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Retrieving Profile Temperatures in a Frozen Topsoil
Near the TFS, Alaska, Based on SMOS Brightness

Temperatures at the 1.4-GHz Frequency
Valery L. Mironov, Member, IEEE, Konstantin V. Muzalevskiy, Member, IEEE, and Zdenek Ruzicka

Abstract—In this paper, the method previously proposed in
earlier work for measuring the temperature profile in a frozen
topsoil using multiangular brightness temperature observations
in the L-band has been experimentally tested. At a frequency of
1.4 GHz, full-polarization multiangular brightness temperature
data were obtained from the Soil Moisture and Ocean Salinity
(SMOS) satellite land product of Level 1C, with the SMOS foot-
print being centered at the Toolik Field Station (TFS), Alaska.
The SMOS data covered the period from January 1, 2010 to
December 31, 2011. Retrieval of the temperature profiles in a
frozen topsoil was based on the semiempirical emission model
L-MEB and the temperature-dependent dielectric model for an
organic-rich tundra soil. The soil samples measured to develop the
dielectric model were collected at the TFS site. For winter seasons,
the retrieved temperature profiles in the 16.0-cm topsoil were
validated relative to the temperature profiles measured in situ. As
a result, the values of root-mean-square error and determination
coefficient of the temperatures retrieved at the depths of 0.6, 8.7,
and 16.0 cm, relative to the respective temperatures measured in
situ, were found to be 2.8 ◦C, 4.9 ◦C, and 6.4 ◦C and 0.62, 0.42, and
0.26, respectively. The sources of error and possible improvements
of the proposed retrieving algorithm were discussed. The major
result of this study is the demonstration of the potential possibility
for remote sensing of the temperature profile in a frozen arctic
topsoil using the SMOS multiangular brightness data.

Index Terms—Microwave radiometry, remote sensing, soil mea-
surements, temperature measurement.

I. INTRODUCTION

THE temperature profiles in the active layers of the per-
mafrost zone play a crucial role in governing energy fluxes

between the soil and the atmosphere and, thus, determine the
processes of permafrost degradation accompanied by carbon
dioxide and methane release. At the same time, the weather
station networks in the northern latitudes are too sparse to
provide sufficient data of the active-layer temperature profiles.
Therefore, satellite remote sensing is a highly demanded in-
formation technology for monitoring the temperature of the
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active permafrost layer. Previously published results on this
topic [1], [2] reveal the remarkable results of employing remote
sensing to measure the soil temperature at tundra and forested
test sites located in the northern territories of the United States
and Canada. In [1], the values of land surface temperature (LST)
were obtained with the use of the Moderate Resolution Imaging
Spectroradiometer (MODIS) and compared with the values of
the ground surface temperature (GST) measured in situ by
meteorological stations at a depth of 3–5 cm. The observations
were conducted at 12 test sites during the period from 2000 to
2008. Thus, obtained values of the LST deviated from the in situ
measured values of the GST by 4.4 ◦C–14.7 ◦C in terms of root-
mean-square error (rmse), and the determination coefficient
(R2) varied in the range from 0.49 to 0.92. It is worth noting
that these estimates correspond to clear weather conditions of
observation, as any cloud coverage completely impedes LST
observations with the infrared sensor MODIS.

In [2], the values of the effective ground surface temper-
ature (EGST) were obtained with the use of the Advanced
Microwave Scanning Radiometer—Earth Observing System
(AMSR-E), working in the frequency range from 6.9 to 89 GHz
and compared with the values of GST measured in situ by
meteorological stations in the topsoil layer at a depth range of
0–8 cm. The observations were conducted at seven test sites
located in the northern territories of the United States and
Canada during the period from 2002 to 2004. For nonforested
sites, the obtained values of the EGST deviated from the values
of in situ measured GST by 2.2 ◦C–10.5 ◦C in terms of rmse,
and R2 varied in the range from 0.24 to 0.77. The major result
of the research conducted in [1] and [2] is the demonstration
of the potential possibility for remote sensing of the topsoil
temperature using the data of the brightness of the earth surface
taken using the MODIS and AMSR-E missions. Meanwhile,
when using the AMSR-E observations, the depth of sensing,
which is on the order of thermal emission layer depth, is limited
by 0.5–2.8 cm in the case of thawed soil, as was noted in [2],
and, most probably, may not exceed 6 cm in the case of frozen
soil, according to [3]. In the case of MODIS observations,
emission depth is limited by the skin of the ground surface.

Therefore, the objectives of increasing the sensing depth
and retrieving a temperature profile in the arctic topsoil, at
least in the case of frozen soil, are actualized. In this respect,
the data provided by the Soil Moisture and Ocean Salinity
(SMOS) mission may pave the way for reaching this goal.
As was shown in [4], the brightness temperatures measured
in situ by the radiometer ELBARA, at a frequency of 1.4 GHz,
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Fig. 1. (a) Typical temperature profiles in the topsoil measured at the TFS during 2010–2011. (b) Approximation of the typical temperature profiles in wintertime,
with using piecewise linear function (4).

used in the SMOS mission revealed noticeable variations in the
course of freezing of the topsoil layer down to 30 cm. These
observations conducted in a forested area located in Northern
Finland indirectly confirm that the brightness temperature taken
from the SMOS radiometer in the winter season is formed
due to emission from the topsoil frozen layer of approximately
30 cm in depth. In principle, the possibility of estimating a
temperature profile within this layer in the winter season is
based on the fact that the emission from the topsoil decreases as
the thickness of the emitting layer (depth of sensing) decreases
with the increase in the observation angle. Indeed, with the
positive temperature gradient in the topsoil in the winter season,
a thinner emitting layer (corresponding to a larger observation
angle) has a lower average physical temperature, relative to a
thicker emitting layer (corresponding to the nadir observation
angle), which contains lower and, therefore, warmer soil layers.

A theoretical feasibility study of such a remote sensing
technique was conducted in [5]. For this purpose, an extremely
simplified model was selected. First, a type of topsoil was
assumed to be homogeneous both in depth and over the area
occupied by the SMOS footprint. Second, the relief was as-
sumed to be flat, and as in an idealized case, no water objects
were suggested to be present within a footprint. Moreover,
there were no snow and vegetation covers above the topsoil.
In the course of studies in [5], the brightness temperatures were
simulated, as if they were measured by the SMOS radiometer.
For this purpose, the bare soil emissivity model suggested in
[6] and the temperature-dependent dielectric model of organic-
rich arctic soil [7] were used. Moreover, the data on soil
moisture, dry soil density, and temperature profiles 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 brightness temperatures, as if taken by
the SMOS radiometer, the surface soil temperature and the
temperature gradient were retrieved by minimizing the residual
norm between the simulated brightness temperatures and those
calculated with the simplified thermal radiation model, as out-
lined above. Moreover, a linear temperature profile was used
in the brightness temperature model. In [5], the temperature
profiles in the topsoil, i.e., the 15-cm layer, were retrieved with
the rmse at 0.9 ◦C. Keeping in mind the extreme simplifications

in [5], this approach needs to be tested in real conditions, at least
to clarify its principal applicability to deriving the temperature
profile in the arctic topsoil.

In this paper, the methodology developed in [5] was applied
to retrieve temperature profiles in the arctic topsoil based on
the SMOS multiangular brightness temperature patterns. For a
test site, the area centered at the Toolik Field Station (TFS) in
North Slope, Alaska (68.6275 N, 149.5950 W) was employed.
The temperatures at depths of 0.6, 8.7, and 16 cm were de-
rived using the SMOS data spanning from January 1, 2010 to
December 31, 2011, and the deviations in terms of rmse of the
derived temperatures from those measured in situ were esti-
mated. The emission depth dramatically dropped in the case of
thawed soil, and we mainly focused on testing the methodology
proposed in [5] in the case of frozen soil, with the depth of
freezing more than thickness of the skin layer.

II. TEST SITE AND DATA

A. Test Site and In Situ Data Measurements

The area of the TFS was chosen as a test site. This choice
is due to the following two factors. First, the temperature-
dependent dielectric model developed in [7] is based on the soil
samples collected at this site. Second, the in situ measured data
of the temperature and moisture profiles appeared to be easily
available in [8], as well as the SMOS radiometric data.

The weather station at the TFS monitors daily-average air
temperature; precipitation; soil temperature at the depths of 0.6,
8.7, 16.0, 23.6, 31.2, 38.7, 46.3, 61.6, 76.8, and 97.8 cm; and
soil water content at the depths of 9, 12, 38, 39, and 68 cm [8].
As an example, in Fig. 1, some temperature profiles relevant
to the winter and summer seasons are shown, demonstrating
that the temperature dependence relations in the layer at a depth
of 23.6 cm are close to linear ones in wintertime, whereas the
temperature is nearly constant in this layer in the summer time.
The landscape in the TFS area is classified as a dry heath and
moist tussock tundra covered with sedges, mosses, deciduous,
and evergreen shrubs [9]. The soil is typical Aquiturbel, with
the thickness of the organic layer varying from 4 to 20 cm and
with the average bulk density of dry organic soil varying from
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0.08 to 0.36 g/cm3 [10]. The average bulk dry density of the
subjacent mineral horizon varies from 0.44 to 1.28 g/cm3 [10].
Furthermore, at modeling, we will assume that the active layer
of the soil is composed of only organic matter. The thickness
of the active layer is approximately 50 cm, and the maximal
thickness of the snow layer varies from 20 to 40 cm [9].

B. SMOS Remote Sensing Data

The 2-D interferometric radiometer on board the SMOS mea-
sures the brightness temperature of the earth surface at vertical
and horizontal polarizations in the range of viewing angles from
0◦ to 65◦, with a spatial resolution of 43 km × 43 km [11]. The
multiangular brightness temperature observations of the SMOS
Discrete Global Grid (DGG) node closest to the TFS test site
were used. The SMOS Level-1C land full-polarization product
(MIR_SCLF1C) was used for the descending overpasses at
4 A.M. to 6 A.M. (UTC), for winter seasons only, from January 1,
2010 to December 31, 2011, and included daily records. In
the period of observations, the radiometric accuracy of the
SMOS brightness temperatures varied from 2.0 K to 9.1 K in
the entire range of viewing angles and for both the H- and
V -polarizations. These estimates are based on the data block
«Pixel_Radiometric_Accuracy» of the SMOS Level-1C prod-
uct. The fully polarimetric SMOS data were converted from
the antenna reference frame [XY] into the surface level frame
[HV]. For this purpose, the transformation matrix was used
[12] together with the Faraday and geometric rotation angles,
which were taken from the SMOS Level-1C product. The radio
frequency interference filtering procedure for the SMOS data
was not used.

The dependence relations of the brightness temperature on
the viewing angle, measured by using SMOS in the range from
25◦ to the maximum available values (approximately 60◦), were
chosen for the retrieving algorithm. Values of the brightness
temperature at angles less than 25◦ were discarded because the
brightness temperatures on the vertical and horizontal polar-
izations coincided with each other within the range of radio-
metric error, and they did not give any dependence relations
from viewing angles. Approximately 70 viewing angles were
available in the range from 25◦ to 60◦. The initial values of
the brightness temperature were smoothed using the adjacent-
averaging method over a sliding window containing 5–10 ini-
tially measured values. The initial and smoothed values of the
brightness temperature are depicted in Fig. 2. The smoothed
values of the brightness temperatures as a function of time
for the V - and H-polarizations, which were measured at a
viewing angle of approximately 40◦, are shown in Fig. 3. This
value of the viewing angle was chosen as some angle that
is practically used for spaceborne instruments, for example,
on the Soil Moisture Active Passive satellite. As an example,
only one calendar year period of time is shown just to demon-
strate the variations in brightness temperature observed during
all seasons of the year. According to the TFS data, the soil
was in the process of freezing and thawing in the periods of
September 19–21, 2010 and May 13–17, 2011, respectively.
In Fig. 3, these periods are marked with vertical dashed lines
around which a sharp increase and decrease in brightness

Fig. 2. Dependence relations of the viewing angle of the SMOS brightness
temperature. Open and filled circles correspond to the initially measured values.
The crosses represent the averaged values.

Fig. 3. Time series of the brightness temperature at a viewing angle of 40◦ .
The periods of soil freezing (September 19–21) and thawing (May 13–17)
are marked with vertical dashed lines (compare with the in situ measured
temperature data shown in Fig. 5).

temperature are observed, respectively, indicating the processes
of soil freezing and thawing. According to the work in [5], to
derive the temperature profiles with the use of the brightness
temperature data, we will use the microwave emission model
outlined in the following section.

III. MICROWAVE EMISSION MODEL OF ARCTIC SOILS

To model the brightness temperature T th
B,p(θ) as a function

of viewing angle θ for the horizontal, i.e., p = H , and vertical,
i.e., p = V , polarizations, we used the semiempirical model for
microwave emission in the case of bare soil introduced in [13]
and further developed in [14], i.e.,

T th
B,p(θ) = ηp(θ) · Teff(θ). (1)

Here, ηp(θ) and Teff(θ) are the emissivity and effective tem-
perature, respectively. In its turn, according to the work in
[14], the emissivity ηp(θ) is a function of the Fresnel reflection
coefficient Rp(θ) and the soil surface roughness parameter
Zs = σ2/Lc, with σ and Lc being the height of roughness,
in terms of standard deviation, and the autocorrelation length
of roughness, respectively. The formula for emissivity as a
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function of Rp(θ) and Zs can be presented in the following
form:

ηp(θ) = 1−
[
(1−Q)|Rp(θ)|2 +Q|Rq(θ)|2

]
e−Hr cosNp θ

Q = 0.1771Hr

NH = 1.615(1− e−Hr/0.359)− 0.238

NV = 0.767Hr − 0.099

Hr =

{
2.615(1− e−Zs/2.473), Zs ≤ 1.235

1.0279, Zs > 1.235
. (2)

Combinations p = H , q = V and p = V , q = H are possible.
The Fresnel reflection coefficient in (2) suggests a smooth sur-
face of the soil. It should be considered as a functionality of the
complex relative permittivity profile εs(z). Provided a known
profile εs(z), it can be calculated by using the iteration method
[15]. Parameter Q may be interpreted as a depolarization factor,
which accounts for polarization mixing effects. According to
the work in [13], the effective temperature Teff(θ) in (1) can be
expressed as the following functionality:

Teff(θ) =

∞∫
0

T (z)
k0κs(z)

cos(θ)
exp

⎡
⎣−

z∫
0

k0κs(z
′)

cos(θ)
dz′

⎤
⎦ dz (3)

where T (z) is a temperature profile in the soil, k0 = 2πf/c
is the free-space wavenumber, c is the light velocity, f is
the wave frequency, and κs(z) = Im

√
εs(z) is the normalized

attenuation coefficient. It is evident that the profiles T (z) and
εs(z) must be consistent with each other. The largest error of
6.3 K of models (1)–(3) was estimated from the experiments
[14, Table 2] carried out with predominantly mineral solids in
the thawed condition, with respect to only one specific location
(PORTOS 1993 data set, Avignon, France). Models (1)–(3) do
not take into account the effects of scattering and attenuation
caused by the snow and vegetation layers. Moreover, models
(1)–(3) do not take into account the relief of the test site, which
is actually a moderate hilly terrain, according to the SMOS
Level-2 product. As shown in [16], such simplification of the
relief causes an error on the order of 0.1 K–2 K, which lies
in the limits of the SMOS brightness measurement error. The
retrieval error of soil temperature profiles due to the assumed
approximations in the brightness temperature models (1)–(3)
is a constituent of a total retrieval error. The latter will be
evaluated by comparing the temperature profiles retrieved from
SMOS data with the respective ground-based measurements
in Section IV. The method of retrieving the soil temperature
profiles with the use of the brightness temperature models
(1)–(3) will be outlined in the next section.

IV. METHOD OF RETRIEVING THE TEMPERATURE PROFILE

As in [5], for developing the temperature-profile-retrieving
algorithm, the temperature-dependent complex dielectric per-
mittivity (CDP) model introduced in [7] was used. The model
in [7] was developed based on the measurements conducted
for the organic-rich soil samples collected at the TFS site.
The soil samples contained 87% organic matter, 8% quartz,
and 5% calcite. This model allows for the calculation of the
CDP of soil, i.e., εs(z) = εs(ρd,mg, T (z), f), as a function

of dry bulk density ρd, gravimetric moisture mg , temperature
T (z), and frequency f . The model in [7] ensures predictions
of the real and imaginary parts of the relative CDP in the
ranges of 0.0 g/g < mg < 0.98 g/g, −30 ◦C < T < 25 ◦C,
and 0.5 GHz < f < 15 GHz, the latter including the SMOS
frequency of 1.4 GHz. At that, the standard deviation of the
predictions from the measured values was shown to be 0.17.
The dielectric model in [7] was derived on the basis of CDP
measurements of soil samples during the freezing process.
Here, the soil samples froze at −6 ◦C in the measuring cell.
When calculating the CDP with the help of the model in [7],
the modified temperature scale (T = T + 6 ◦C) was used to set
a temperature of freezing equal to 0 ◦C.

It can be shown that, in wintertime, the measured in situ
typical temperature profile from December 11, 2010 to May 1,
2011, as shown in Fig. 1(b), can be fitted to the piecewise linear
function, i.e.,

Tp(z) =

{
Ts + Tgz, z ≤ tzL

Ts + TgzL, z ≥ zL.
(4)

Here, Ts and Tg are the surface temperature and the temperature
gradient, respectively, and zL is a salient point in which the
temperature for depths below z = zL is equal to the constant
value Ts + Tg · zL. In this case, the variations in rmse, deter-
mination coefficient, and the salient point were found to be
from 0.1 ◦C to 0.9 ◦C, from 0.957 to 0.998, and from 0.32 to
0.45 cm, respectively. We define the thickness of the topsoil
(0− zs) in which the soil temperature variations have the most
contribution into variations in brightness temperature. To this
end, the difference between the values of brightness temper-
atures was calculated for the measured in situ temperature
profiles Tm(z), 0 < z < 97.8 cm (as depicted in Fig. 1) and
the temperature profiles T (z) = Tm(z) if 0 < z < zs, T (z) =
Tm(zs) if zs < z < 97.8 cm. The calculations were made for
482 soil temperature profiles, which were measured by TFS
in the winter from January 1, 2010 to May 21, 2010, from
September 22, 2010 to May 12, 2011, and from September 21
to December 31, 2011. It turned out that, in about 95% of cases,
this difference appeared to be less than 3% when zs ≥ 16 cm.
Thus, following for the theoretical estimation, the salient point
in (4) was chosen equal to zL = 16 cm for calculating the
brightness temperature, conducted in the process of the soil
temperature retrievals. As a result, according to (1)–(4), the
brightness temperature T th

B,p(θ) in (1) can be represented as a
function of the following variables:

T th
B,p(θ) = T th

B,p(θ, ρd,mg, Ts, Tg, Zs). (5)

The retrieving algorithm was based on minimizing the norm
of the difference between the measured Tm

B,p(θp,i) and simu-
lated T th

B,p(θp,i) brightness temperatures, as given by (5), i.e.,

F =
∑

p=H,V

Np∑
i=1

∣∣∣∣∣T
m
B,p(θp,i)− T th

B,p(θp,i)

σTB,p(θp,i)

∣∣∣∣∣
2

(6)

where Np is the total number of viewing angles in the range
of 25◦ ≤ θp,i ≤◦ 60◦, and σTB,p(θp,i) is the radiometric error,

Authorized licensed use limited to: State Public Scientific Technological Library-RAS. Downloaded on September 24,2020 at 12:49:50 UTC from IEEE Xplore.  Restrictions apply. 



MIRONOV et al.: RETRIEVING PROFILE TEMPERATURES IN A FROZEN TOPSOIL NEAR TFS, ALASKA 7335

Fig. 4. Characteristic temperature profiles measured at the TFS (symbols) and
retrieved from the SMOS data (solid and dashed lines), based on the proposed
method.

which was taken from the Level-1C SMOS data. Both po-
larizations, i.e., vertical (p = V ) and horizontal (p = H), are
taken into account in the norm (6). The values θV,i and θH,i

refer to the viewing angles’ data corresponding to the vertical
and horizontal polarizations, respectively. To minimize the
norm, the Levenberg–Marquardt algorithm [17] was applied. In
minimizing the norm of (6), a gravimetric soil moisture mg =
mv/ρd was calculated using the average value of volumetric
soil moisture (mv = 0.45 cm3/cm3), which was derived from
TFS data for the summer seasons of 2010 and 2011. From
January 1, 2010 to December 31, 2011, in wintertime, SMOS
observations for 307 days were processed from 482 available
observations. The remaining data were rejected because the
rmse values between the measured and modeled dependence re-
lations of viewing angles of brightness temperatures were more
than the mean radiometric accuracy of the SMOS brightness
temperature observations (∼5.5 K).

Finally, four values were derived from minimizing the resid-
ual norm (6), that is, ρd, Zs, Ts, and Tg. For the parameters to
be retrieved, the following initial values were set: Zs = 1.0 cm,
ρd = 0.4 g/cm3, Ts = −10 ◦C, and Tg = 0 ◦C/m. Based on
the retrieved values of Ts, Tg, and (4), the temperature in an
active layer in the range of 0 ≤ z ≤ 16 cm can be calculated at
any depth. At that, the error in temperature at various depths is
expected to be different and may increase with depth, as shown
in Section V.

V. RESULTS AND DISCUSSION

A. Soil Temperature Retrieval

As an example, for the periods of soil surface cooling
(December 11, 2010) and heating (May 1, 2011), the “retrieved
temperatures” and in situ measured temperature profiles are
shown in Fig. 4. Here and in the following, the values of soil
temperature referred to as “retrieved temperatures” should be
understood as those calculated at a given depth with using
(4) in which parameters Ts and Tg are retrieved, as outlined
in Section IV. As shown in Fig. 4, in the 16-cm-deep topsoil
layer, good correspondence is observed between measured and
retrieved soil temperature profiles. The soil temperatures at the

Fig. 5. Soil temperatures measured in situ at the TFS at the depths of (a) 0.6 cm
and (b) 16.0 cm (solid lines) and the respective values retrieved from the SMOS
data (open circles).

depths of 0.6 and 16.0 cm, both measured at the TFS and
retrieved using SMOS brightness temperatures, are shown in
Fig. 5 as a time series with respect to the whole period of
observations. In Fig. 5, the retrieved temperatures at the depths
of 0.6 and 16.0 cm were calculated with the use of the retrieved
values of Ts, Tg, and (4). As shown in Fig. 5, at a depth of
0.6 cm, the retrieved temperatures are in good correlation with
the temperatures measured in situ. Meanwhile, the temperatures
retrieved at a depth of 16 cm are markedly shifted toward
higher values relative to the temperatures measured in situ. The
retrieved temperatures are not presented in Fig. 5 for the periods
September 19–21, 2010, September 16–20, 2011, May 20–22,
2010, and May 13–17, 2011. In the course of these periods, the
rmse values between the measured and modeled dependence
relations of the viewing angles of brightness temperatures
were more than the mean radiometric accuracy of the SMOS
brightness temperature observations (∼5.5 K), and retrieved
parameters were rejected. Along with the values of topsoil
temperatures, the values of soil roughness parameterZs and dry
soil bulk density ρd were retrieved. Their values and standard
deviations were found to be as follows: Zs = 0.9± 0.3 cm and
ρd = 0.18± 0.09 g/cm3. The retrieved value of dry soil density
was found to be close to the value ρd = 0.22 g/cm3 measured
in situ in a 20-cm layer [10, Table 19 b].

In Fig. 6, the retrieved temperatures, i.e., TSMOS, are shown
versus the in situ measured temperatures, i.e., TWS, at depths
of 0.6, 8.7, and 16.0 cm, alongside the model TSMOS = TWS.
As shown in Fig. 6, the bias of the retrieved temperatures
relative to the in situ measured ones increases with depth.
To quantitatively estimate an error of the proposed retrieval
method, we calculated the rmse and R2 relative to the model
TSMOS = TWS. The results of these estimations are shown in
Table I, together with the respective values regarding the obser-
vations carried out with the MODIS infrared radiometer [1] (in
a snow-free period) and the AMSR-E microwave radiometer [2]
(in winter period) for qualitative comparison. In the case of the
AMSR-E instrument, only the minimum values of rmse and R2

are presented in Table I. In Table I, the values of rmse and R2

relating to 1) the MODIS radiometer [1] and 2) the AMSR-E
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Fig. 6. Correlation of the soil temperatures retrieved at depths of 0.6, 8.7, and
16.0 cm with the SMOS data, i.e., Tsmos, and with the data obtained by in situ
measurement, i.e., Tws.

TABLE I
VALIDATION STATISTICS

radiometer [2] represent the correlation characteristics between
1) the LSP values delivered by the MODIS and the in situ mea-
sured temperatures at a depth of 3–5 cm and 2) the effective soil
temperature delivered by the AMSR-E and the in situ measured
temperatures at a depth of 0–8 cm. The MODIS and AMSR-E
data given in Table I correspond to the Imnaviat test site
(68.6336 N, 149.3459 W) and the Happy Valley (69.1466 N,
148.8483 W) test site, respectively. Both of these test sites
have similar physiographic factors compared with the TFS
(68.6275 N, 149.5950 W), over which the soil temperatures
were retrieved using the SMOS data. A direct comparison of
the proposed method of soil temperature retrieval from SMOS
data with the approaches used in [1] and [2] is not possible, due
to the fact that the sensing of soil temperature in [1] and [2] and
in this paper was carried out under different conditions. First,
the validation data in [1] and [2] include a significantly longer
(by a factor of 1.5–3) time span, thus covering a much wider
range of the temporal variability in the environment than in the
case under consideration. Second, the statistics relating to the
largest retrieval errors occur during the period of freeze–thaw
transitions are excluded from our analysis. Therefore, a com-
parison of these errors of soil temperature retrieval makes sense
only on the order of magnitude. On the other hand, it is worth
mentioning that, in contrast to the approaches in [1] and [2],
the technique used in this study demonstrated a potential pos-
sibility to give estimates of the topsoil temperatures at different
depths (0–16 cm) based on a physical model of soil thermal
emission in the microwave band. For that, the thermal emission

model was used in its simplest form, with many substantial
factors having been ignored, which has inevitably increased the
error of temperature retrievals. In particular, in the brightness
models (1)–(3), such factors as the inhomogeneity (in terms
of its organic and mineral contents) of the topsoil in depth
and over the area of the SMOS footprint, the impact of relief,
the presence of natural water objects, and vegetation and snow
covers, including the effects of dry snow and the processes of
snow melting, should have been taken into consideration.

B. Possible Improvements of the Retrieval Algorithm

Let us consider in more detail some of the factors that should
be taken into account in the brightness temperature models
(1)–(3) to improve the accuracy of the retrieved temperature.

First, in models (1)–(3), the solid particle contents of the
soil are assumed to be homogeneous with depth, whereas the
actual topsoil may contain not only organic but also mineral
particles, with their percentages being varied. Moreover, the
vertical profile of soil moisture may also vary with depth, in
contrast to the constant values of moisture assumed in models
(1)–(3). Moreover, the topsoil may horizontally vary in mineral
and organic contents within the limitations of pixels. Therefore,
an adequate analysis in the future must be based on a set
of dielectric models related to organic [18], mineral [19], and
mixed soil types [20].

Second, among other factors, the error of soil temperature
retrieval is caused by the influence of random variation in den-
sity, moisture, and height of the snow cover within the SMOS
pixel. As shown both theoretically [21] and experimentally [22],
within SMOS viewing angles, the variations in brightness tem-
perature for horizontal polarization even in case of dry snow
cover can reach about 12 K. However, as shown in Fig. 3, the
total variations in brightness temperature for horizontal polar-
ization in the winter period are about 20 K, which may include
contributions of both the temperature variations of the soil and
the changes in the snow cover.As can be seen from this estimate,
the effect of the snow cover is essential and may reach half of the
observed variations in brightness temperature in wintertime.
Therefore, ignoring the snow cover factor in the brightness
temperature equations (1)–(3) may result in the scatter of the
retrieved values of temperature, which is observed in Fig. 6. To
take into account influence of dry and wet snow cover in (1)–(3),
the approaches developed in [21]–[23] could be applied.

Third, the vertical structure of freezing or thawing soil,
in particular, should have been taken into consideration in
the brightness modes (1)–(3) to account for most large-in-
amplitude and fast-in-time brightness temperature variations.
In [24], the path of the correct account of soil permittivity
profile in the transition zone between the frozen and thawed
layers is shown, but applicability of the approach [24] in the
proposed method of the soil temperature retrieval requires
further investigation.

Fourth, another source of error is the assumption that in
wintertime, soil moisture was set equal to the mean value of soil
moisture in the summer time. Nevertheless, it should be noted
that the model in [7] correctly describes the complex dielectric
constant and the quantitative ratio of ice and unfrozen water in
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the frozen soil in the process of decreasing and increasing soil
temperature for a given initial volumetric soil moisture before
freezing when soil is thawed.

Fifth, natural water objects with open water or covered with
ice and snow that partly occupy the SMOS footprint also mod-
ify the SMOS brightness temperature. Water accounting can be
carried out in a manner similar to the method presented in [25].

Taking into account all the discussed factors in the emission,
models (1)–(3) will improve the accuracy of retrievals as the
model of soil thermal emission is more adequately tuned to the
environmental conditions. We plan to perform this research in
the future.

VI. CONCLUSION

The main objective of this paper is to conduct experimen-
tal testing of the method theoretically worked out in [3] for
measuring the temperature profiles in an arctic tundra topsoil
through the winter seasons using the SMOS data on its thermal
microwave emission at a frequency of 1.4 GHz. The major
feature of the proposed retrieving method is employing the
temperature-dependent dielectric model of frozen arctic soil as
part of the used land surface brightness model, thus linking the
microwave brightness temperature observed in a certain range
of viewing angles to the temperature profile in the topsoil. The
experimental validation of the proposed retrieval method was
conducted with the use of SMOS brightness temperature data
corresponding to the DGG node closest to the TFS in the area
of North Slope, Alaska, spanning a time period from January 1,
2010 to December 31, 2011. Comparison of temperature data at
depths of 0.6, 8.7, and 16 cm calculated from retrieved surface
temperatures, i.e., Ts, and temperature gradients, i.e., Tg, with
respective in situ soil temperatures taken at the TFS weather
station revealed rmse values of 2.8 ◦C, 4.9 ◦C, and 6.4 ◦C and
R2 values of 0.62, 0.42, and 0.26, respectively.

These estimates verify that the SMOS data have a potential
for monitoring the topsoil temperature in a topsoil of the arctic
tundra, particularly near the soil surface at a depth of 0.6 cm.
At the same time, the temperatures retrieved with the SMOS
data at larger depths of 8.7 and 16 cm have a rather large
error when used in practice. Nevertheless, the proposed method
has the potential of decreasing its error by taking into account
some more factors in the used brightness temperature model.
For this purpose, we plan to introduce the following factors:
1) developing dielectric models adequate for the soil types
comprising the SMOS footprint area; 2) introducing the effects
of open water objects; 3) taking into account the impact of snow
and vegetation covers; and finally, 4) conducting experimental
tests at several test sites located in tundra areas with varying
physiographic characteristics.
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