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Retrieving Soil Temperature at a Test Site on the
Yamal Peninsula Based on the SMOS Brightness
Temperature Observations

Konstantin Viktorovich Muzalevskiy and Zdenek Ruzicka

Abstract—1In this paper, the results of radiothermal remote sens-
ing of soil temperature at a test site on the Yamal Peninsula using
full-polarimetry multiangular brightness temperature (BT) obser-
vations at the frequency of 1.4 GHz are presented. The BT data
were obtained from the Soil Moisture and Ocean Salinity (SMOS)
satellite with the SMOS footprint near the Polar Weather Station
Marresale, the Russia Federation. The SMOS data covered the pe-
riod from January 1, 2013 to December 31, 2013. The method to
retrieve the soil temperature was based on solving an inverse prob-
lem by minimizing the norm of the residuals between the observed
and predicted values of the BTs. The calculation of the BT was
performed using a semiempirical model of radiothermal emission,
which incorporated an attenuation of the microwaves in the snow
pack or the canopy and a temperature-dependent multirelaxation
spectral dielectric model (TD MRSDM) for an organic-rich tundra
soil. The TD MRSDM was specifically designed based on labora-
tory measurements of the complex permittivity of the organic-rich
soil samples, which were collected at the test site on the Yamal
Peninsula. As a result, the values of the root-mean-square error
and the determination coefficient between the retrieved and mea-
sured soil temperatures were determined to be 2.2 °C and 0.70 and
3.5 °C and 0.52, respectively, for thawed frozen soil. These results
indicate the perspectives of using the full-polarimetric multiangu-
lar BT observations in the L-band for the purpose of measuring
the soil temperature in the Arctic region.

Index Terms—Arctic regions, microwave radiometry, moisture
measurement, soil measurements, temperature measurement.

I. INTRODUCTION

HE soil temperature in the Arctic region plays a crucial
T role in governing the energy fluxes between the soil and
the atmosphere, thus determining the processes of permafrost
degradation accompanied by carbon dioxide and methane re-
lease. At the same time, the weather station networks in the
northern latitudes are too sparse to provide sufficient data on the
soil temperature. Recent studies [ 1], [2] show that the methods of
satellite remote sensing of soil temperature are promising tools
to fill in the missing data of ground meteorological stations.

In [1], the values of the land surface temperature (LST) were
obtained with the use of the infrared radiometer (IR) MODIS
and compared with the values of the ground surface temperature
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(GST) measured in situ by meteorological stations at a depth of
3-5 cm. The observations were conducted over 12 test sites dur-
ing the period of 2000 to 2008 in the northern territories of the
U.S. and Canada. The obtained values of the LST deviated from
the in situ measured values of the GST by 4.4 to 14.7 °C in terms
of root-mean-square error (RMSE), and the determination coef-
ficient (R*) varied in the range of 0.49-0.92. One of the primary
factors limiting the use of IR for measuring the GST is cloud
cover, and, according to Hachem et al. [1], approximately 40%
of MODIS observations were accompanied by dense clouds.
Due to the short wavelength, IR measures the temperature of
the apparent surface of land (bare soil, vegetation, or snow),
and the LST values from MODIS are better correlated with the
air temperature (0.98) than with the GST (0.62) [1].

A more promising tool, in terms of avoiding cloud inter-
ference and wave penetration depth, is the application of mi-
crowave radiometers. In [2], the values for the effective ground
surface temperature (EGST) were obtained with the use of
the advanced microwave scanning radiometer-EOS (AMSR-E)
microwave radiometer using the frequency range from 6.9 to
89 GHz and compared with the values of the GST measured
in situ by the meteorological stations in the topsoil layer at 0—
8 cm. The observations were conducted over seven test sites
located in the northern territories of the U.S. and Canada dur-
ing the periods of 2002 to 2004. For the nonforested sites, the
obtained values of the EGST deviated from the values of in situ
measured GST by 2.2 to 10.5 °C in terms of RMSE, and R? var-
ied in the range 0.24-0.77. The sensing depth of the AMSR-E
observations was limited by 0.5-2.8 cm in the case of a thawed
bare soil, as was noted in [2], and may not exceed 6 cm in
the case of frozen bare soil, according to Zhao et al. [3]. Be-
cause the canopy and snow pack affects the sensitivity of the
microwave remote sensing of soil temperature in the microwave
band of the AMSR-E (6.9-89 GHz), applying a lower frequency
may reduce these affects and increase the accuracy of the soil
temperature retrieval.

A theoretical feasibility study to retrieve the soil temperature
with the use of multiangular brightness temperatures (BT) at
1.4 GHz in the area of northern Alaska was recently conducted
in [4]. In the course of studies in [4], the BTs were simulated, as
if they were measured by the Soil Moisture and Ocean Salinity
(SMOS) satellite with a microwave imaging radiometer using
an aperture synthesis (MIRAS) radiometer. For this purpose, the
bare soil emissivity model suggested in [5] and the temperature-
dependent dielectric model of organic-rich Arctic soil [6] were
used. In addition, the data on soil moisture, soil dry bulk density,
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and soil temperature measured by the Biosphere Station Franklin
Bluffs (69°39'N, 148°43"”W) from 1999 to 2001 were employed.
Based on the simulated angular patterns of the BTs, as if taken
from the SMOS radiometer, the surface soil temperature and the
temperature gradient were retrieved by minimizing the residual
norm between the simulated BTs and those calculated with the
simplified radiothermal model, as outlined above. The approach
of Mironov et al. [4] needs to be tested in real conditions to
clarify its principal applicability to derive the soil temperature
using SMOS BT observations. In this paper, the methodology
developed in [4] was applied to determine the soil temperature
at the test site on the Yamal Peninsula based on the SMOS
multiangular BT patterns.

II. TEST SITE AND DATA
A. Test Site and In Situ Data Measurements

The area next to the Weather Station Marresale (WS) on
the coast of the Kara Sea, Yamal Peninsula was selected as a
test site. The coordinate of WS is (69.7151N, 66.8209E). The
MODIS optical image of the test site is depicted in Fig. 1.
This is a false-color composite (RGB = bands 2, 2, and 1),
from a surface reflectance daily MYD09GQ product (250-m
resolution) showing a portion of the tiles of h20v0O1 and h20v02
over Yamal Peninsula acquired on August 4, 2015.

This choice is due to the following two factors. First, the
temperature-dependent dielectric model previously developed
in [7] and [8] is based on the soil samples collected at the area
of the weather station Vaskiny Dachi (see Fig. 1), proximate to
the test site. Second, the average daily soil temperature (WS-
ST) and air temperature, measured at a height of 2 m above the
ground for every third hour during the day, are readily avail-
able from WS [9], [10], and the SMOS radiometric data. Based
on the five points of the WS grid, primarily Marresale No. 1,
No. 3, No. 6, No. 17, and No. 43, separated by a distance of
100 m, the average WS-ST (WS-AST) was calculated and used
for comparisons with the retrieved soil temperatures. WS-ST
was measured at the soil surface.

The landscape at the area of the test site is a typical tundra,
which is covered by nontussock sedge, moss, lichens, and dwarf
shrubs with heights less than 40 cm. The area within the test site
was occupied by soils covered with vegetation (92.4%) and open
water bodies (7.6%). The vegetation cover was comprised of
areas of erect dwarf-shrub (22.3%), a low-shrub tundra (56.2%),
nontussock sedge, dwarf-shrub, and moss tundra (14.9%). These
data were obtained on the basis of electronic vegetation and
water maps of the Yamal Peninsula from the Institute of Arctic
Biology of the University of Alaska [11]. For the area of the test
site, the maximum vegetation biomass from July 6 to September
28, 2013 was equal to 0.36 kg/mz, which was calculated on
the basis of the NDVI index (two-week product of MODIS
MODI13Q1). On the test site area, sand and sandy-loam soils
predominate in the near surface (0-30 cm) of the active layer
[12] and have the following percentages by weight: sand 36.7%,
silt 50.1%, and clay 13.2% (averaged values) [13]. To further
study the soils in the area of the test site at three different
locations (see Fig. 1), 20 soil samples were collected. In the
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areas of the weather station Marresale, the Bovanenkovo oil and
gas field, and the weather station Vaskiny Dachi, three, seven,
and ten soil samples, respectively, were collected in the form
of cylindrical columns 25 cm in height and 10 cm in diameter.
Each soil sample was collected from a different type of the
landscape (on the hills and in the valleys of lakes and rivers,
in wet and dry tundra, in bare soil and in soils covered with
different of vegetation, etc.). The upper horizon of the collected
soils contained plants with half-rotten organic material with
mineral soil particles, and the thickness of the layer varied from
2 to 25 cm. The lower portion of the soil samples was formed
of mineral soils. The average thickness of the organic upper
layer of soil samples was found to be on the order of 10 cm.
The average soil dry bulk density of the organic upper layer
of soil samples was found to be on the order of 0.3 g/cm?.
Based on the fact that the topsoil is the most significant in the
microwave emission of a bare soil during modeling, we assumed
that the active layer of the soil was composed of an organic-
rich soil. A detailed description of the organic-rich soil sample,
which was selected to create the dielectric model, is described
in Section III-B. The depth of seasonal thaw of the soil varied
from 0.4 to 0.75 m (polygonal peatlands) to upward of 1.5-1.8
(nonvegetated sands) [12]. The elevations were uniformly low
(<90 m) across the Yamal Peninsula [14], and on the test site,
elevations were approximately 40 m [12].

B. SMOS BT Data

The two-dimensional (2-D) interferometric radiometer on
board the SMOS measures the BT of the earth surface at verti-
cal and horizontal polarizations in the range of viewing angles
from 0° to 65° with a space resolution of 43 km x 43 km [15].
This product is a daily-averaged product and includes all the
BTs acquired during that day, separately for ascending and de-
scending orbits, transformed to a ground polarization reference
frame and averaged into fixed classes of the viewing angle with
values in the range of 0°-65°. SMOS has a sun-synchronous
orbit such that at ~6 A.M. (local time), the SMOS is ascending
(the satellite is moving from south to north), and at ~6 PM.,
the SMOS is descending (the satellite is moving from north to
south). In this paper, for the SMOS observations from January
1, 2013 to December 31, 2013, SM_CLAS_MIR_CDEF3A, the
CATDS product (ascending orbit) with the coordinate closest
to WS was selected. The ascending SMOS orbit was selected
following studies [17]-[19], in which at ~6:00 A.M. (local time)
the vertical profiles of the soil temperature and the soil dielectric
properties were likely to be more uniform than at other times
of the day. This early morning condition minimized the differ-
ence between the canopy and soil temperatures and the thermal
differences between the land cover types within a pixel. These
factors minimized the soil moisture and temperature retrieval
errors originating from the use of a single effective temperature
to represent the near surface soil and canopy temperatures [17].
In the period of observations, the average radiometric accuracy
of the SMOS BTs data was ~6 K in the entire range of viewing
angles and for both the H- and V-polarizations. These estimates
were based on the data block «Pixel_Radiometric_Accuracy»
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Fig. 1. Images of the test site area in different scales. On a main panel, region of the test site is schematically depicted as a square (SMOS pixel) with white
edges, length of 43 km. Coordinate of the central point of the pixel is (69.8057N, 67.5913E). Symbols of the asterisk, triangle, and diamond on the main panel
are shown locations of soils sampling at areas of Marresale weather station, Bovanenkovo’s oil and gas field (70.3897N, 68.3540E), and Vaskiny Dachi weather

station (70.2955N, 68.8835E), respectively.

of the SMOS product. The SMOS multiangular BT (CATDS
product) in the range of viewing angles from 0° to 60° ob-
tained from 1 to 10 data points. From 365 available obser-
vations, only 136 were processed. The remaining data were
discarded during processing because 1) the relevant data in-
cluded an angular interval less than 10°, and over the entire
range of viewing angles, only 1-2 data points were contained;
therefore, the retrieval algorithm did not converge, or 2) the
BT model predicted the measured angular dependencies with
an RMSE of more than the radiometric accuracy of the SMOS
measurements.

Given that this study used only the ascending orbit (6 A.M.),
it is necessary to estimate the additional error that could oc-
cur when comparing the average daily soil temperature, mea-
sured by a meteorological station, with the soil temperature,
retrieved from a single SMOS observation [from the original
ESA database of SMOS images, the satellite observations at the
ascending orbit of the test site performed one time at approx-
imately 8 A.M. (local time)]. Such estimation can be made on
the basis of air temperature data. The comparison result of the
average daily air temperature with the air temperature at 8 A.M.
(local time), which were measured by the weather station Mar-
resale, is shown in Fig. 2. The data, presented in Fig. 2, were
obtained from January 1 to December 31, 2013 from the catalog
of the NOAA’s National Centers for Environmental Information
[10], and the index Nbr of the weather station is 23 032. In this
regard, we assumed that the comparison of the average daily
soil temperature with the soil temperature retrieved from radio-
metric observations at the ascending orbit is justified within the
error of 2.6 C.
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Fig. 2. Correlation between average daily air temperature and 8 A.M. air
temperature. RMSE and R? values were determined to be 2.6 °C and 0.96,
respectively.

C. SMOS/MIRAS and GCOM-WI/AMSR?2 Soil Moisture,
MODIS LST, and GCOM-WI1/AMSR2 Snow Depth Products
Over the Test Site

In the absence of ground-truth measurements of the soil
moisture during 2013 at the test site, the SMOS/MIRAS and
GCOM-W1/AMSR?2 soil moisture standard products were used
as independent additional data (see Fig. 3). The values of the
SMOS/MIRAS soil moisture were acquired from the CATDS
L3SM one day product (SM_CLAS_MIR_CLF31A) for the
ascending (6 A.M.) orbit [16]. Values of the GCOM-W1/AMSR?2
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Temporal variation of soil moisture during 2013, at the test site according to the (a) SMOS CATDS L3SM one day product (SM_CLAS_MIR_CLF31A)

for ascending (6 A.M.) orbit and (b) GCOM-W1/AMSR2 L2 SMC day (descending orbit 1.30 A.M.) product. Vertical solid lines indicate period from June 6 to
September 28, 2013, for which average daily soil temperatures, measured by WS in situ, were positive.
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Fig. 4. Temporal variation of snow depth, during 2013, at the test site accord-
ing to GCOM-W1/AMSR2 L2 SND day product.

soil moisture were acquired from the GCOM-W1/AMSR2 L2
SMC day (descending orbit 1.30 A.M.) product [20].

According to the SMOS data [see Fig. 3(a)], the mean and
standard deviations of the soil moisture were determined to be
0.27 £ 0.14 cm’/cm?®. According to the GCOM-W1/AMSR2
data [see Fig. 3(b)], the mean and standard deviations of the soil
moisture were determined to be 0.33 £ 0.15 cm?/cm?. The soil
moisture values obtained by the satellites have a mean value
and standard deviation typical of the Arctic tundra. Nonethe-
less, these values may diverge from the in sifu values mea-
sured in the topsoil layer of 0-20 cm by a factor of 2 to 3
[21].

For additional information about the thickness of the snow
pack, GCOM-W1/AMSR?2 L2 SND day products (see Fig. 4)
were used. The vertical solid lines in Figs. 3 and 4 indicate the
period from June 6 to September 28, 2013, when WS was posi-
tive. On average, the snow depth was approximately 0.15 m (see
Fig. 4). However, as shown in [22], the propagation effects must
be taken into account in dry snow in the L-band, nevertheless
further at modeling, we neglected the scattering and refraction

of microwaves in the snowpack and canopy for the simplicity
of the model and for a transparent analysis. However, the ab-
sorption of the emission in the snowpack or vegetation, which
originated from the underlying soil, was accounted with the help
of the widely used 7—w model [22], by introducing a parame-
ter of optical thickness. This model calculates the approximate
BT of the layered structure, consisting of soil covered with veg-
etation or snowpack. A more detailed description of the model
is provided in Section III-A. From April 20 to June 5, there
was a significant increase in the snow depth (see Fig. 4) that
may impact the accuracy of the BT modeling without taking
into account the scattering and refraction of microwaves in the
snowpack.

MODIS data have been used successfully to measure bare
soil temperatures, but in a number of studies in the Arctic terri-
tories, the MODIS LST product experienced a substantial error
with respect to ground-truth soil temperature measurements [1],
[23]-[25]. As in [1], we also observed that for the test site, the
MODIS LST had a better agreement with air temperature (2 m
above the ground) rather than with the surface soil temperature.
Combining the day and night products, V041 MODIS LST L3
Global 1 km (MOD11A1 and MYDI11A1) were used to cal-
culate the average LST per day in the coordinate of the center
of the SMOS pixel. A comparison between the MODIS LST
and air temperature, MODIS LST and WS-AST have shown a
higher correlation of the MODIS LST with the air temperature
than with the WS-AST (see Fig. 5).

The determination coefficient and RMSE were determined
to be 0.88 and 4.72 °C for (MODIS LST/air temperature)
and 0.38 and 7.58 °C for (MODIS LST/WS-AST), respec-
tively. Because the IRs are the primary satellite instruments
used for LST measuring, and based on the data [1], [23]-
[25], as well as our results, we conclude that the development
of the satellite methods for soil temperature measurements
with a higher precision is still a challenge for the Arctic re-
gions. In the following sections, a BT model and a method
of the soil temperature retrieval based on the SMOS data are
presented.
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Comparison between average daily soil temperatures measured at five in situ sites (WS-AST) and average MODIS LST values on the test site by

combining day and night MODIS products (V041 MODIS LST L3 Global 1km) during 2013 year. (a) Time series and (b) correlation between these values. The
calculated RMSE are 4.72 and 7.58 °C, respectively, for MODIS LST versus air temperature and MODIS LST versus WS-AST. The calculated determination

coefficient are 0.88 and 0.38, respectively, for these cases.

III. MICROWAVE BT MODEL OF ARCTIC SOILS
A. H-Q Semiempirical Emission Model

To model the BT, 7', (6) as a function of the viewing angle
6 for the horizontal p = H and vertical p = V polarizations,
we used a semiempirical model for microwave emission in-
troduced in [26] and further developed the case of bare soil
in [27]

T8p 0) = (1= [(1=Q)IRp (0, + QIR (0,2,)
% e*H,.COSNe*QT/COSQ) T, (1)

Combinations p = H, g = V, and p = V, ¢ = H are possi-
ble. Here, T} is the physical soil temperature; R, (0, ;) is the
Fresnel reflection coefficient; Q = 0.118H,. is the depolariza-
tion factor, which accounts for the polarization mixing effects;
N = 1.615[1 — exp(—H, /0.359)] and H, are the parameters
that modify the angular dependence of the BTs due to the rough-
ness of the soil surface; and ¢; is the soil complex permittivity.
In the model (1), the influence of the snowpack and vegetation
on the BT is simplistically taken into account by an absorbing
layer, the attenuation of microwaves, which is characterized by
the optical depth at the nadir 7. The vegetation and snowpack
temperatures were assumed to be the same. The model (1) does
not take into account the effects of scattering caused by the
snowpack and vegetation. The largest error 6.5 K of the model
(1), at 7 = 0, was estimated from the experiments [27] con-
ducted with predominantly mineral soils in thawed conditions,
at only one specific location (PORTOS 1993 data set, Avignon,
France). The model (1) can give significant errors, without tak-
ing into account the scattering and refraction of microwaves in
the snowpack and vegetation, particularly when they become
wet. In the off-season, we did not take into account the layers
of thawed and frozen soil emerging at the surface. In addition,
the model (1) does not incorporate the relief and slopes of the
test site because the test site elevations do not exceed ~40 m,

and such a simplification [28] of the relief causes an error of
the order of 0.1-2K, which falls within the limits of the SMOS
brightness measurement error. The model (1) does not account
the effect of water bodies on the radiobrightness temperature
in the SMOS footprint. This disregard is the source of the er-
ror for the determination of the soil temperature. However, as
has been shown in the field experiment [29] over Australia, the
tolerable thresholds of water fractions in the range from 0.02
to 0.08 for achieving a maximum 4 K underestimation in the
BT were found. Therefore, within the error of 4 K, which is
within the limits of error of the model (1), we missed the in-
fluence of water bodies. The values of the model parameters
within the pixel sensing were spatially invariable. This is the
average value, which corresponds to the integrated BT of the
entire SMOS pixel. Finally, the vertical profiles of soil mois-
ture, temperature, and permittivity were not taken into account
in the model (1) because we assumed that when we used the
ascending SMOS orbit, these profiles were more uniform in
depth [17]-[19]. Estimates in the L-band show that the penetra-
tion depth of microwaves can reach up to 12 cm in the case of
relative dry soil (0.1 cm?/cm?) [18], while the BTs reach their
saturation values at a frost depth up to 10 cm (theory) and 30 cm
(experiments) [30]. Due to this fact, we assumed that to form a
microwave emission, the organic soil horizon (the thickness was
approximately 0.1 m at the test site) was more essential than the
subjacent mineral horizon of the soil. Therefore, in the model
(1), we assumed the soil to be vertically homogeneous and con-
sisting of only an organic layer. To calculate the BT in the model
(1), the permittivity model for arctic tundra organic-rich soil [7],
[8] was used.

B. Permittivity Model of Arctic Tundra Soil

To develop a soil temperature-dependent multirelaxation
spectral dielectric model (TD MRSDM) [7], [8], soil samples
were collected at the area of the weather station Vaskiny Dachi
close to the test site (see Fig. 1). The sample was extracted
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at the frequency of 1.4 GHz. The measured and modeled data are shown with symbols and dashed lines, respectively.

from the organic layer at depths of 9 to 14 cm and consisted
of mineral solids and decomposed organic matter. In vivo, the
air dry bulk density of the sample equaled 0.26 g/cm?. During
measurements in a coaxial container, the dry bulk density var-
ied from 0.72 to 0.87 g/cm®. The percentages of organic matter
and mineral solids components were as follows: organic matter
~50%, quartz ~30%, potassium feldspar ~5-10%, plagioclase
~5-10%, and chlorite, mica, smectite in trace amounts (<1%).
The procedures for soil sample processing, dielectric measure-
ments, and regression analysis for developing TD MRSDM are
provided in [6], [31]. The TD MRSDM enables the calcula-
tion of complex permittivity for the given organic-rich soil as
a function of soil dry density pg, gravimetric soil moisture m,,
wave frequency f, and temperature 7. The TD MRSDM ensures
predictions of the real and imaginary parts of complex permit-
tivity in the ranges of 0.03 g/g < m, < 0.55g/g, —30 °C <
T < 25 °C, and 0.05 GHz < f < 15 GHz. The validation of
this model demonstrates good agreement with the measured
data. The values of the determination coefficient for the real and
imaginary parts of complex permittivity were determined to be
0.997 and 0.991, respectively. The estimates of the RMSE of the
predicted values relative to the measured values yielded 0.348
and 0.188 in the cases of real and imaginary parts of complex
permittivity, respectively [7], [8]. These error estimates were
in the order of that available for the soil dielectric measure-
ment itself. However, in the frequency range of 1-3 GHz, the
maximum differences between the measured and modeled val-
ues of complex permittivity were observed [7]. The predicted
with the TD MRSDM and measured values of reduced refrac-
tive index (ns — 1)/ps and normalized attenuation coefficient
ks /pq at the SMOS frequency of 1.4 GHz are shown as a func-
tion of temperature and moisture in Fig. 6. The refractive index
and the normalized attenuation coefficient was determined by
the following equation: nj = /g, = n, + ixs, where i is the
imaginary unit and n} is the complex refractive index.

As seen in Fig. 6, the refractive index and the normalized
attenuation coefficient were strongly dependent on soil mois-
ture and weakly dependent on soil temperature, in the case of

thawed soil. In the case of frozen soil, when the soil moisture
was my > 0.34 g/g, the refractive index and the normalized at-
tenuation coefficient strongly depended on the soil temperature
and weakly depended on the soil moisture. The sensitivity to soil
moisture of the refractive index and the normalized attenuation
coefficient increased only when the soil temperature was ap-
proximately zero (—3-0 °C). Taking into account the features of
behavior of the refractive index and the normalized attenuation
coefficient (see Fig. 0), it is possible to propose the following
approaches for soil moisture and temperature obtained from the
radiothermal observations.

IV. METHOD FOR RETRIEVING OF SOIL TEMPERATURE

According to (1) and the soil permittivity model [7], the BT
ngp(e) can be presented as a function of the following pa-
rameters: Tgfp(é)) = Tgfp(& pa,mg, Ts, H., 7). To reduce the
numbers of the parameters to be retrieved, the dry bulk density
was set equal to the mean dry bulk density, p; = 0.32 g/cm?, of
the topsoil layer at 0—6 cm, which was measured in situ at the
area of the weather station Marresale, the Bovanenkovo oil and
gas field, and the weather station Vaskiny Dachi.

The method to retrieve the soil temperature was based on solv-
ing an inverse problem by minimizing the norm of the residuals
between the observed T, (6;) and predicted T", (6;) values
of BTs

N
F= " M1, 00 - 18,0 @

p=H,V i=1

where N is the total number of viewing angles in the range of
0° < 6; <°60. Because the soil permittivity, and hence, the soil
emissivity, of thawed soil weakly depends on the soil temper-
ature and strongly depends on the soil moisture (see Fig. 6),
at the first step, the soil moisture was.When minimizing the
norm (2), the soil temperature and the optical depth were set
as a constant equal to air temperature and zero, respectively,
and the roughness parameter was retrieved. At the second step,
when minimizing the norm (2), the roughness parameter, optical
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(a) Time series of retrieved values of the soil moisture and (b) roughness parameter from May to October, 2013. Asterisks in the panel (a) are depicted

the first and last retrieved values of the soil moisture after my ; and before my o their sharp jumps (depicted vertical arrows), respectively. The corresponding

values of roughness parameter, H, 1, H,2, are depicted asterisks in the panel (b).

depth, and soil temperature were retrieved, by using the constant
values of the gravimetric soil moisture, which were retrieved at
the first step. Obtained in this way, the values of the volumet-
ric soil moisture (my = p4 - m,) and roughness parameter are
presented in Fig. 7.

The corresponding values of the retrieved soil temperature
are depicted in Fig. 8 for the summer period from June 6 to
September 28. Because the soil permittivity, and hence, the soil
emissivity, of frozen soil weakly depends on the soil moisture
(when the soil moisture is higher than 0.32 g/g, which is typ-
ical for the Arctic tundra soils) and strongly depends on the
soil temperature (see Fig. 6), on the third step, the soil tem-
perature for frozen soil was retrieved. In the winter, the soil
dielectric model [7] correctly describes the complex permittiv-
ity and the quantitative ratio of ice and unfrozen water in the
frozen soil in the process of decreasing and increasing the soil
temperature for a given initial volumetric soil moisture, when
soil is thawed. Based on these assumptions, when minimizing
the norm (2), the optical depth and the soil temperature are
retrieved, by using constant values of the volumetric soil mois-
ture and roughness parameter. From January 1 to June 5, the
soil temperature was retrieved using values for the soil moisture
and roughness parameter equal to my; = 0.39 cm?*/cm® and
H,1 = 0.72, respectively (see Fig. 7, asterisks). From Septem-
ber 29 to December 31, the soil temperature was retrieved using
values for the soil moisture and roughness parameter equal to
my s = 0.50 cm3/cm? and H,, = 0.86, respectively (see Fig. 7,
asterisks).

V. RESULTS AND DISCUSSION

The retrieved values for the soil moisture, roughness param-
eter, and optical depth spanning periods from January 1 to June
5 and from September 29 to December 31 exhibited a signifi-
cant standard deviation. For the period from January 1 to June
5, the values for the soil moisture, roughness parameter, and
optical depth had a mean value and a standard deviation of
my = 0.33 £0.20 cm®/cm?®, H, = 0.59 £0.38, 7 = 0.11 +
0.08, respectively. For the period from September 29 to De-
cember 31, the retrieved values for the soil moisture, roughness

parameter, and optical depth had a mean value and standard de-
viation of my = 0.50 & 0.27 cm*/cm® and H, = 0.89 + 0.32,
7 = 0.09 + 0.07, respectively. The mean values for the soil
moisture and roughness parameter when the soil was frozen
were close to the values of the soil moisture and roughness pa-
rameter when the soil was thawed close to the off-season (see
Fig. 7, asterisks).

For the period from June 6 to September 28, the mean
value and standard deviation of the values for the soil mois-
ture, roughness parameter, and optical depth were determined
to be: my = 0.54 £ 0.07 cm®/cm?®, H, = 0.83 4+ 0.13, and 7
= 0.03 £ 0.02, respectively (see Fig. 7). Large variations of
the determined [, parameter were likely associated with the
implementation of the minimization algorithm of the function
(2). In the process, solutions of the optimization problem using
the function (2), the H, values were determined to minimize
the difference between the measured and the calculated BT.
Because the area covered by an SMOS pixel (43 x 43 km)
contains a wide variety of soil surface types with varying de-
grees of small-scale irregularities, and taking into account that
for each day the SMOS observations of the BT has a unique
set of observation angles with a corresponding unique set of
azimuth angles, the roughness parameters had considerable de-
viations. The mean value of the soil moisture (0.54 cm®/cm?)
determined using our method [see Fig. 7(a)] is 1.5 times greater
than the SMOS [0.27 cm’/cm?, see Fig. 3(a)] and GCOM-W1
[0.33 cm?®/cm?, see Fig. 3(b)] soil moisture data products. The
soil moisture value determined using our method, treated as a
parameter of the model (1), was to minimize the function (2).
Currently, measurements of the soil moisture in the organic-
rich soils were performed with a significant bias (from —0.092
to 0.057 m3/m?) [32]. Therefore, a validation of the soil mois-
ture values determined from the ground-based weather station
data is needed. Retrieved and in situ measured soil temperatures
from 2013 are depicted in Fig. 8.

When minimizing the norm (2) in the periods when the soil
temperature varied near 0 °C [see Fig. 8(a)], the RMSE be-
tween the modeled and measured multiangular BT data was
greater than 6 K, and the retrieved values of soil temperature
were rejected.
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for thawed and frozen soil conditions. The calculated determination coefficient values are 0.70 and 0.52, respectively for thawed and frozen soil conditions.

Further correlation analysis was conducted separately for the
soil temperature less than and greater than 0 °C. At values of
soil temperature near zero, the correlation analysis was not per-
formed [see Fig. 8(b)]. In the summer time from June 6 to
September 28, when the soil was thawed, the RMSE and deter-
mination coefficient between the retrieved soil temperatures and
the weather station measurements were observed to be 2.2 °C
and 0.70, respectively. In the winter, when the soil was frozen,
the RMSE and determination coefficient between the retrieved
soil temperatures and the weather station measurements were
observed to be 3.5 °C and 0.52, respectively. The error of soil
temperature measurement in the summer appeared to be less
than in the winter. Apparently, these errors arose from the fact
that the model (1) did not take into account the layered structure
of the soil in the cases when there is a primary frozen layer
over a thin thawed layer and vice versa. The presence of such
a frozen (thawed) layer can produce significant variations of
BT up to 100 K [33]. The layered structure of the soil when
freezing and thawing can be taken into account in the model
(1) by introducing the profile of the complex dielectric constant
of the topsoil as done in [4] and [34]. The Fresnel reflection
coefficients and the soil temperature in (1) will be calculated
as reflection coefficients and the effective soil temperature of a
multilayer topsoil.

The deviation of the retrieved values of the soil tempera-
ture (see Fig. 8) may be due to the approximate nature of the
model (1), which does not take into account the refraction and
scattering microwaves in the snowpack and the canopy. The
absorption emission in the snowpack using the parameter of
optical thickness in the model (1) does not completely describe
the physical processes of additional emission in a layered struc-
ture of moistened snowpack when melting, and fully does not
take into account the phenomenon of refraction. The impact of
a snow pack on the L-band BT can be taken into account by in-
troducing a layered structure similar to the approach described
in [37]. In this case, the layered structure of the snow cover can
be defined by means of the snow pack thickness and the vertical
profiles of the density, temperature, and moisture of the snow.

The dielectric constant of each layer in the snow pack can be
estimated using a model [38]. In this case, instead of the Fres-
nel reflection coefficient (from the interface between the lower
snow layer and the soil) used in the emission model [37], the
model of the reflection coefficient from a rough soil surface used
in the formula (1) can be used. For a dry snow pack, the layered
structure can be simplified and represented by a dielectric layer
over the ground, as in [35].

To determine the soil temperature in frozen conditions, the
proposed approach was based on using fixed values of the soil
moisture obtained when the soil was thawed. However, as seen
in Fig. 6, in the range of soil temperature (—3-0 °C), if the soil
moisture increases, then the soil permittivity increases several
times and, hence, the emissivity of the frozen soil. Such an as-
sumption is also a source of error in the method. Furthermore,
the model (1) does not taken into account the variety of soil
types, different vegetation covers, and the presence of water
within the SMOS footprint. The fraction of the various types of
soil and water bodies within the SMOS footprint can be taken
into consideration by using maps of water bodies and soil types
in conjunction with the temperature-dependent dielectric mod-
els for organic [6]-[8], [36] and mineral [36], [39], [40] soils.
In this case, the integral BT is calculated as a superposition of
the BTs in different types of soils and water bodies in accor-
dance with percentage of area occupied by these objects in the
SMOS footprint. Different vegetation covers can be accounted,
if the model (1) will be complicated by introducing a vegetation
scattering parameter and polarization correction factor for pa-
rameterizing the effect of the vertical and horizontal vegetation
structure on the optical depth parameter using equations from
[26].

The relatively low error of the soil temperature retrieval
(<4 °C) suggests the possibility of applicability of the sim-
plified model (1) for the selected test site, and disregard of these
objects is already contained in the obtained error of soil tem-
perature retrieval. If in the model (1), the influence of these ob-
jects on the radiobrightness temperature would be taken into ac-
count, reducing the error of soil temperature retrieval is possible.
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Finally, to determine the soil temperature in the summer, addi-
tional independent data for air temperature were used, which
may not always be available due to 1) the limited number
of land-based weather stations, and 2) the limits of the IRs
products (similar MODIS LST) in different weather and cloud
conditions.

VI. CONCLUSION

The primary objective of this paper was to conduct an ex-
perimental testing of the method theoretically determined in [4]
for measuring the soil temperature in an arctic tundra topsoil,
using the full-polarimetric multiangular SMOS BT observation
at a frequency of 1.4 GHz. The experimental validation of the
proposed retrieval method was conducted with the use of SMOS
BT data over a test site on the Yamal Peninsula spanning the pe-
riod of January 1, 2013 to December 31, 2013. The results of the
research indicate the perspectives of using the full-polarimetric
multiangular BT observations in the L-band for the purpose of
measuring the soil temperature in the Arctic region. As follows
from the requirements for the research product of the LST re-
trieval using the GCOM-W1 [41], the accuracy goal for soil
temperature measurements is =4 K. The preliminary results
obtained in this study showed that these accuracy requirements
were attainable for the purposes of soil temperature measure-
ments using a microwave radiometer. The RMSE and the de-
termination coefficient between the retrieved and measured soil
temperature were found to be equal to 3.0 °C and 0.91 for the
year.

For the proposed method of soil temperature retrieval, a po-
tential for improving the simple model (1) exists by taking into
account the additional factors, which could not be introduced
in the BT model used. The following most significant factors
have to be included to improve the model: 1) the effects of open
water objects and soils types, and 2) a more accurate account
of the impact of the snow pack and vegetation cover. However,
the simple model of soil emission used, which does not take
into account the above factors, yields promising results for the
cases when: the type of soil is known and the created dielec-
tric model corresponds to this soil type, the landscape is typical
arctic tundra with dwarf shrubs with heights less than 40 cm,
and the fraction of water bodies in the SMOS footprint is not
greater than 7.6%.

The proposed approach needs to be modified and tested for
a longer time period and for a more representative amount of
ground-based test sites in the Arctic region. For this purpose,
areas can be selected on the northern slope of Alaska, which
is a network of weather stations at Toolik Lake, Happy Valley,
Sagwon, Franklin Bluffs, and Deadhorse, which are a part of
the North American Arctic transect. This Arctic area is very
suitable to validate the retrieval algorithms of the soil mois-
ture and temperature because for a long time, these weather
stations measured the detailed profiles of moisture and temper-
ature in the active layer of the soil (0—1 m), air and vegetation
layer or snow pack temperatures, and the types of soils and
vegetation at the weather stations area are systematized and
described.
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