-
rienced new ice growth at its base over ten days. Measured
TB was compared with the predictions of an RT model for
a layered medium consisting of ocean, growing new ice,
desalinated remnant second-year ice/refrozen melt pond,
and snow layers. Sea ice composition parameters such as
time-varying thickness, temperature, and salinity used in
the model were determined from in situ measurements;
time series of the TBs for the four channels is shown
in Fig. 7. The steady increase in TB correlates with the
formation of a more emissive layer resulting from the
accretion of approximately 10 cm of new ice at the base
of the floe.

Insights gleaned from the MOSAiC data were used to
model the behavior of wideband radiometry across the
Arctic [98]. Simulated Arctic sea-ice thickness and salinity
retrievals explored the performance of a nadir-observing
microwave radiometer operating with up to 16 frequency
channels in the 0.5–2-GHz frequency range.

A simulated TB dataset was produced for Arctic sea ice
for the period October 2020–March 2021 using sea-ice

thicknesses derived from the SMOS-CryoSat-2 algorithm.
Compared to existing sea-ice thickness retrievals obtained
from 1.4-GHz microwave radiometers, the results demon-
strate that 0.5–2-GHz radiometry can achieve higher sen-
sitivity to a sea-ice thickness within the range 0.5–1.5 m
for first-year sea ice and enable the retrieval of multiple
sea-ice parameters (thickness and salinity) simultaneously.
Fig. 8 reports the main results obtained by this article,
demonstrating the capability of a low-frequency wideband
microwave radiometer to retrieve SIT and salinity with a
retrieval error lower than 20% for thickness and 15% for
salinity over the entire season. MOSAiC results were also
used in [99] to investigate how brine pocket geometry
influences complex permittivity. Based on comparisons
of modeled and measured TBs, the authors concluded
that the effective permittivity lies between the theoreti-
cal spheres and random-needles formulations, consistent
with sensitivity analyses and the empirical relationship of
Vant et al. [100] although the interpretation remains con-
strained by measurement uncertainties and model assump-
tions.

Sea ice observations of Terra Nova Bay, Antarctica, were
completed as part of the ISSIUMAX experiment [101]
that also collected data on the glaciers and ice sheet of
East Antarctica [102]. The UWBRAD 0.5–2-GHz airborne

Fig. 8. Thickness and salinity retrieval error distributions in the

Arctic in October and March for thickness (top) and salinity (middle),

and the monthly integrated error trend for each sea ice parameter

(bottom). The data points correspond to results from the first day of

each month [98].
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Fig. 9. 0.560-(left), 1.370-(center), and 1.950-GHz (right) TB data

over Terra Nova Bay sea ice. Note the change in color scale when

comparing figures. Locations of Wood Bay (W), Silverfish Bay (S),

Gerlache Inlet (G), and Hells Gate (H) are noted. The background

map is the Sentinel 3 color composite image collected on November

24, 2018.

radiometer was flown over the Wood Bay, Silverfish Bay,
and Gerlache Inlet portions of Terra Nova Bay during
the austral spring of November 2018 (Fig. 9). Several
ice types were observed during other studies, including
frazil, congelation, fast ice, and platelet ice [103]. An
appreciable component (30%) of the total thickness was
a subice platelet layer in the vicinity of Silverfish Bay
and up to 3-m offshore of Hells Gate Ice Shelf [104].
The thickest subice platelet layer averaged about 3 m
thick, and near the Hells Gate Ice Shelf was up to almost
10 m. Although geophysical parameter retrieval is still
ongoing, TB maps have shown good empirical correlation
with different ice regimes. Fig. 9 shows measured TB at
three frequencies (0.560, 1.370, and 1.950 GHz); note
that the color scale changes slightly to enhance patterns
in the separate images. The TB patterns are similar for all
three channels and range from 75 to 260 K; the basal ice
growth model predicts a gradual increase of 10 K for all
channels. Relatively thick (∼2 m [104], [105]) fast ice in
Wood Bay (W) and Silverfish Bay (S) was warmest with a
maximum of about 262 K. Thin ice seaward of Wood Bay
and either thin ice or open-water seaward of Silverfish Bay
and Gerlache Inlet (G) was coolest because of increased
contributions from the radiometrically cold ocean. Floes
(F in Fig. 9) apparently broken off from the more easterly
consolidated ice were warmer (about 235 K). A small lead
of new ice is observable between the disconnected floe (F)
and the nearby margin of the fast ice in Wood Bay.

In summary, previous studies indicate that low-
frequency wideband radiometry has the potential to
improve the quantification of sea-ice thickness and vol-
ume relative to current capabilities. In the context of
CryoRad preparatory studies, described in more detail in
Section III, recent analyses based on ECMWF ORAS6 sea-
ice fields suggest that a satellite system like CryoRad may

be able to resolve the main variability in thickness and
volume, potentially within the WMO GCOS uncertainty
limits. However, the ability to infer detailed information
on sea-ice salinity and surface properties requires further
dedicated investigation [106].

C. Sea Surface Salinity

1) Background: SSS is recognized as a key ECV for
both the GCOS and the Global Ocean Observing System
(GOOS) [107]. At high latitudes, SSS changes control
ocean dynamics [108] and result from strong changes in
the total freshwater content, with large consequences on
the Earth’s climate [109], [110] that are very difficult
to predict [111]. Particularly, important aspects are the
collapse of the AMOC, whose timing could be earlier than
predicted by current climate models [112], [113], and
the acceleration of Antarctic meltwater discharge, whose
impact on Southern Ocean stratification could have impor-
tant implications on ocean heat and carbon storage, but
remains very uncertain [114].

L-band radiometer missions, which mostly operate at the
protected band from 1.400 to 1.427 GHz, have provided
unprecedented SSS measurements over the global ocean at
40–150-km spatial resolution with a revisit time of three–
eight days, and continuity of observations is recognized
as a high priority. The current SMOS and SMAP missions
have demonstrated the unique information available from
remotely sensed SSS, despite their challenges in cold
waters. For instance, Grodsky et al. [115] detected interan-
nual variability of SSS in the Chukchi sea concurrent with
an anomalous southward shift of the ice edge. Moreover,
the seasonal variations in Arctic and Antarctic SSS are
consistent with sea ice seasonal cycles [115], [116]. In the
Laptev Sea, studies have shown the correlation between
low SSS in river plumes, sea surface temperature (SST),
and sea ice concentration under the effect of wind, forcing
interannual variability [117]. However, the occurrence of
these events is very poorly documented due to the limited
accuracy of existing observations in cold waters, and their
role in the Arctic and Southern Ocean freshwater system
remains poorly understood.

Uncertainties of SSS derived from the observation of
L-band missions are two–three times larger for cold oceans
than for oceans in warm regions [21], [22]. Indeed, weekly
SSS error increases in cold polar regions to more than 1 pss
as compared to 0.2–0.3 pss for tropical regions. Conse-
quently, the satellite-derived SSS is noisier than the SSS
variability in low variability regions such as the Atlantic
Subpolar Gyre (Fig. 10). There, the detection of long term
SSS trends remains difficult, while SSS is a central element
to detect whether this region is tipping, as SSS plays
a critical role in controlling ocean surface densities and
hence convection [30]. Enhanced accuracy in cold-sea SSS
retrievals is, thus, necessary for monitoring interannual to
decadal thermohaline variability and sea-level change in
polar oceans [118]. Improved observations are also essen-
tial for understanding the evolution of the high-latitude
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Fig. 10. Maps of the rms SSS variability as derived from (a) in situ data, October 2015–October 2022, and (b) collocated weekly climate

change initiative (CCI) (SMOS + SMAP) SSS fields. The 100- and 500-m bathymetric contours are plotted (thin black line and gray line,

respectively). The figure is reproduced from [116].

freshwater system, including river discharge, precipitation,
and sea ice melt/freeze cycles. This is particularly relevant
over shallow Arctic shelves, which are hotspots of fresh-
water exchanges [119]. The current generation of climate
models poorly constrains high-latitude water mass prop-
erties due to crude representations of physical processes
such as lateral mixing (especially in the marginal ice zone),
convection, and entrainment. These limitations generate
large uncertainties in the modeled response to climate
change [111]. SSS simulated with multiple current models
without assimilation differs significantly. Fig. 11 shows an
illustration on August 5, 2020, of the std of SSS simulated

with four reanalysis products from the Copernicus Marine
Services. The largest uncertainties are associated with SSS
values between 10 and 30 pss (Fig. 11, right).

Polar oceans exhibit a strong coupling between SSS
and SIT. Melting ice adds freshwater to the ocean surface,
with fresher waters having a higher freezing temperature,
promoting an earlier freezing and thicker sea ice [120],
[121]. For instance, Zhang et al. [122] evaluated the effect
of removing sea ice meltwater and found that SIT in the
following freezing season could vary by −43% to +12%
depending on ocean stratification. In the Southern Ocean,
the recent low sea ice extent state is occurring at a time

Fig. 11. STD of SSS simulated with various copernicus marine environment monitoring service (CMEMS) reanalysis products, with sea ice

mask (left), and relationship between mean and std (right), units: 0–2 pss. Date: September 2023. The dashed horizontal line indicates the

0.3-pss precision target.
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Fig. 12. Absolute value of TB sensitivity to SSS (in K · pss−1) as a

function of frequency for various SST (SSS is equal to 33 pss). The

vertical dashed line shows the operating frequency of L-band

missions; the light blue box features the operating frequency of the

CryoRad mission, and the horizontal dashed lines show the

comparison of the sensitivity of TB to SSS at 0.4 and 1.4 GHz. These

sensitivities have been evaluated with [127] (two functions)

dielectric constant model.

when the Antarctic ice sheet and shelf melting is accel-
erating, and today, the processes governing the coupling
between meltwater and sea ice are very uncertain [114].
Moreover, salinity also influences ocean stratification, and
preliminary modeling exercises that have included these
various processes indicate that the SSS impact on sea ice
formation varies depending on regions and time.

2) Microwave Applications: In cold water, the sensitivity
of TB to SSS is a factor of three larger at 0.4 GHz than
at 1.4 GHz (Fig. 12). Hence, SSS retrieval from a 0.4
to 2 GHz wideband radiometer should be improved, due
to the larger sensitivity of the low part of this wideband
frequency to SSS [123]. The sensitivity of TB to SST is also
larger at very low frequency, but the wide frequency band
could add a constraint on both SSS and SST [124].

Accurate retrieval of SSS depends on the accuracy of
the RT modeling over the wideband frequencies, with TB
sensitivity to SSS driven by the sea water permittivity
model. Recent models developed from L-band measure-
ments have been shown to be compatible with recent
P-band (0.700 GHz) laboratory measurements to the first
order [125]. According to theoretical sea surface emissivity
models, contributions of sea surface roughness and foam
to sea surface TB are expected to decrease with decreasing
frequencies [124], but their precise contributions at fre-
quencies lower than 1.4 GHz need to be validated, espe-
cially since parametrization of theoretical foam modeling
at low frequencies remains difficult [126]. In addition,
galactic signal, sun emission, and Faraday rotation greatly
increase at low frequency, and their contributions will need
to be treated with great care [23].

In the context of CryoRad preparatory studies, sim-
ulations have been performed to estimate uncertainties
on retrieved SSS from a wideband radiometer using a
Bayesian approach to retrieve SSS, SST, and wind speed.
A few preliminary results are presented in the following. A
simplified direct model and the same radiometric noise in
100-MHz frequency bands spread between 0.4 and 2 GHz
have been considered. The simplified direct model, as in
[123], takes only the contribution of sea surface emissivity
to TB into account.

The dielectric constant model is the two-function model
from [127], consistent with recent laboratory P-band mea-
surements [125], while the wind impact is parametrized
similarly to [123]. SST and wind speed are assumed
to be known a priori, with uncertainties of 0.3 ◦C and
1 m · s−1, respectively, as could be expected when CIMR
observations are available. For “common” polar ocean
conditions (SSS = 33 pss and SST = 0 ◦C), the SSS
uncertainty reaches 0.3 pss for a radiometric noise (NeDT,
taken here at 150 K) of 0.35 K (Fig. 13). This is an
order of magnitude lower than what can be achieved with
an L-band radiometer (Fig. 14). The reduction of SSS
uncertainties is even stronger at low to moderate SSS,
as the uncertainty obtained with a wideband radiometer
(0.2 pss at SSS = 15 pss and SST = 2 ◦C) is ten times lower
than with a single L-band frequency radiometer. Actually,
at very low frequency, the sensitivity of TB to SSS increases
with decreasing SSS, whereas at L band, it decreases.
This property is particularly noteworthy because the
greatest discrepancies between SSS simulated by differ-
ent models are found in regions with low SSS values
(Fig. 10).

D. Other Applications (Soil Moisture and
Vegetation)

1) Background: While the previous sections have
pointed out the potential of low-frequency microwave

Fig. 13. SSS uncertainties simulated as a function of radiometric

noise at 150 K (moderate wind speed is equal to 8 m · s−1).
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Fig. 14. SSS random uncertainty as a function of SSS and SST, assuming a 0.3 ◦C random uncertainty on SST and 1-m · s−1 random

uncertainty on wind speed for (a) 0.4–2-GHz wideband radiometer with a radiometric noise of 0.35 K and (b) L-band radiometer, having the

same radiometric noise and incidence angles as SMOS, center of the swath.

observations in polar regions, they can also provide
relevant information on ocean and land surface states
at global scales. L-band measurements from SMOS and
SMAP have already demonstrated their capability in mon-
itoring soil moisture and vegetation biomass, which are
key elements of the water and carbon cycles [128]. The
surface soil moisture products derived from the SMOS and
SMAP missions have been extensively studied and proven
to be well correlated to in situ measurements [129], [130]
and will continue to be developed (e.g., drought condi-
tions and soil moisture for vegetation in the root zone).
However, L-band observations are typically limited to the
top few centimeters of soil (approximately 5 cm [131])
and can be substantially affected by surface roughness
[132] and vegetation cover [133], especially in forested
and agricultural regions. Microwave radiometry monitors
vegetation states and dynamics via the retrieved vegetation
optical depth (VOD) parameter, which is a variable that
quantifies the total attenuation of microwave when it
passes through the canopy. The derived VOD parameter
at L/C bands is related to the vegetation water content
(VWC, kg/m2), but it has further been shown to be a
good proxy for above-ground biomass (AGB) [134], [135]
and to the tree height [136]. More than 12 years of
SMOS observations have shown the evolution of AGB and
more importantly of carbon stocks, as both sources and
sinks [137], [138], [139]. However, studies have shown
that L-VOD saturates at an AGB threshold of 300–400
Mg/ha [135], [137], whereas dense forests, such as trop-
ical rainforests or Pacific temperate rainforests (located at
latitudes above 40◦S and 40◦N), can exhibit AGB values
exceeding 500 Mg/ha, and in some cases reaching up to
3000 Mg/ha.

Given the crucial role of these dense forests in regulating
the global carbon cycle, biodiversity, and climate, this
underscores the strong need for microwave radiometry at

frequencies lower than L band, which will provide more
reliable estimates of AGB in ecosystems where L-band
signals saturate [140]. Furthermore, methods based on
neural networks have further shown the potential to esti-
mate the AGB [141] with greater accuracy than through
the VOD, presenting important advantages for includ-
ing the multifrequency capability of future missions. For
many years, the potential advantages of lower frequen-
cies (i.e., P-band radiometry in the range of 0.3–1 GHz)
were largely theoretical, due to the lack of observational
data. More recently, Monash University, Australia, has
led efforts to provide observational evidence through a
series of comprehensive field experiments (i.e., PRISM
https://www.prism.monash.edu and APPLEX campaigns
https://www.applex.monash.edu). These initiatives have
yielded invaluable datasets and significantly advanced
the understanding and application of P-band radiometry,
which are summarized hereafter.

2) Microwave Application:

a) Surface SMC retrieval: It was demonstrated by
Shen et al. [142] that the P band has a deeper soil
moisture sensing depth (∼7 cm at 0.75 GHz) than the
L band (∼5 cm at 1.4 GHz) while maintaining similar
correlation, or alternatively, providing higher accuracy
at the same 5 cm depth. This deeper sensing depth,
attributed to its longer wavelength, is further supported
by modeling results that indicated the potential for a
sensing depth of over 10 cm at frequencies below 0.5 GHz
[142].

P band has also shown a reduced sensitivity to surface
roughness compared to shorter wavelengths. While very
smooth surfaces (i.e., root mean square (rms) height of
∼0.8 cm) affect both L and P bands minimally, P band per-
formed better under rougher conditions (i.e., rms height
of ∼1.6 cm). This robustness is particularly important
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Fig. 15. Effective RT properties simulated by MEMLV. (a) Effective VOD from 0.4 to 2 GHz. (b) Effective scattering albedo from 0.4 to 2 GHz,

for canopy height varying from 5 to 25 m. The figure is reproduced from [148].

in agricultural landscapes with structured row patterns.
In such scenarios, P-band retrievals (unbiased rms error
(ubRMSE) of ∼0.01–0.02 m3/m3) outperformed L-band
retrievals (ubRMSE of∼0.03–0.04 m3/m3), indicating that
P band may require less stringent discrimination of tilled
surfaces for accurate soil moisture content (SMC) estima-
tion [143].

b) SMP retrieval using multifrequency synergy: Under-
standing the vertical distribution of SMC, particularly
within the root zone, is crucial for applications such as agri-
cultural water management and land–atmosphere interac-
tion studies (see [144]). While L band provides limited
insight into the moisture of deeper soil layers, combining L-
and P-band observations allows for depth-resolved profile
retrieval. The inherently deeper sensing depth of P band
complements L band, with their joint use enabling the
emissions from different soil layers to be disentangled.
Inversions have typically involved fitting a parameterized
function (e.g., a polynomial) [145], representing the pro-
file shape to the combined TB observations using an RT
model. A recent comparison of emission models and profile
representations [146], [147] suggests that while coherent
models offer slight improvements in the TB prediction
under bare soil conditions, the more simplistic incoherent
models performed comparably in vegetated environments
and so are preferable when considering computational
efficiency.

Using combined L- and P-band data, a coherent model-
ing approach and a second-order polynomial soil moisture
profile (SMP) shape assumption; it was shown that the
SMP variation could be estimated for depths up to 28 cm

with an RMSE of 0.04 m3/m3 during dry periods [149].
Notably, a follow-up study by Kerr et al. [129] showed
that a uniform incoherent model, combined with the
same polynomial profile, produced similar RMSEs across
different land covers and depths: ∼0.03 (0–5 cm), ∼0.08
(0–30 cm), and ∼0.1 m3/m3 (0–60 cm).

c) Vegetation optical depth: For vegetated areas, the
P band demonstrated improved performance compared to
the L band. A recently developed wideband RT model,
named the microwave emission model for layer vegeta-
tion (MEMLV) [148], demonstrates the advantages of P-
band radiometry in the application of coniferous forest.
The MEMLV models the canopy upwelling TB by treat-
ing the coniferous canopy as a multilayer structure that
accounts for both canopy architecture (e.g., height and
gap fraction) and the properties of its constituents (e.g.,
size, orientation, and number density). The effective VOD
and scattering albedo (an important parameter in VOD
retrieval that accounts for the fraction of scattering in
total attenuation) are then derived by minimizing the
cost function between the TB simulated with the single-
layer two-stream model [150] and that simulated with
MEMLV.

Fig. 15 presents an example of the modeled effective
VOD and scattering albedo from P to L band using the
developed MEMLV. It is seen that the effective VOD is
almost doubled at P band when the canopy height changes
from 5 to 25 m, while at L band, it only increases by 50%.
The increased dynamics significantly support the accuracy
of the retrieved VOD. On the other hand, Fig. 15(b)
shows that the effective scattering albedo at P band is
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Fig. 16. Relationship between relative retrieval error and the VWC established through the microwave polarization difference index (MPDI)

[151].

almost zero, while it varies from 0.1 to 0.2 at L band,
depending on the canopy height. The parameterization of
the scattering albedo is always a challenge in the VOD
retrieval algorithm, which strongly affects the retrieved
VOD. One of the advantages of using P band in VOD
retrieval is that the scattering albedo can be negligible,
which will significantly simplify the retrieval process. Fur-
thermore, the wideband capability provided by future mis-
sions, such as the CryoRad mission, will help to detect the
vegetation property at different depths (or layers) within
the canopy, providing an unprecedented opportunity to
further understand the phenology and biology of dense
forests.

Since VOD at P band is, in general, lower than L
band, a higher VWC threshold can be achieved for reli-
able SMC retrieval with P band (∼7.7 kg/m2) com-
pared to L band (∼4.0 kg/m2), as shown in Fig. 16.
For instance, under low-to-moderate VWC conditions,
such as in wheat canopies (VWC < 4 kg/m2), P band
was able to achieve acceptable accuracy even without
accounting for vegetation effects in the retrieval model
[151]. The advantages of P band were shown to be even
more pronounced in dense vegetation. In studies involv-
ing corn canopies with VWC up to ∼20 kg/m2, P-band
retrievals showed lower RMSEs (∼0.054–0.074 m3/m3)

compared to L-band retrievals, which often exceeded
0.1 m3/m3 [125]. Across these scenarios, the relationship
between VOD and VWC (for VWC ranging from 0 to
20 kg/m2) was found to be logarithmic for both bands.
P band enabled a more robust VOD retrieval due to
the additional information captured in its dual-polarized
TB observations. Furthermore, vegetation parameters cali-
brated for P-band RT models showed better transferability

across conditions compared to those for L band
[152], [153].

III. S P A C E B O R N E M I S S I O N C O N C E P T S
The previous sections demonstrate that 0.4–2-GHz
radiometers can improve existing satellite products, and in
particular, attribute to their significantly enhanced emis-
sion depth and the capability of sensing the geophysical
properties at different depths. Additionally, by using this
technique, it is possible to obtain new products that
were not anticipated in current or upcoming space-
borne missions. Based on these insights, an international
consortium has proposed the deployment of 0.4–2-GHz
radiometers in space. Two mission concepts are discussed
here.

A. CryoRad Mission Concept

The CryoRad mission [154] was designated by ESA in
2019 as a “commended” mission in the Earth Explorer
11 competition and was selected in 2024 as one of the
four candidates for the Earth Explorer 12 (EE12) program.
The CryoRad mission is proposed to be launched in the
2036 timeframe in case of final selection as the next
EE12, based on a cost at completion (CaC) not exceeding
550 MC(e.c. 2022). After completion of Phase-0 activities,
and following a User Consultation Meeting (UCM) planned
in mid 2026, two mission concepts will be selected by
ESA to proceed to Phase-A study activities. Thereafter,
one of the concepts will be selected for implementation
and will enter Phase B in 2028. The CryoRad mission
consists of a single satellite hosting a 0.4–2-GHz wideband
radiometer payload. Two industrial studies to define the
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Table 1 CryoRad Products

mission technical characteristics meeting mission scientific
requirements began in early 2025. The plan is to arrive at
the UCM with two solid proposals demonstrating the mis-
sion feasibility in terms of cost and scientific requirements.
Ongoing industrial studies are considering the following
requirements.

1) Spatial and Temporal Coverage/Resolution: The instru-
ment will provide contiguous and complete coverage of
our planet and with a maximum revisit time of ten days for
latitudes higher than 50◦, without any observational gaps
at the poles. The spatial resolution, at product level L1B,
will be better than 15 km at 1.4 GHz (i.e., the reference
frequency for existing L-band missions) and better than
50 km at 0.4 GHz.

2) System Characteristics and Performance: The instru-
ment will acquire the TB of the upwelling microwave
radiation over the full instantaneous 0.4–2-GHz bandwidth
over all Earth surfaces in subbands of 100 MHz or less.
In the protected band (1.4–1.425 GHz), a resolution of
25 MHz is expected. To detect potential RFI contamination,
a native spectral resolution better than 1 MHz is expected
[155]. The total standard uncertainty (TSU) is required
to be <0.35 K over one sample of the full spectral range
(1-sigma, 100-MHz bandwidth) to fit with the objective of
the primary mission products. This TSU includes compo-
nents having individual requirements: NE∆T, end-to-end
lifetime radiometric stability, orbital stability, and a bias
(e.g., associated with prelaunch characterization uncer-
tainty). Having these characteristics, it is expected that the
mission will provide the innovative products described in
Table 1.

The payload addresses the EE12 scientific requirements
by keeping a simple architecture that makes the mis-
sion credible and compatible in terms of cost and plan-
ning, while meeting the scientific goals. CryoRad will be
designed to observe at near-nadir in a single circular
polarization, which mitigates the effects of Faraday rota-
tion as well as the degradations in spatial resolution that

occur for oblique incidence geometries. Preliminary studies
[154], [156] point out that the antenna system will be
composed of a large deployable reflector (LDR) of around
10 m diameter illuminated by an array of feeds, which can
cover the complete frequency range and provide different
spatial resolutions depending on the frequency, i.e., finer
at higher frequencies and coarser at lower frequencies.
The type/number of feeds, the orbit type and altitude, and
the consequent swath width will be designed to meet the
abovementioned requirements.

B. PolarRad Mission Concept

PolarRad is a mission concept similar to the CryoRad
for sensing polar regions using a wideband radiometer
operating from 0.5 to 2 GHz. Initial formulation studies
were conducted in 2020–2021 for the PolarRad wideband
radiometer instrument. PolarRad was targeted for NASA’s
Earth Ventures-Instruments (EV-I) Program, but changes
to the EV-I Program cost cap in 2021 made the concept
unsuitable for further EV-I proposal development. Like the
CryoRad initial concept, PolarRad would also observe at
nadir in a single circular polarization, to provide improved
measurements of ice sheet internal temperatures, ocean
salinity, SIT, and sea ice salinity, among other scientific
products. Unlike CryoRad, PolarRad would retain a sin-
gle 50-km spatial resolution for all frequency channels
in order to reduce cost by avoiding the use of multiple
spatial footprints for the instrument’s higher frequencies
(for example, 2 GHz). While this would result in some
loss of science information otherwise available from the
finer resolution measurements, many of the primary sci-
ence goals are retained, albeit at a uniform 50-km spatial
resolution. Development of the PolarRad mission concept
is expected to continue when suitable NASA Earth Ventures
class opportunities become available.

IV. C O N C L U S I O N
This article has discussed how wideband low microwave
frequency radiometers from P to S band can be used to
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measure and monitor key variables, which are now poorly
known, to contribute to a better understanding of Earth
processes and future trends. In particular, microwave
radiometry at these frequencies demonstrates an increased
sensing depth in soil, sea ice, and land ice, allowing a
better characterization of soil moisture, a better estimate
of SIT in the 0–1-m range, and improved capabilities to
measure the ice sheet temperature profile with respect
to existing satellite missions. The low frequencies also
exhibit an enhanced sensitivity to SSS and enable the
SSS uncertainty in cold water to be reduced. The need for
these measurements is justified by contributions to:
1) understanding and quantification of the freshwater
cycle and water mass formation at high latitudes; 2)
understanding ice sheets and shelves dynamics followed
by quantification of their contribution to global sea-
level rise; 3) understanding and monitoring of sea ice
dynamics in polar regions; and 4) better characteriza-
tion of soil and vegetation properties to better assess
their impact on water and carbon cycles. These advan-
tages motivate ongoing efforts in multiple countries to
investigate theoretical and modeling aspects, collect addi-
tional datasets through airborne and ground-based cam-
paigns, and conduct industrial studies for space mission
implementation.
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