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Detection of soil freeze/thaw states in the Arctic region based
on combined SMAP and AMSR-2 radio brightness
observations
Konstantin Muzalevskiy and Zdenek Ruzicka

Laboratory of Radiophysics of the Earth Remote Sensing, Kirensky Institute of Physics Federal Research
Center KSC Siberian Branch Russian Academy of Sciences, Krasnoyarsk, Russian Federation

ABSTRACT
In this study, a new approach to identify the freeze/thaw states of
tundra topsoil was developed based on the polarization ratio index,
which was calculated from the reflectivity values of soil. Reflectivity
was estimated from radiometric measurements of the SMAP satel-
lite using the values of vertical polarization brightness temperature
measured by the AMSR-2 radiometer at 6.9 GHz; this value was used
to characterize the effective temperature of the soil. The proposed
approach was tested using weather station data on soil surface
temperatures for six test sites located in the North Slope of Alaska
and the Yamal Peninsula collected from April 2015 to June 2018.
The modified polarization ratio index, calculated from values of
reflectivity rather than from brightness temperatures, significantly
improved the possibility of determining the reference values of the
index in the winter and in the summer. During testing, the modified
index showed a good correlation between the dates of transition
through the threshold level and soil temperature transition through
0ºC, as recorded at meteorological stations.
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1. Introduction

Freeze\thaw and thermal states of permafrost are significant factors determining heat flux
and energy balance between the soil surface and atmosphere. They also influence the
duration of vegetative cycles, photosynthetic activity of plants, and water and carbon
cycles in high-latitude regions. Freeze/thaw (F/T) and thermal states of permafrost are
parameter-indicators capable of characterizing the integrated impact of anthropogenic
and natural factors on Arctic ecosystems. They were included in the 54 essential climate
variables recommended by the World Meteorological Organization for observation (WMO
2015). At the same time, but especially in the Arctic, weather station networks are too
sparse to provide enough data about the state of permafrost for climatic models. Modern
remote-sensing satellites passing close to polar orbits can observe extensive Arctic areas
with high spatial resolution up to several times a day.
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At present, an information product of F/T states of soils has been created based on
radiometric measurements of the SMAP satellite (Dunbar et al. 2016; Xu et al. 2017). For
the SMOS satellite, a similar product has been designed (Rautiainen et al. 2014, 2016), and
it is provided through Sodankylä National Satellite Data Centre of Finnish Meteorological
Institute. (Similarly, an F/T product based on ASCAT radar data in the C-band is currently in
development (Chen, Liu, and Bartsch 2019).) These F/T products are based on the detec-
tion of temporal changes in the normalized polarization ratio (NPR) index, which is
calculated using brightness temperature (Tb) values. A thresholding approach is then
applied to distinguish frozen and thawed soils using reference signatures acquired
through the summer and winter (Prince et al. 2018). Using direct measurements of V-
and H-polarized brightness temperatures to calculate the NPR leads to spatial errors in the
F/T classification for regions where the difference between the reference signatures of Tbs
is relatively small or when the NPR dynamic range is reduced. Incorrect classification of F/T
soil conditions can be observed during the summer (Prince et al. 2018; Roy et al. 2015),
with intensive evaporation and desiccation of topsoil and the additional effects of wave
scattering by canopies, as well as in the off-season when soil temperature remains close to
zero for long periods, the so-called zero-curtain period (Yi et al. 2019). In the Autumn, the
presence of even a thin snow cover on thawed soil can lead to erroneous conclusions
about as the presence of frozen soil (Roy et al. 2017a; Schwank et al. 2015). Decreasing
physical soil temperature in the winter season leads to erroneous interpretations of frozen
state when using a brightness temperature at V polarization for calculation of a frost-
factor value; using NPR for calculation of frost-factor value was less prone to retrieval
errors caused by very low winter temperatures (Rautiainen et al. 2016). To improve the
accuracy of the algorithms for identifying frozen or thawed soil conditions, a set of masks
(e.g. air temperature and snow cover) that predict the current time of year for each pixel
based on ERA-Interim data European Centre for Medium-Range Weather Forecasts is used
(Rautiainen et al. 2016). These data predict soil state relative to weather station measure-
ments of soil or air temperature, with a confidence of more than 80% (Rautiainen et al.
2016; Prince et al. 2018; Roy et al. 2017a).

It is noteworthy that air temperature or soil temperature at a depth of 5 cm or deeper
may not be suitable for the validation of remote-sensing F/T products (even in L-band) and
is a source of additional inaccuracy. Air temperature and freeze–thaw timing of soil can be
decoupled by several factors such as soil canopy (i.e. insulatingmosses, vegetation, or snow
cover versus bare ground) that shades the soil surface (Smith, Saatchi, and Randerson 2018).
Both SMAP and ground-based radiometer measurements indicated freezing conditions
when soil temperature sensors installed at 5 cm depth were not frozen (Rowlandson et al.
2018). These errors could possibly be avoided by introducing surface physical temperature
directly into the algorithm for estimating emissivity (in place of brightness temperature)
(Rautiainen et al. 2016). However, measurements of spatial variations of soil surface tem-
perature within the footprint of an orbiting satellite are globally challenging. Moreover, the
temperature of the soil surface may be indirectly estimated using brightness temperature
(Holmes et al. 2009; McFarland, Miller, andNeale et al. 1990; Jones et al. 2007). Consequently,
quasi-temperature and quasi-emissivity have been used to classify soil conditions as frozen
or thawed (Zhao et al. 2011, 2017; Hu et al. 2017; Hu 2019), based on AMSR-E radiometric
measurements as the ratio of Tbs at 18.7H/36.5V and Tbs in 36.5V, respectively. The main
idea proposed in Zhao et al. (2011, 2017), Hu et al. (2017), and Hu (2019) was to project
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a two-dimensional time-series array (quasi-temperature and quasi-emissivity) into a one-
dimensional space of a discriminant function using the Fisher approach (Fisher 1936). Then,
regression analysis was used to establish a correlation between the discriminant function
and soil temperature in the upper 5 cm.

Further development of remote-sensing methods for identifying F/T states of soil may
be related to an indirect (through quasi-emissivity) assessment of temperature depen-
dence of permittivity during phase transitions of soil water (Roy et al. 2017b; Mironov and
Muzalevskiy 2014). Indeed, it was shown in Mironov and Muzalevskiy (2014), Mironov and
Savin (2015), and Mironov et al. (2017) that it is not temperature per se but the tempera-
ture dependence of complex permittivity that better characterizes the state of the soil.
First, due to the influence of latent heat during soil freezing, a zero-curtain period is
established, with significant changes in permittivity. However, soil temperature remains
almost unchanged for a long time, ranging from −0.5°C to 0°C (Mironov and Muzalevskiy
2014; Mironov and Savin 2015; Mironov et al. 2017). Second, if the total water content in
the soil is much higher than the maximum content of unfrozen water, the brightness
temperature undergoes significant changes with changes in the sign of soil temperature.
These changes in brightness temperature occur due to the phase transition of free liquid
soil water into ice (Mironov and Savin 2015; Mironov et al. 2017). This process is accom-
panied by large changes in the dielectric constant of the soil. In contrast, if the soil is
characterized by a high content of unfrozen water (typically for clay or organic soils), and if
the total soil moisture does not significantly exceed the maximum content of unfrozen
water, then as soil temperature transitions through zero, brightness temperature changes
only a little. In this case, the identification of the F/T status of the soil is difficult. Indeed,
due to the antiphase changes of emissivity and temperature of frozen soil, variations in
brightness temperature may be unchanged. Thus, when the temperature of frozen soil
rises, the dielectric constant increases (Mironov et al. 2017) and consequently the emis-
sivity of soil decreases. With decreasing temperature in the freezing soil, the soil permit-
tivity decreases (Mironov et al. 2017) and emissivity increases. As a result of the product of
emissivity and soil temperature, the brightness temperature changes only a little. NPR
index (Dunbar et al. 2016; Rautiainen et al. 2014, 2016) has eliminated the effect of
physical soil temperature in terms of brightness temperature ratios (that leads to ratio
of emissivities), but it does not allow to reduce the effects of soil surface roughness and
opacity caused by canopy (vegetation or snow).

Consequently, and unlike previous approaches (Dunbar et al. 2016; Rautiainen et al.
2014, 2016), brightness temperature itself is not used in the work described herein; rather,
direct reflectivity (estimated from radiometric observations) was used to calculate NPR.
Using reflectivity instead of brightness temperature should increase the stability and
contrast of the NPR index in the off-season and, during the winter, increase its sensitivity
to variations in soil temperature and decrease the influence of soil surface roughness and
canopy (vegetation or snow) on the attenuation of soil emission. Unlike previous works
(Zhao et al. 2011, 2017; Hu et al. 2017; Hu 2019), we used a combination of low-frequency
channels of the radiometers of satellites SMAP and AMSR-2, and the proposed index does
not require calibration with respect to soil temperature at test sites. Despite the fact that
the temperature dependence of the permittivity is established in laboratory conditions
(Mironov and Savin 2015; Mironov et al. 2017), the temperature dependence of reflectivity
may not be observed in real remote-sensing conditions on the scale of the footprint, as it
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may be smoothed out by other factors. The use of radar data, due to their lack of direct
dependence of backscattering coefficient on the effective temperature of the soil, appears
preferable for the experimental establishment of such a dependence. Previously, the
temperature dependence of the backscattering coefficient, measured by Sentinel-1 and
RADARSAT, for mineral soils of moderate latitudes, was examined (Rodionova 2017;
Khaldoune et al. 2008). The temperature dependence of reflectivity, which would be
measured from space for the Arctic region, has not yet been investigated. The study of
this phenomenon, using two tundra test sites, is reported in Section 3 of the current
paper. In Section 4, the proposition of a technique for estimating reflectivity from SMAP
radiometric data using AMSR-2 data is presented, and the verification of the modified NPR
index at several test sites along the Dalton Highway in northern Alaska and in the Yamal
Peninsula is described.

2. Test sites (in-situ and satellites data)

To study the temperature dependence of reflectivity, Sentinel-1 radar data and radio-
metric data of the SMAP satellite were used for the test sites in the area of the Isachsen
weather station (IS) on the Ellef Ringnes Island and in the area of the Franklin Bluffs
weather station (FB) in the North Slope of Alaska (NSA). The Sentinel-1 data at the
frequency of 5.4 GHz were selected because Sentinel-1 makes observations in polar
regions with a higher frequency all year than the RADARSAT (daily-June–November) or
ALOS/PALSAR-2 (not periodically). As a result, Sentinel-1 radar data were used to analyse
with an almost daily frequency over the IS weather station. Brief characteristics of the
radar on satellite Sentinel-1, radiometers SMAP, and GCOM-W1/AMSR-2 (further used in
this article) are summarized in Table 1.

The IS meteorological station was chosen for radar measurements because it is covered
with a rare low vegetation (<10 cm, mostly bare soil), and its soil texture is heavy loams or
organic soils (Vonlanthen et al. 2005) (having a large amount of bound, unfrozen water
content). Due to the small size of land and the mountainous terrain of the IS test site, it
was not possible to use the brightness temperature data of the SMAP radiometer (spatial
resolution of ~43 km; Table 1). The FB weather station in NSA was selected for brightness
temperature measurements, which is sufficiently far from the coastline and from the
Brooks Range. Land-cover types of IS and FB and the other test sites in this study are
further summarized in Table 2.

SMAP and Sentinel-1 data covered the period from 1 April 2015 to 29 May 2016 and
from 22 May 2015 to 19 December 2017, respectively, and were used to study the
temperature dependence of reflectivity. Overall, 320 brightness temperatures and 81
radar images were analysed across these periods. Radar backscattering data for the IS

Table 1. Sentinel-1, SMAP, and AMSR-2 satellite’s sensor specifications.
Spatial resolution Observation angle (°) Frequency (GHz)

Sentinel-1
(Aulard-Macler et al. 2011)

20 m (EW-HH) 20–47 5.4

SMAP
(Piepmeier et al. 2014)

~43 km (H, V) 40 1.4

AMSR-2
(Imaoka et al. 2010)

~48 km (H,V) 55 6.9
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test site were acquired from GRD Level-1 Sentinel-1 EW (HH-pol medium resolution)
products, and the satellite pass was at about 14:00 (UTC). Radar images were processed
in the Sentinel Application Platform (SNAP) according to the standard procedure: apply-
ing precise orbits, thermal noise removal, radiometric calibration, speckle filtering (3 × 3
mean filter), range Doppler terrain correction (ACE2_5 min digital elevation model with
UTM Zone 13 projection), and incidence angle normalization (reference angle 40°).
Brightness temperature data were acquired from an enhanced Level-1C SMAP product
(SPL1CTB_E) ascending half-orbit passes (aft looking antenna scan).

For the extensive period of testing the new F/T approach, SMAP and AMSR-2 data were
used from April 2015 to June 2018 over an extended number of test sites: Deadhorse (DH),
FB, SagMAT (SG), Happy Valley (HV), Imnaviat (IM), and Vaskiny Dachi (VD), located in NSA
and Yamal Peninsula, respectively. A map of locations and land-cover characteristics of
the test sites are shown in Figure 1 and Table 2, respectively. Both SMAP and GCOM-W1
/AMSR-2 observations occurred for ascending orbits. The territory of the selected test sites
contained a significant variety of landscapes: typical Arctic tundra, tundra, and forest-
tundra, which allowed for a comprehensive assessment of the applicability of the pro-
posed approach for typical lands in polar regions.

3. Temperature dependence of the reflectivity of tundra soils

Theoretical analysis of brightness temperature variations of the tundra soil was performed
using the following model for a dielectrically homogeneous isothermal medium
(Wigneron et al. 2017):

Tbp1:4 ¼ 1� Γp
� �� Ts; Γp ¼ Rp εsð Þ�� ��2e�TH: (1)

Here, p = H and p = V signify horizontal and vertical polarizations, Ts is the effective soil
temperature, Γp is the reflectivity,Rр(ϑ, εs) is the Fresnel reflection coefficient, εs = εs(ρd,mv, Ts,C)

Table 2. Land-cover type of test site area.
Test sites Longitude (°) Latitude (°) Percentage of land-cover types (%)

Isachsen (IS) −103.5500 78.7833 spVe: 63.9%, SnIc:36.1%
Deadhorse (DH) −148.4653 70.1613 spVe: 48.5%, GrWo: 42.7%

Wabd: 3.6%, HeLi: 2.7%
Imnaviat (IM) −149.3523 68.6397 GrFoSh: 44.5%, spVe: 36.2%,

FoSh: 8.1%, miFo: 7.1%, HeLi: 3.8%
Happy Valley (HV) −148.8483 69.1466 spVe: 53.5%, FoSh: 39.4%,

miFo: 5.5%
Franklin Bluffs (FB) −148.7208 69.6741 spVe: 63.9%, GrWo: 33.5%,

Wa: 0.3%, HeLi: 1.1%, GrFoSh: 0.8%
SagMAT/MNT (SG) −148.6739 69.4330 spVe: 75.3%, FoSh: 13.6%, GrWo: 9.8%
Vaskiny Dachi (VD) 70.2955 68.8835 spVe: 95.4%, Wabd: 1.7%

GrFoSh – Mosaic grassland (50–70%)/forest or shrubland (20–50%);
GrWo – Closed to open (>15%) grassland or woody vegetation on regularly flooded or waterlogged soil – Fresh,
brackish, or saline water;

HeLi – Closed to open (>15%) herbaceous vegetation, grassland, savannas, or lichens/mosses;
miFo – Closed to open (>15%) mixed broadleaved and needleleaved forest (>5 m);
FoSh – Mosaic forest or shrubland (50–70%)/grassland (20–50%);
SnIc – Permanent snow and ice.
spVe – Sparse (<15%) vegetation;
Wabd – Waterbodies;
Percentage of land-cover types of the test sites are obtained for a pixel size of 40 × 40 km, for Isachsen – 1 × 1 km.
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is the soil complex permittivity,ρd is the soil bulk dry density,mv is the volumetric soilmoisture,
C is the soil texture factor (clay or organic content), and TH is the combined parameter of
vegetation (snow) optical depth and roughness according to Parrens et al. (2016; see formula
(7)). To analyse variations of backscattering, Oh’s model was used under the assumption of
a dielectrically homogeneous active topsoil (Oh, Sarabandi, and Ulaby 1992):

σHH ¼ g
ffiffiffi
p

p
cos3# RV #; εsð Þ þ RH #; εsð Þ½ �;

g ¼ 0:7 1� e�0:65k0hr
1:8

� �
; (2)

ffiffiffi
p

p ¼ 1� 2#=πð Þ0:314=R0 εsð Þe�k0hr ;

where ϑ is the incidence angle in radians, R0 = |RH,V(ϑ= 0)|2, k0 is a free space wave
number, and hr is the root-mean-square deviation of the soil surface height. In applying
Equations (1) and (2), we neglected wave scattering by vegetation and snow cover, and
we did not consider the profiles of the permittivity and temperature in the active layer
of frozen soil.

The temperature dependence of the radar backscattering coefficient measured by
Sentinel-1 and reflectivity measured by SMAP (estimated from Equation (1), using values
of surface soil temperature) are depicted in Figures 2 and 3, respectively, for the FB and IS
test sites. Soil temperature data were provided (UAA 2019). For both test sites, variations
in the backscattering coefficient and reflectivity were approximately 4–5 dB in the range
of soil surface temperature changes from −30°С to 0°С (Figures 2 and 3). However, it is
necessary to demonstrate whether it is possible, using models (1) and (2), to theoretically
describe that the temperature dependence of reflectivity is due only to variations in
temperature-induced changes in soil permittivity or whether the observed changes were
caused by other phenomena.

To achieve this, using experimental observations and emission and scattering models
(1)–(2), a permittivity model of organic soil (Mironov and Savin 2015), the inverse pro-
blems for the FB and IS test sites were solved relative to moisture content, density, and soil

Figure 1. Location map of test sites.
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surface roughness (radar case only). The two inverse problems were solved for all avail-
able data while minimizing the residual norm between the time series of brightness
temperatures measured by the SMAP radiometer and calculated values and between
the time series of the backscattering coefficient measured by Sentinel-1 and the calcu-
lated values. Backscattering coefficients were calculated by neglecting the frequency
dispersion of the complex dielectric permittivity in the frequency range from 1.4 to 5.4
GHz. The time-series data were taken for the whole year, thereby including both thawed
and frozen soil states. The calculated reflection and backscattering coefficients for the
optimally found parameters, during the minimization process as a function of soil surface
temperature, are shown in Figures 2 and 3. The retrieved values of the soil bulk dry density
corresponded well with the bulk dry density of the organic topsoil observed in natural
conditions in the Arctic tundra. The average soil moisture of ~0.3 cm3 cm−3 measured by
the IS weather station at a depth of 11 cm in the period 2015–2016 was close to the
retrieved soil moisture value (0.24 cm3 cm−3) from Sentinel-1 observations. The average
soil moisture of ~0.4 cm3 cm−3, measured by the FB weather station at a depth of
18–22 cm in the period 2015–2016, was slightly lower than the retrieved soil moisture
value from SMAP observations.

Figure 2. Dependence between the Sentinel-1 backscattering coefficient and the soil surface tem-
perature (0–1 cm) in the area of IS weather station.
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The values of root-mean-square deviations of the soil surface heights (hr = 0.9 cm)
corresponded to a flat landscape in the vicinity of the IS weather station. The correla-
tion coefficient between the measured and retrieved values of the reflectivity polariza-
tion ratio (Figure 2) and backscattering coefficient (Figure 3) in the negative
temperature region were 0.68 and 0.73, respectively. The most significant deviations
of the measured value of reflectivity and backscattering coefficient from the calculated
values were observed in the temperature range −30ºC to −10ºC. The gradients of
permittivity and temperature observed at this time in the active topsoil contributed
significantly to the emission and scattering, and these were not taken into account in
models (1) and (2). Note that the phenomenon of temperature dependence of the
scattering cross section and reflectivity is observed at different scales of spatial aver-
aging of Sentinel-1 (~20 m) and SMAP (~43 km), with respect to the reference point
measurements of weather stations (Figures 2 and 3). It can be concluded that the
temperature dependence of the backscattering coefficient and reflectivity for Arctic
tundra soil can be described with a good degree of accuracy only due to temperature
changes in the permittivity of the organic-rich topsoil. Indeed, as the soil temperature
passed through 0, free water contained in the soil freezes and turns into ice (or the ice

Figure 3. Dependence between the ratio of reflectivities and soil surface temperature. (To minimize
the effects associated with wave attenuation in the snow and vegetation cover and also due to
scattering on the soil surface roughness, the ratio reflectivities V/H were calculated.)
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melts into free water), and these phase transitions result in a jump of the reflectivity of
only 1.5 dB (see Figures 2 and 3). If the temperature in the freezing soil decreased,
a part of the unfrozen water (consisting of bound water that never freezes and
a transitional one that undergoes phase transformations) passes into the ice by infini-
tesimal fractions, and this is accompanied by a monotonic decrease in the permittivity
and consequently in the soil reflectivity too (With increasing temperature of the frozen
soil, this process is reversed.) The experimentally confirmed temperature dependence
derived from satellite observations opens up the possibility of a more accurate
approach to identifying frozen and thawed soil states based on the measurement of
reflectivity.

The following section describes an approach for identifying the thawed and frozen
states of soil cover based on estimates of soil reflectivity from SMAP and AMSR-2 radio-
metric data that have a close spatial resolution (see Table 1).

4. A new approach for the determination of freeze/thaw soil status

First of all, consider the variations in the NPR index calculated using brightness temperature
values measured by SMAP at six test sites: DH, FB, SG, HV, IM, and VD. Histograms of the NPR
distributions from 1 April 2015 to 31 December 2017 are shown in Figure 4. For all test sites
other than DH, NPR values exhibited distributions with one maximum. It does not allow us
to distinguish between the reference values of NPR for winter and that for summer. Hence,
successful classification of the frozen and thawed states of soils is difficult. The reasons for
this behaviour of NPR, calculated on the basis of direct values of brightness temperatures,
are described in the Introduction. For better separation of the reference values of NPR,
a modified MPR is proposed, which is calculated on the basis of reflectivity values:

MPR ¼ 1
2
ΓH þ ΓV
ΓH � ΓV

(3)

The authors believe that the calculation of the MPR index based on reflectivity should
minimize the influence of canopy, since in this case, in formula (3), the parameter TH is
cancelled. On the contrary, the use of emissivity in calculating the index MPR leaves
dependent on TH. The values of ГH and ГV can be estimated using a simple model (1), but it
is necessary to know the soil temperature in each pixel, which cannot be provided by
ground-based weather stations. MODIS LST data correlate better with the temperature of
air, rather than soil temperature (Hachem, Duguay, and Allard et al. 2012). However, the
radio brightness temperature on vertical polarization, TbV6.9, measured by AMSR-2 at
a frequency of 6.9 GHz, is highly correlated to the temperature of tundra soil (Muzalevskiy
et al. 2016). The physical basis for this effect is the observation angle of the AMSR-2
radiometer, which is close to the Brewster angle (55º), and this leads to a decreased
impact of reflectivity ГV on measured brightness temperature TbV6.9. As a result, and as
expected frommodel (1), Tb becomes mainly directly proportional to soil temperature. By
putting Ts~ TbV6.9 in Equation (1), we arrive at a simple estimate for Гp as quasi-reflectivity,
where p= H and p= V

Γp ¼ 1� Tbp1:4
�
TbV6:9 (4)
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where Tbp1:4=TbV6:9 is the quasi-emissivity, which were proposed in Zhao et al. (2011) for
18.7H and 36.5V frequencies. On the basis of formulas (3) and (4) for all test sites, MPR
calculations were performed for the period from April 2015 to June 2018. As an example,
in Figure 5, histograms of the MPR index exhibit twomaximum distributions for HV and FB
test sites. Temperature dependence of MPR index for all test sites is shown in Figure 6.
Reference values of MPR were well identified in the region of positive and negative
temperatures, with a threshold level equal to ~1.2 (Figures 5 and 6). The proposed MPR
index, for all test sites, demonstrated a significant separation of the reference MPR values
for winter and summer and allowed successful classification of frozen and thawed soil
states. Application of the proposed MPR index from spring 2015 to spring 2018 resulted in
the correct identification of soil F/T states at all test sites. Figure 7 presents the results of
the comparison between the times of the transition of the MPR index through the
threshold level equal to ~1.2 with respect to the point in time when, according to weather
station data, the soil surface temperature transitioned through 0ºС. The time series of the
MPR index and the soil surface temperature were averaged using a 7-day moving average
window.

In the spring time, the MPR index on ~12 days earlier characterizes the soil as thawed.
In the autumn time, the MPR index on ~7 days later characterizes the soil as frozen. During
the spring, due to the shielding effect of thawing snow cover, at frequencies of 1.4 GHz

Figure 4. Distribution of NPR values in a period of 3 years (2015–2018), calculated from SMAP
brightness data, for six test sites.
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and higher, it is impossible to detect the contribution of the underlying soil layers to the
brightness temperature. Field experiments have demonstrated that liquid water within
snow dramatically increased the Tbs, resulting in false retrievals of the occurrence of soil
thaw events (Roy et al. 2017a, 2017b). As a result, the thawed state of the soil, based on
satellite measurements, is deemed to have occurred earlier than the contact soil surface
temperature measurements (Figure 7). Because of differing conditions of snow accumula-
tion and melting within each pixel at different sites, there was a low coefficient of
determination (R2 = 0.38) between the time of soil thawing defined by the weather
station and the timing according to satellite data (Figure 7). However, despite the diversity
of the landscape including vegetation cover and relief within each pixel, there is a high
coefficient of determination (R2 = 0.77) between the date of soil freezing derived from
satellite observations and the date derived from weather station data (Figure 7). For the
DH test site during the fall period, the MPR index characterized the soil as frozen a little
later than for other test sites (see Figure 7). This reflects the later freezing of wetlands,
including open water and regularly flooded/waterlogged areas. In the vicinity of the DH
meteorological station, such areas accounted for up to 46.3% of the pixel area, unlike
other test sites (see Table 2). The approach described in this article does not allow
identification of the F/T state of soil separately from waterbodies. The contribution of
waterbodies to the total radio brightness temperature can be taken into account when
the percentage of the total area of each pixel is known. However, in the autumn, this

Figure 5. Distribution of MPR index in a period of 3 years (2015–2018), calculated from SMAP
brightness data, for HV and FB test sites.
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requires the development of a model of ice thickness growth on waterbodies with the
necessary set of additional data on air temperature, wind speed, and snow cover thick-
ness, which makes the task very complex and difficult. Consequently, the proposed
approach allows identification of the F/T state of soil if the proportion of waterbodies is
such that their contribution to the total brightness temperature may be neglected. If the
proportion of waterbodies (or waterlogged soil) is significant (not less than 46.3%, as for
the DH test area), then the proposed approach allows identification of the F/T state of the
entire underlying surface.

5. Conclusions

In this paper, the temperature dependences of reflectivity, measured by a SMAP radio-
meter, and the backscattering coefficient, measured by Sentinel-1, during the heating and
cooling of frozen soil were determined. Two typical tundra test sites located in the North
Slope of Alaska near Franklin Bluffs meteorological station and on Ellef Ringnes Island
near Isachsen weather station were investigated. In the range of soil surface temperature
from −30°С to 0°С, variations of the backscattering coefficient and reflectivity were
approximately 4–5 dB for both test sites. These changes were mainly due to the

Figure 6. Modified value of the polarization index as a function of the surface soil temperature (at the
depth of ~1 cm) for six test sites.
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temperature dependence of soil permittivity for soils with a high content of organic
matter. The established temperature dependences of reflectivity made it possible to
propose a new approach for the classification of the frozen and thawed states of tundra
soil based on the polarization ratio index. The novelty of the proposed approach lies in the
method for estimating reflectivity of soil from SMAP radiometric data using the values of
V-polarized brightness temperature measured by the AMSR-2 radiometer at 6.9 GHz to
characterize the effective temperature of the topsoil. The polarization ratio index, calcu-
lated from reflectivity values, rather than the polarization ratio index calculated using
brightness temperature values, significantly improved the possibility of determining the
reference values of frozen and thawed soil states. Soil F/T states, determined using the
modified index from SMAP and AMSR-2 satellite measurements, corresponded to F/T
states determined using in-situ soil temperature measurements. Further work will be
aimed at additional validation of the proposed approach, using a wider range of test
sites, including both tundra and medium latitude areas.

Figure 7. Detection of soil state status based on weather station versus satellite data. Axes scales are
marked up in calendar days from 1 May in the spring and from 1 September in the autumn. The open
and filled symbols stand for spring and autumn time, respectively. Solid lines are marked linear
regressions to the experimental data. The results of the linear regression for the spring and autumn
time were R2 = 0.38, RMSE = 7.1 days and R2 = 0.77, RMSE = 6.4 days, respectively.
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