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Abstract—The article of the freeze/thaw dynamic of high-
latitude Earth surfaces is extremely important and informative for
monitoring the carbon cycle, the climate change, and the security
of infrastructures. Current methodologies mainly rely on the use of
active and passive microwave sensors, while very few efforts have
been devoted to the assessment of the potential of observations
based on signals of opportunity. This article aims at assessing
the performance of spaceborne Global Navigation Satellite System
Reflectometry (GNSS-R) for high-spatial and high-temporal reso-
lution monitoring of the Earth-surface freeze/thaw state. To this
aim, reflectivity values derived from the TechDemoSat-1 (TDS-
1) data have been collected and elaborated, and thus compared
against the soil moisture active passive (SMAP) freeze/thaw infor-
mation. Shallow subsurface soil temperature values recorded by
a network of in situ stations have been considered as well. Even
if an extensive and timeliness cross availability of both types of
experimental data is limited by the spatial coverage and density
of TDS-1 observations, the proposed analysis clearly indicates a
significant seasonal cycle in the calibrated reflectivity. This opens
new perspectives for the bistatic L-band high-resolution satellite
monitoring of the freeze/thaw state, as well as to support the devel-
opment of next-generation of GNSS-R satellite missions designed to
provide enhanced performance and improved temporal and spatial
coverage over high latitude areas.

Index Terms—Bistatic radars, Freeze thaw (FT), global
positioning system (GPS), GNSS reflectometry (GNSS-R), soil
moisture active passive (SMAP), TechDemoSat-1 (TDS-1) mission.

1. INTRODUCTION AND BACKGROUND

HE freeze/thaw (FT) state of the ground describes the sea-
I sonal landscape transition between predominantly frozen
and thawed conditions [1]-[5]. It affects several environmental
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processes, occurring both at high elevations and at northern
latitudes of the Earth surface [6]. The FT dynamic is con-
sidered an ecosystem variable important in many fields, such
as hydrological, climatological, as well as for biogeochemical
applications, and for infrastructure monitoring [6]—[8].

It is estimated that the world permafrost (defined as soil and
rock that have been frozen for two years or more) holds almost
double the amount of carbon than is currently in the atmosphere
[9]-[11]. The global nitrous oxide budget is underestimated if
FT induced emissions are not included in the calculation [12].
Since the FT state can be influenced by different factors (e.g., the
land cover, soil moisture, and microclimate), it can be a highly
heterogeneous process, both in time and in space.

Well-established and traditional methods to monitor the FT
state over a certain region of interest (ROI) consist of in situ
point-to-point measurements (see, e.g., [13]). They significantly
limit the spatial coverage and the area that can effectively be
studied at reduced costs and over continuous temporal inter-
vals. The accuracy and large-scale monitoring of the FT state
can be enhanced leveraging on spaceborne active and passive
remote sensing techniques [3], [14]-[19]. However, current re-
mote sensing methodologies still provide limited coverage and
resolution performances, especially for applications requiring
the study of regular short and mid-term variations of the FT
dynamic.

Passive microwave radiometers are sensitive to FT changes,
primarily because of soil permittivity variations, which can
become significantly smaller in case of frozen soil. This causes
an increase in the surface emissivity, which thus affects the
brightness temperature measured at the receiving antenna. The
latter is determined as the product of the surface emissivity and
physical temperature, which can have contrasting effects [27],
[28]. The most effective spectral region for microwave FT mon-
itoring is the L band. It ensures, indeed, a good penetration and
reduced influence of the vegetation, while keeping a reasonable
spatial resolution (typically, about 30 km at nadir). Presently, FT
fraction products based on the passive sensing are made available
from soil moisture ocean salinity (SMOS), SAC/D Aquarius,
and soil moisture active passive (SMAP) sensors with temporal
resolution in the order of one to three days [15].

Scattered radar signals can also be very useful to monitor
FT changes for the high spatial resolution, but also for the
capability to measure permafrost deformation by interferometric
techniques. In this case, the spatial coverage may be an issue [5],
and wide swath modes have to be considered [21]. The SMAP
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radar was indeed conceived as a good compromise between
the resolution and coverage [22], but unfortunately it stopped
working few months after the satellite launch [5].

In principle, the reflection of signals of opportunity can also
be profitably processed and analyzed to assess the sensitivity to
the FT dynamic. The decrease of permittivity when the soil gets
frozen, indeed, is expected to decrease the reflection around the
specular direction, which represents the dominant contribution.
Based on this simple mechanism, the reflection of the signal
transmitted by Global Navigation Satellite Systems (GNSS) can
be collected around the specular direction by an antenna looking
downward [23]. The technique, known as GNSS Reflectometry
(GNSS-R), has been recently tested from satellite platforms,
such as the TechnDemoSat-1 (TDS-1) technological demon-
strator mission and the Cyclone Global Navigation Satellite
System (CyGNSS) NASA constellation made by eight satellites
[24]-[26].

In case of GNSS-R acquisitions (and radar backscatter mea-
surements), the signal is linked to permittivity changes, which
are related to the temperature, soil constituents, and soil mois-
ture. Snow cover effects should also be considered, although,
as for dry snow conditions expected in winter, the snow is
essentially transparent at L band.

As concerns the GNSS-R spatial resolution, signals over
smooth land surfaces are generally assumed as mainly consti-
tuted by coherent reflections along the specular direction. At
least for a flat profile, the signal mainly originates from the
first Fresnel zone (FFZ) described by the transmitter—receiver
configuration [23] (see also [29]-[31] for a discussion about
these aspects). A contribution of the incoherent and diffuse
scattering coming from the whole glistening zone does also
exist [23], which is however less relevant for this investigation.
In case of spaceborne receivers, which is the configuration
considered in this article, the FFZ has a dimension of hundreds
of meters and it is enlarged in the direction parallel to the orbit
track according to the incoherent integration time [23], [29].
Conversely, the incoherent component discrimination in time
and Doppler frequency determines a spatial resolution of about
25 km.

The GNSS-R temporal resolution, instead, depends on the
characteristics of the mission. It can be significantly improved
leveraging on GNSS constellations of transmitting satellites
presently in place or in developing stage. On this basis, the
GNSS-R technique enables the design of constellations of
receiving-only systems, at reduced cost with respect to conven-
tional space missions based on large platforms [25].

In the last few years, considerable research efforts have been
done to model and understand the GNSS signals scattered over
land [32]-[38].

The potential offered by the GNSS-R for spaceborne FT mon-
itoring has been recently investigated in [28], where the authors
carried out a theoretical and experimental analysis of data col-
lected by the L-band receiver onboard the SMAP satellite, which
was not originally designed for GNSS-R applications [15], [39],
[40]. In [26] some SMAP observations over Arctic regions were
also reported, although focusing the attention on melting effects
and the spreading of waveforms due to subsurface scattering over
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Greenland continental ice sheets. The GNSS Transpolar Earth
Reflectometry exploring System (G-TERN) mission, proposed
as a candidate of the European Space Agency (ESA) Earth
Explorer 9, includes FT state among its scientific objectives [41].

In this article, we empirically explore and describe the poten-
tial of a conventional GNSS-R system, i.e., TDS-1. We carry
on an assessment of the impact of the FT dynamic on the
TDS-1 signal, also including land-cover information of the ROI
generating the GNSS reflections. In this respect, the proposed
analysis should be considered complementary, but somehow
more realistic with respect to the one proposed in [28], where
the spatio-temporal sampling of SMAP observations is deter-
mined by the high-gain conically scanning antenna, in contrast
with the low-gain nonscanning pattern of the TDS-1 GNSS-R
mission [24].

The work is structured as follows: Section II describes the
considered datasets, the postprocessing procedure, the selected
ROI, and the general methodology. Section III presents the
time-series analysis of SMAP data contrasted with the GNSS
reflectivity over different bare and vegetated soils. Section IV
outlines the comparison with near-surface in situ data. Conclu-
sions and future developments are drawn in Section V.

II. DATASET AND METHODOLOGY

GNSS-R data are collected by TDS-1 [24], which, among
other sensors, carries on board the SGR-ReSI, (Space GNSS
Receiver Remote Sensing Instrument), L-band receiver. The
receiver is connected to two antennas, one looking downward
for collecting the reflected signals and one upward collecting
the L1A direct signals from the Global Positioning System
(GPS) constellation. Both signals are processed by the correlator
operating on board [24]. Assuming flat and/or smooth surfaces,
which is the case for most of the areas under observation in this
article, the reflected signal can be roughly assumed as generated
by a region having dimensions of about 1 km x 7 km (i.e., the
size of the FFZ enlarged along track according to the incoherent
integration equal to 1 s) [24].

The temporal resolution depends on both the transmitting GPS
satellite and the TDS-1 orbit, as well as the relevant acquisitions
plan. This was not constant during the mission lifetime, and
therefore the temporal resolution cannot be univocally defined.
The GNSS-R CYGNSS constellation [25] have demonstrated
the ability to operate with mean revisit time as short as 7 h op-
erating a multireceiver constellation, whereas the TDS-1 single
satellite exhibits appreciably longer temporal revisit. For this
reason, the performance analysis proposed in this article has
been constrained by the limited availability of experimental data.

During the first operational period, TDS-1 data have been
acquired only few days every month. Only since the end of
2017, the mission started recording data continuously, even
if some subsets have anyway undergone loss of data, mainly
due to limited signal-to-noise ratio (SNR), quality flag con-
straints, and attitude issues. To overcome this limitation, the
analysis is carried out here considering monthly average values,
assuring each time an adequate coverage within the ROI (i.e.,
reflectivity samples of the order of 10-20 or more), averaging
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latitude strips smaller than 3°. It should be mentioned that the
TDS-1 collections considered in this article represent the longest
GNSS-R dataset currently available, spanning over four years
of operation.

To reduce calibration uncertainties and to achieve a higher
SNR, reflections characterized by incidence angles greater than
30° or 45° have been removed from the dataset. The delay-
Doppler Maps (DDMs) [23] have been used for computing the
surface peak reflectivity and for estimating the noise level. Data
marked by the quality flags eclipse or direct signal in DDM [42]
have also been removed to deal with reliable data.

TDS-1 data were calibrated and preprocessed as described in
[43], assuming the radar equation for a coherent signal, so that
the received power P.,. reflected by the surface along and around
the specular direction is given by

_ Pth(HSp)GT(HSP))"2F(GSP)
(47)*(R; + R.)?

P, ey

where R, is the distance from the receiver to the specular
point (SP), R; the one from the transmitter to the SP, A is
the wavelength, Gy and G, are the gain of the transmitting
and receiving (i.e., downlooking) antennas, and P; the power
transmitted by the GPS satellites. I" is the surface (equivalent)
reflectivity, which is a function of the incidence angle 6, at the
SP. It should be mentioned that the incoherent scattering within
the antenna footprint can also contribute to P,. For this reason,
the observable defined by (1) is referred to an equivalent reflec-
tivity. The relative contribution from coherent and incoherent
scattering depends on the receiver height, the topography, the
surface roughness, and the vegetation cover. Over mainly flat
areas, which have been selected in this work, the sensitivity to
FT state should be mainly attributed to the specular reflection,
which keeps a reasonable degree of coherence [44].

Most of the quantities required in (1) to retrieve I'(f) are
available from the TDS-1 L1b products freely downloaded from
the Merrbys web portal (http://merrbys.co.uk). To retrieve the
power of the received signal, it is needed to remove the noise
from the DDM peak, which was estimated from the first range
lines of the DDM. The unknown quantity is the EIRP = P, G;
of the transmitter that was retrieved from the power of the
direct signal available in the L1b product. The approach and
its drawbacks are described in [43]. The reflectivity is finally
retrieved from the peak power P of the DDM, the DDM noise
N*, the direct power Pj, and the related noise N through the
following formula:

P (o) Ut B)? (P N') Gy
B (Pi-Np o

2

R? is the distance from transmitter to receiver, the gain G*
toward the SP is extracted from the L1b product, whereas as for
the upward antenna gain GY;p we considered a constant nominal
value of 4 dB, assuming a very wide pattern, according to
the Merrbys documentation (http://merrbys.co.uk/). It is known
that the calibration of GNSS-R data is an open issue, and this
approach relies on some approximations as well, as discussed
in [43] and [45].
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The sensitivity of TDS-1 reflectivity to the FT dynamic is
validated here by using additional independent datasets. The
first is given by the FT fraction available in the SMAP L2 Ra-
diometer Half-Orbit 36 km EASE-Grid Soil Moisture, version
5, downloaded from https://nsidc.org/data [46]. It provides a
spatial resolution equal to 36 km and a temporal resolution of
about 3 days. The FT fraction assumes variable ranges from
0 (thawed soil) to 1 (frozen soil) and it was initially retrieved
from the SMAP radar data. Since the failure of the radar, it has
been derived from external soil temperature ancillary data. It
is a model-based quantity derived from the surface temperature
using an average of two layers from the Global Modeling and
Assimilation Office (GMAO) Goddard Earth Observing System
Model, Version 5 (GEOS-5).

We have also considered the SMAP L3 Radiometer Global
and Northern Hemisphere Daily 36 km EASE-Grid FT state,
and specifically the Boolean value that indicates whether soil
within a cell is frozen or thawed. This is a product derived from
the brightness temperatures measured by the radiometer [5].

The SMAP FT fraction and FT state were organized to gen-
erate time series to be compared with the corresponding TDS-1
reflectivity considering the vegetation cover. More details about
these aspects are given in Section III.

An independent validation is also provided through near-
surface soil temperature data, sampled at 5 cm depth, and
collected by three different networks of in situ stations located
in Canada, Finland, Siberia, and Alaska [47], [48]. The ROIs
for each area have been properly collected to grant a significant
amount of TDS-1 data within the ROI, while, at the same time,
providing proximity with in sifu data and avoiding the presence
of waterbodies. The latter are expected to generate a strong co-
herentreflection that can significantly affect the reflectivity level,
leading to uncorrelated higher values both in the case of frozen
bodies [34], [35] (low permittivity but essentially flat surfaces)
and in case of thawed water bodies (higher permittivity).

III. COMPARISON WITH SMAP DATA

The capability of GNSS data to monitor the FT dynamic is
investigated here by comparing time series of monthly average
reflectivity against monthly average of the SMAP FT fraction
and FT state over the north region of the hemisphere (see Fig. 2).
We have considered areas whose FT annual cycle was expected
to be fairly homogeneous. To this aim, we have relied on the
International Geosphere—Biosphere Programme (IGBP) land-
cover classification derived from MODIS acquisitions (spatial
resolution of 1 km) [49]. We have considered a few land cover
classes, which have been reclassified in macro classes according
to the rules reported in Table I (see [49] for the class definitions).
The class of water in [49] has also been used to mask reflections
that could have been contaminated by lakes or rivers. Therefore,
the entire region under study has been partitioned in ROIs
characterized by homogeneous land covers, according to the
map. They are selected to be in similar ranges of latitude. The
ROIs considered in this analysis are depicted in Fig. 1 using
different colors.

The monthly average of the TDS-1 reflectivity values and of
the SMAP FT fractions has been computed for each ROI (after
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TABLE I
LOOK-UP TABLE SHOWING THE RECLASSIFICATION OF THE ORIGINAL MODIS
[49] LAND COVER CLASSES FOR THE CONTINENTAL SIBERIA INTO
MACRO-CLASSES

Original land cover Reclassified macro

classes (MODIS database) land cover

ne;?:llg;fo Fosres " Forest deciduous

br(])ificl:ei:glfl(;:)l:es ¢ Forest deciduous

Mixed forest Forest mixed

Open shrublands Open shrublands
grasslands Grasslands
croplands Croplands

data averaging, reflectivity values were converted to decibel
units). The considered time interval spans from the beginning of
2015 up to December 2018, when the TDS-1 mission completed
its lifecycle. A percentage of the frozen pixels within each ROI,
for the years 2017 and 2018, has been also computed from the
FT state L3 SMAP product [51].

Fig. 2 reports the results of the time-series analysis assuming
the land cover classification as in Table I (right column). The
title of each subfigure, from (a) to (f), indicates the relevant
class of vegetation. Some data points are missing because of
the poor TDS-1 sampling during some months. A fairly good
agreement between the oscillations of the TDS-1 reflectivity
(green left axes) and the SMAP FT fraction (red right axes) has
been achieved for some of the considered ROIs.

Fig. 2(a)—(c) and (e) (i.e., shrublands, forest deciduous, crop-
lands, and forest mixed) shows a reflectivity dynamic range up
to 8—10 dB; however, the average, maximum, and minimum
values change according to the ROIs, which are characterized by

- Open Shrublands - Forest Deciduous - Croplands
f:] Grasslands

Reclassified macro-land cover classes for continental Siberia considered for the time-series analysis of the SMAP FT product and the TDS-1 calibrated

- Water Mask

different land cover and latitudes. As expected, lower reflectivity
values associated with lower permittivity have been generally
obtained in winter months, when the SMAP products indicate
a higher fraction of frozen pixels, approaching in most cases
100% of frozen pixels in January. Higher reflectivity values,
instead, have been mainly obtained in correspondence of a higher
fraction of thawed pixels (higher permittivity). Two exceptions
showing noisy temporal trends of I" can be observed for the
evergreen forest and the grassland. The former corresponds to
the smaller ROI (see Fig. 1), so that the reflectivity profiles are
noisier. Moreover, this is the class where a larger effect of the
attenuation by vegetation and volume scattering is expected.
The concurrence of these two factors may have led to the noisy
profile, even if in the last year, when the TDS-1 acquisitions
were almost systematic, a clearer signal is observed. As for
the grassland, this is the most southernmost ROI, where the
FT conditions are likely not homogeneously distributed in time
and space. The spatial and temporal averaging over the entire
grassland area has likely led to a poor seasonal signal for the
mean monthly profile. A more accurate analysis would require
a better spatial-temporal sampling, not available from TDS-1. It
should be also mentioned that the GNSS-R reflections may ex-
hibit fluctuations due to loss of coherence of the specular signal
likely associated with calibration issues and/or topography.

IV. COMPARISON WITH IN SiTU DATA

To enhance the understanding of the performance provided
by the GNSS-R technique, we propose here a comparison with
in situ networks of pointwise groundtruth data. A study is
thus described to evaluate the correlation between near-surface
(5 cm) temperature data and reflectivity values. Four different
station networks located in the northern region of the Asian and
American continents have been considered:

1) Finland, Sodankyla; lat: 67.37°, lon: 26.67°.

2) Canada, Kenaston; lat: 51.40°, lon: —106.45°.

3) Eastern Siberia, Chersky; lat: 68.75°, 161.48°.

4) Alaska, Bonanza Creek; lat: 64.69°, —148.32°.
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Fig. 2. Time-series analysis of the SMAP FT fraction (solid red curve, right
axis) and percentage of frozen pixels (dotted red curve, right axis) versus the
TDS-1 calibrated reflectivity (left axis). The relevant macro-area land-cover
classes are reported in the subfigure title. Hg indicates the upper bound of the
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considered incidence angles.

Fig.3. Network of in situ stations located in Finland. A zoom-in view is shown
by the red-dashed inset.

Fig. 4. Asin Fig. 3 for Canada.

Fig.5. Asin Fig. 3 for Siberia.

The location of the considered macro regions is presented
in Figs. 3-6. Four sets of ROIs (approximately rectangular)
have been manually selected to provide a significant coverage
of TDS-1 data, ensuring to include the locations of the ground
stations. As mentioned, to deal with the limited availability of
TDS-1 data within the ROIs during the entire lifetime of the
mission, the reflectivity values have been averaged over time
(within each month) and space (within the ROI). To perform
a coherent comparison, the same averaging scheme has been
applied to the local temperature data.

The ROIs have been postprocessed to assure the absence of
water bodies within the polygons. To this aim, the water body
masks provided in [52] have been dilated and resampled at the SP
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Fig. 6. Asin Fig. 3 for Alaska
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Fig. 7. TDS-1 reflectivity (in dB) of an orbit crossing three lakes at three

different latitudes. (Note that two different Italian lakes are crossed by the SP in
case (a), which correspond to the two peaks).

locations and used to remove possibly contaminated reflections.
A rectangular buffer oriented along the track of the satellite,
having dimension equal to 1 by 7 km, has been applied around
the original water body to dilate it. The masking operation is
particularly important for Finland, which presents a complex
pattern of rivers and connected canals that can significantly
affect the order of magnitude of the measured reflectivity. This
is evident in case of liquid water (very high reflectivity), but also
in frozen conditions, when the water bodies are expected to be
much smoother than the soil. Assuming a relative permittivity
equal to 3, variations of the order of 6—10 dB between the square
module of the Fresnel reflection coefficient of mainly frozen
flat surfaces can be straightforwardly calculated with respect
to the one reduced by the surface roughness, as dictated by
the geometric optics approach (see, e.g., [31]). In other words,
despite the similarity of permittivity of frozen water and soil,
the low roughness of frozen lake can produce reflectivity of
6-10 dB higher. This has been verified by analyzing the TDS-1
reflectivity [evaluated as given by (2)] achieved in February
when crossing three different lakes at three different latitudes.
They have been reported in Fig. 7 (see figure caption for all
the relevant details). It is observed that when crossing the Italian
lakes (the lowest latitude), the reflectivity presents two clear and
strong peaks (determined by a flat surface with high dielectric
constant). When crossing the frozen lakes in central Canada and
Alaska, the reflectivity peak is still visible but reaches smaller
values. This can be related to the flat iced surface with a smaller
dielectric constant.

To provide an intuitive comparison with the local surface
temperature given by the in situ probes, a reflectivity anomaly
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Fig. 8.  Comparison with in situ near surface temperature data: time series
of reflectivity anomalies and temperature. The title of each subfigure reports
the ROI and the range of considered incidence angles. OEJF indicates the upper
bound of the considered incidence angles. Reflectivity mean values: (a) —37 dB;
(b) —39.8 dB, (c) —41 dB, (d) —40 dB. Temperature mean values: (a) 4 °C;
(b) 5.6 °C, (¢c) —1.2°C, (d) 3 °C.

is defined as follows for each ROI under consideration:

—(laB) (3)

where I'y, , is the monthly averaged reflectivity within each
ROI, evaluated through (2), and I'gp the corresponding global
average of all values along the considered time frame. The same
definition is applied for the temperature anomaly. The absolute
value of the mean reflectivity over the time series (see Fig. 10
below) shows, in general, a significant dynamic range, with most
of the data spanning values within about —45 and —35 dB.

LPags = I'imas
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Fig.9. Analysis of PROBA-V NDVI time series in the study area correspond-
ing to the Canadian in situ network of stations used in the analyses presented in
Fig. 8(b).

Itis noted here that the reflectivity values within a ROI exhibit
quite a large variability. This can be associated with intrinsic
fluctuations of the signals discussed at the end of Section III
[44] (sort of speckle noise), to calibration issues, as well as to the
presence of surface inhomogeneities. Moreover, the reflections
collected from different orbits do not regularly occur at the
same point of the Earth surface. Then different SPs concur
to successive monthly means, which is an additional cause of
fluctuation in the data. These sources of variability are poorly
mitigated by the incoherent averaging when the number of
reflections within a ROI is not adequate and can significantly
change from one month to another, as in the case of TDS-1 with
limited duty cycle. This is certainly a weakness of spaceborne
GNSS-R relying on a single platform.

The relevant time series patterns are reported in Fig. 8(a)—(d).
The results generally show that negative anomalies are asso-
ciated with frozen soil conditions (i.e., lowest temperature),
whereas positive anomalies with thawed soil conditions (i.e.,
highest temperature). Transitional seasons, in which the temper-
ature anomaly ranges between —2 and 2 °C, can produce results
with a certain degree of uncertainty (e.g., a lower correlation
between reflectivity anomalies and temperature). This may be
due, besides the strong fluctuations discussed above, to the poor
correspondence in space between reflections and ground probes.

By comparing the temperature dynamic range among the
three different regions, it can be seen that, as expected, the
ROl in Siberia shows the smaller temperature excursions, which
is associated with a very good similarity with the measured
reflectivity temporal profile. Peak of the anomaly can be ob-
served in June and July, whereas clear minima are observed in
January/February. The correlation among variations of the per-
mittivity and FT state is apparent. Each point in the plot derives
from averaging about ten reflections in most cases, with some
exceptions, mainly in 2018. A similar behavior can be observed
in Finland where, however, the variation of the reflectivity is
narrower but also noisier, despite the larger number of averaged
samples (around two hundred in this case). A point-by-point
analyses have revealed that the scattering mechanism in that re-
gion can be significantly influenced by the dense network of wa-
ter bodies, rivers, and streams, which are present in that region.
We have verified that some small water bodies not connected to
rivers have been missed by the water mask provided in [52].
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Fig. 10. Scatter plot for the data (absolute values, not anomalies) as in
Fig. 8 with colors representing the relevant months. A least square line is also
represented. 9;{ indicates the upper bound of the considered incidence angles.

As concerns the ROI designed within the macro-area of
Canada [see Fig. 8(b)], the temperature variation is stronger,
followed by important variations of the anomaly. The num-
ber of averaged reflectivity values is around ten before 2018.
Some transitions from warm to cold months can be observed in
the reflectivity temporal profile (see for instance from January
to July 2017), but the general trend is less distinct. Months
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characterized by negative anomalies during the summer season
were found [e.g., June/July in Canada, Fig. 8(b)]. Note that this
is mainly an agricultural area, where significant changes of crop
growing stage and soil moisture may undergo during the warm
season. The comparison with the NDVI time series produced by
using PROBA-V data [53] (see Fig. 9) proved that this behavior
can be linked to high-normalized differential vegetation index
(NDVI) values, that in turn can indicate the growth of the
vegetation/crops and its attenuation of the reflected signal. The
drying of soil toward mid-summer may be also another factor.

The pattern of the reflectivity anomaly over Alaskain Fig. 8(d)
confirms a fair sensitivity to the temperature variation.

Fig. 10(a)—(d) present the same data in Fig. 8, but as scatter
plots among the calibrated TDS-1 reflectivity and the temper-
ature (absolute values in this case) over the ROI’s described
in Figs. 3-6. The colormap and the relevant labels identify
the considered months. A least square fitting line and the cor-
responding correlation coefficients R are also reported. As is
visible, a fair correlation can be observed between the two
observables in Siberia and Alaska. In Canada, and partially
in Finland, two correlated groups of points can be identified
related to warm months (bluish points) and cold months (reddish
points), respectively. This could be associated with the additional
factors affecting the reflectivity already discussed, such as crop
growing and soil moisture, and it deserves more investigations
in the future.

V. CONCLUSION

The potential of spaceborne GNSS-R for the soil freeze/thaw
monitoring at high latitudes was investigated in this article.
Reflectivity values derived from TDS-1 acquisitions, collected
within the period April 2015-December 2018, were calibrated
and analyzed.

TDS-1 data were compared against the SMAP L2 freeze/thaw
fraction and the SMAP L3 freeze/thaw state in Siberia, within
homogeneous land cover classes. In situ data of the subsurface
soil temperature, sampled at a depth of 5 cm, collected by three
networks of in situ stations, located in Finland (Sodankyla),
Eastern Siberia (Chersky), northeast of Canada (Kenaston), and
Alaska (Bonanza Creek), were also compared with the anomaly
of the reflectivity temporal patterns. Particular attention was
devoted to the characterization of the land cover influence on the
reflection of the GNSS-R signal and in particular to the influence
of water bodies, either melt or iced.

The investigation demonstrates in many cases the similarity
of the reflectivity monthly temporal profiles with those of the
reference quantities considered in this article. The decrease of
reflectivity of frozen soils and its increase in case of thawed
soils is generally confirmed with a dynamic range up to 10 dB
in the most favorable conditions. This demonstrates the potential
of spaceborne GNSS-R to monitoring the FT soil state at high
spatial resolution (of the order of few kilometers in case of
scattering predominantly coherent).

Cases with poorer matching were also observed in some
of the considered areas under test. It should be stressed that
the proposed analysis was carried out using the TDS-1 data
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characterized by a discontinuous and nonuniform acquisition
plan. This may have weakened the capability of spatio-temporal
means to smooth fluctuations. Indeed, fluctuations are inherent
to the GNSS-R technique, to the nonsystematic sampling of
the surface, to the high sensitivity to some targets (e.g., water
bodies), as well as to calibration issues. The vegetation cover
affects the absolute value of the signal as well. Especially in
agricultural areas, anomalous low reflectivity values in summer
months were likely due to vegetation attenuation or dry soil con-
ditions. Anomalous high reflectivity values in winter months are
likely due to water bodies or small lakes not properly filtered out.

Taking in due consideration the intrinsic limits of the explored
dataset, the article indicates that a GNSS-R mission based on a
constellation of receiving-only small satellites, with a proper
inclination of the orbital plane, can provide the needed coverage
of the northern Earth hemisphere to fully exploit the potential
of the technique and to improve the temporal resolution with
respect to more conventional methods.

The article highlights the need of developing a proper absolute
calibration approach, as well as models to predict the scattering
generated at the receiver as a function of the permittivity vari-
ations, land cover, and topography. This is required to design a
robust technique for the discrimination of the freeze-thaw state
exploiting ancillary data or change detection methods. Future
efforts to advance this method should also be focused on a more
accurate characterization of the spatial resolution of the GNSS-R
technique.
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