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Abstract— An unexplored aspect of L-band microwave emission is the impact of soil moisture and soil temperature (SMST)
profile dynamics on diurnal brightness temperature (TB ) signatures of frozen soil. This study investigates this effect by
comparing the TB simulations of layered (TB,l ) and uniform (TB,u )
soils using a newly developed integrated land emission model. The
multilayer Wilheit model and the single-layer Fresnel model are
adopted to compute the smooth soil reflectivity for the layered
and uniform soils, respectively. A four-phase dielectric mixing
model is used to calculate the soil permittivity (ε s ). A data set
of concurrent ELBARA-III TB and SMST profile measurements
performed in a seasonally frozen Tibetan meadow ecosystem
is used for the analysis. The simulated TB,l considering SMST
profile information captures well the ELBARA-III measurements
with low biases (≤6 K) and high correlations (R 2 ≥ 0.88). TB,u
produced based on the Fresnel model using the soil moisture
of 2.5 cm is more consistent with the TB,l . The sensitivity test
of averaging SMST profile below 2.5 cm leads to maximum
differences of 2 K in TB,l simulations, indicating that the TB
variations are primary dominated by the SMST dynamics at the
surface layer. A sensitivity test of the Wilheit model to different ε s
parameterizations shows that the dielectric model of Zhang et al.
is comparable to the four-phase dielectric model in simulating
TB,l , while the Mironov et al.’s model demonstrates larger biases
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for frozen soil with, on average, 2.2% clay content, 49.7% sand
content, and a bulk density of 1 g·cm−3 .
Index Terms— Frozen soil, L-band radiometry, multilayer soil
emission model, soil moisture and soil temperature (SMST)
profile, soil permittivity.

I. I NTRODUCTION

I

N THE context of three recently launched satellite missions, i.e., SMOS (launched in 2009) [4], Aquarius
(launched in 2011) [5], and SMAP (launched in 2015) [6],
numerous studies have focused on the improvement of L-band
(1.4 GHz, 21 cm) microwave emission modeling over various
land types [7]–[11]. Efforts have also been made for understanding the soil freeze–thaw process using L-band radiometry
measurements collected from the tower- and aircraft-based and
spaceborne platforms in the Boreal and Subarctic [12], [13],
as well as the Third Pole environment [14], [15]. Several
researchers [13], [14], [16]–[18] reported that the diurnal
variations of L-band brightness temperature (TB ) at horizontal
(TBH ) and vertical (TBV ) polarizations are dominated by the
changing permittivity of the surface soil layer (∼2.5 cm) being
subject to the diurnal freeze–thaw transitions. On the other
hand, Rautiainen et al. [12] and Schwank et al. [19] showed
that the L-band TB measurements are highly sensitive to the
soil frost depth up to 30 cm due to the low transmission
loss in frozen soil. Therefore, it is imperative to examine
the impact of the soil moisture and soil temperature (SMST)
profile dynamics on the L-band TB measurements of frozen
soil.
Several radiative transfer models [20] developed for simulating the microwave emission of smooth layered soil are suitable
to examine the impact of SMST profiles on the L-band TB
signatures after accounting for the surface roughness and vegetation effects. These models include the noncoherent model
of Burke et al. [21] and two coherent models developed by
Wilheit [1] and Njoku and Kong [22], respectively. Schmugge
and Choudhury [20] demonstrated that the performance of
these three models is comparable to each other. The model of
Wilheit [1] is, however, more widely used due to its simpler
formulation [23]–[25]. The Wilheit [1] model treats the soil as
a layered medium and is able to make full use of the SMST
profile information to determine the smooth soil reflectivity
(rs ) and effective temperature (Teff ). On the other hand, rs
can be also computed using the well-known Fresnel model that
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represents the soil as a single layer with an effective surface
soil moisture, whereby the soil moisture profile affects only
the estimation of Teff . There have been some disagreements
on the depth to which soil moisture should be used by the
single-layer Fresnel model for estimating the rs and TB at
the L-band [18], [23], [26]. Raju et al. [24] showed that the
performance of the Fresnel model is comparable to that of the
Wilheit [1] model for the thawed soil condition when the depth
of effective surface soil moisture is known. A comparison of
the performance of these models on simulating rs and TB of
frozen soil has not yet been reported.
The effective soil permittivity (εs ) is needed for the
computation of rs and TB . Currently, dielectric mixing
models [27], [28] are mainly used for the thawed soil
condition, e.g., in both SMAP [29] and SMOS [30] algorithms. To the best of our knowledge, there are three
dielectric mixing models available in the literature for the
calculation of frozen soil permittivity. One is the fourphase refractive volumetric mixing model developed by
Birchak et al. [31], which was validated in [19] and [14].
Zhang et al. [2] extended the dielectric mixing model of
Dobson et al. [27] for applications to the frozen soil condition by including the ice component in Birchak’s framework of the refractive volumetric mixing model. Recently,
Mironov et al. [3] developed a single-frequency dielectric
mixing model for frozen mineral soils at the L-band
based on their generalized refractive mixing dielectric model
(GRMDM) [32]. They showed that their model provides
a better estimate of εs in comparison to the model of
Zhang et al. [2]. Zheng et al. [15] compared the performance
of the four-phase dielectric mixing model and the model of
Mironov et al. [3] by means of simulating the TB over the
Tibetan Plateau for the sandy and silt loam soils, respectively.
The results demonstrated that the model of Mironov et al. [3]
is more suitable for the sandy soil, while the four-phase
dielectric mixing model provides better TB simulations for
the silt loam soil during the cold season when the soil is
frozen. Investigations have not yet been done to compare the
performance of the abovementioned dielectric mixing models
for their abilities to reproduce the TB measurements over the
frozen soil condition.
In this study, we investigate the impact of SMST profile
dynamics on the L-band TB signatures of frozen soil using
a newly developed integrated land emission model. The integrated land emission model is developed based on a discrete
radiative transfer model [33], [34] and a multilayer soil scattering model [35] developed based on integrating the Wilheit [1]
and the advanced integral equation method (AIEM) [36]. The
multilayer Wilheit [1] model and the single-layer Fresnel
model are adopted to compute rs for the layered and uniform
soils, respectively. The Wilheit [1] and Fresnel simulations are
compared with each other for determining the effective depth
of soil moisture to implement the Fresnel model for frozen
soil conditions. Impacts of SMST profile, the abovementioned
three εs parameterizations, and the presence of the litter layer
on the TB simulations are investigated as well. The analyses
are performed using a data set of concurrent radiometric and
SMST profile measurements collected in a Tibetan meadow
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TABLE I
AVERAGED F EATURE OF M EASURED S OIL P ROPERTIES
FOR THE ELBARA-III F IELD S ITE

ecosystem, whereby the adopted discrete radiative transfer
model [33] has been extensively validated [14], [37]–[39].
To the best of our knowledge, it is the first time to investigate
the impact of SMST profile dynamics, layering characteristics
of the soil column, and εs parameterizations on simulating the
diurnal TB variations of frozen soil using the abovementioned
newly developed integrated land emission model.
This article is organized as follows. In Section II, we introduce the radiometric and SMST profile measurements collected in a seasonally frozen Tibetan grassland site. The
description of the adopted land emission model, including
the rs models based on the Wilheit [1] and Fresnel models,
as well as the three dielectric mixing models, is provided in
Section III. Section IV presents the assessment of the adopted
land emission model, as well as comparisons between the
Wilheit [1] and Fresnel simulations. The impacts of SMST
profile, εs parameterization, and the presence of the litter layer
on the TB simulations are also shown in Section IV. The
findings are concluded in Section V.
II. R ADIOMETRIC AND S OIL P ROFILE M EASUREMENTS
Radiometric and SMST profile measurements performed in
◦
a seasonally frozen meadow ecosystem (33.92 N, 102.16 ◦ E)
located in the northeastern part of the Tibetan Plateau [18] are
used for the research presented in this article. The elevation of
this site is about 3450 m above the sea level, and the soil type
is sandy loam with on average 2.2% clay content, 49.7% sand
content, and a bulk density (ρd ) of 1 g·cm−3 for the surface
soil layer. The measured soil properties, such as organic matter
content (m soc ), ρd, and porosity (θs ), are given in Table I.
An L-band radiometer (i.e., ELBARA-III) [40] is deployed to
measure the TB every 30 min with observation angles ranging
from 40◦ to 70◦ in steps of 5◦ since the beginning of 2016. The
SMST profile measurements are performed with the Decagon
5TM ECH2 O probes installed at the following soil depths: 2.5,
5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80,
90, and 100 cm. The Topp equation [41] is used to convert the
5TM measured permittivity to volumetric liquid water content
(θliq ), and a site-specific calibration is conducted to improve
the accuracy of estimated θliq [14]. Zheng et al. [42] confirmed
the suitability of above 5TM derived values in representing
diurnal θliq dynamics of seasonally frozen soil on the Tibetan
Plateau via comparisons with θliq simulations made with a land
surface model. It was shown that there is still the presence
of θliq in the frozen soil due to the absorptive and capillary
forces exerted by soil particles. Concurrent measurements of
micrometeorological variables, including air temperature and
solar radiation, are also performed. Detailed descriptions of
these measurements are outlined in [18].
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Fig. 1. Time series of measured (a) θliq and (b) soil temperature Ts at depths of 2.5, 5, 10, 50, and 100 cm with a time interval of 30 min for the cold
period. The ELBARA-III measured TB at the nadir observation angle of 40◦ and surface albedo are also shown in (a) and (b), respectively. (a) Soil moisture
and brightness temperature. (b) Soil temperature and surface albedo.

A period representing the typical frozen soil conditions is
selected for the analysis, i.e., a cold period from November 1,
2017, to March 17, 2018. Fig. 1 shows the time series of SMST
measurements at depths of 2.5, 5, 10, 50, and 100 cm with a
time interval of 30 min. The ELBARA-III measured TB at the
nadir observation angle of 40◦ is also shown in Fig. 1. It can be
noted that the surface soil layer is subject to diurnal freezing
and thawing cycle in the cold period, and the amplitudes of
the diurnal SMST cycles diminish with depth and are almost
vanished at the 50-cm soil depth. Corresponding diurnal cycles
are also observed for the TB measurements due to the soil
freezing and thawing. It seems that the diurnal TB variations
are mainly affected by the change of θliq due to diurnal freeze–
thaw transitions in the surface layer close to 2.5-cm soil depth,
as indicated in [14].
Fig. 1(b) shows the surface albedo calculated as the ratio
of measured upward and downward shortwave radiations,
which can be roughly used to indicate the presence of
snowfall and snowpack. The surface albedo will increase
sharply when the snowpack is formed, which, however, cannot
capture well the melting process of the existing snowpack.
It can be observed that there are seven snow events between
January and March (i.e., January 7 and 26–28; February 8,
18, 19, and 27; March 6–8, 13, and 14), which are generally
short-lived (less than four days for each duration). Previous
studies [14], [43], [44] indicated that the presence of snowfall/snowpack tends to increases the TB measurements. Moreover, the MODIS leaf area index (LAI) product (MCD15A3H)
with a spatial resolution of 500 m [45] is acquired to represent
the vegetation status of the field site during the cold period.
The monthly averaged LAI values range from 0.22 to 0.30,
indicating that the vegetation coverage of the field site is sparse
during the cold period.
III. M ETHODS
A. Development of an Integrated Multilayer Microwave
Emission Model
In this study, an integrated multilayer microwave emission
model is developed based on the discrete radiative transfer
model developed at the Tor Vergata University of Rome

(hereafter, “Tor Vergata Model”) [33], [34] and a multilayer
soil scattering model [35] developed based on integrating the
Wilheit [1] and the AIEM [36]. The Tor Vergata model is
adopted as its performance has been extensively validated for
the selected filed site [14], [37]–[39], which was developed
based on the microwave radiative transfer theory and adopts a
discrete approach. For the Tibetan meadow ecosystem, the soil
is assumed as a homogeneous infinite half-space with a rough
interface, and the overlying grass is represented as an ensemble of discrete dielectric disks of which the electromagnetic
properties (e.g., absorption and scattering coefficients) are
calculated by employing the Rayleigh–Gans approximation
for the L-band [14]. The contributions from individual disks
are integrated by applying the matrix doubling algorithm to
obtain the transmission and bistatic scattering coefficients of
the vegetation canopy. The bistatic scattering coefficient of the
soil is computed using the integral equation method (IEM)
[46], whereby the soil permittivity is calculated with the fourphase dielectric mixing model [14], [31]. Litter is further
considered as an extra thin layer that is treated as a dielectric
mixture of air, water, and litter (i.e., dry grass leaves), which
approximately represents the highly compacted soil with an
abundance of roots near the soil surface of Tibetan meadow
ecosystem, as described in [37] and [38]. The thickness of
the litter layer depends on the input litter biomass. The
permittivity of both grass leaves and litter is calculated by
the model proposed by Matzler [47]. The needed permittivity
of liquid water is a function of vegetation temperature [48]
for unfrozen condition, which is assumed to be equal to that
of ice (εice = 3.2 + i·0.1) when vegetation temperature drops
◦
below 0 C. The matrix doubling algorithm is adopted again to
combine the scattering contributions from vegetation and soil–
litter medium, and the total reflectivity (rvs ) of vegetation–
soil system is obtained by integrating the bistatic scattering
coefficients over the upper hemisphere [33], [34]. Finally, the
emissivity (e = 1 - rvs ) is computed by applying Kirchoff’s
energy conservation law, and TB is obtained as a product of
e and Teff (TB = e· Teff ). Here, the vegetation temperature
is approximated as Teff due to the fact that the vegetation
emission is low at the L-band, especially during winters when
the vegetation is sparse [14], [15], [38]. Detailed descriptions
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of the Tor Vergata model can be found in [14], [33],
and [37].
The codes of the Tor Vergata model are highly modular,
and the specific module for computing the bistatic scattering
coefficient of soil based on the IEM model is replaced for this
study with the integrated Wilheit–AIEM model developed by
Zhao et al. [35] for layered soil medium. The AIEM model
is the modification of the IEM model that provides a more
complete expression for the single-scattering terms [36]. Soil
permittivity is needed to compute the reflection coefficients
and scattering fields (including Kirchhoff, cross, and complementary terms) using the AIEM model, and an equivalent soil
permittivity (εs,eq ) as defined by Zhao et al. [35] is used as the
input of the layered soil medium to the AIEM model, which
can be expressed by

2
1 − rsH
2
2
(1)
εs,eq = sin ψ + cos ψ ·
1 + rsH
where ψ is the incidence (observation) angle, and rsH is
the smooth surface reflectivity at horizontal polarization estimated with the multilayer soil emission model developed by
Wilheit [1], as described in [35].
In the Wilheit [1] model, the soil profile is treated as a
stratified medium, and each soil layer is characterized by its
permittivity (εs ) and temperature (Ts ) that are assumed to be
uniform within each layer. The electric field is computed at
the interface of each layer by solving Maxwell’s equations
for a coherent electromagnetic wave propagating through the
layered soil, which is further used to calculate the electromagnetic energy at the top and bottom of each layer as well as the
fraction of energy absorbed by each layer. The smooth surface
reflectivity (rsp ) and soil effective temperature (Teff ) can then
be determined as
rsp = (E 1− )2
N
i=1 Ts,i · f i
Teff =
N
i=1 f i

(2)
(3)

where the superscript p represents the polarization ( p =V,
vertical polarization or p = H, horizontal polarization), E 1−
is the reflected electromagnetic energy at the smooth air–soil
boundary estimated by the Wilheit [1] model, f i is the fraction
of energy absorbed by the i th layer, and N is the number of
soil layers.
The sampling depth of Teff (δT ) can be further determined
by the imaginary part of the refractive index in the medium
as in Wilheit [1]
N
i=1 x i · f i
(4)
δT = 
N
i=1 f i
where x i is the depth of the i th soil layer.
Complex soil permittivity εs (εs = ε’s + i·ε”s ) of each layer
is needed to estimate the rsp and Teff using the Wilheit [1]
model, which is calculated in this study by using the fourphase dielectric mixing model [14], [31], [49] as
η

η

η

εsη = (θs −θ)εair +θliq εwη +(θ −θliq)εice +(1−θs )εmatrix

(5)
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TABLE II
L IST OF I NPUT PARAMETERS FOR THE I NTEGRATED M ULTILAYER
M ICROWAVE E MISSION M ODEL

where the exponent η is set equal to 0.5, the porosity θs of
each soil layer is taken from laboratory measurements (see
Table I), and θliq and Ts of each layer are obtained by linear
interpolation and extrapolation from the vertically dense in situ
SMST measurements (i.e., 20 levels from 2.5 to 100 cm, see
Section II). The volumetric total soil water content θ is equal to
θliq for thawed soil, which is estimated via linear interpolation
between θliq measured before and after the freeze–thaw cycle
for frozen soil [14], [42]. The permittivities of air, ice, and
soil matrix are considered as εair = 1, εice = 3.2 + i·0.1, and
εmatrix = 5.5 + i·0.2 following [19]. The permittivity of liquid
water εw is estimated by the model of Dobson et al. [27] and
is a function of Ts . The four-phase dielectric mixing model
assumes that the frozen soil is composed of θliq , ice, air, and
soil matrices, which can be directly applied to the thawing
soil, whereby the ice content disappears. Therefore, it is not
necessary to determine the soil state of each layer before
applying the dielectric model.
The needed vegetation and soil parameters to run the
integrated multilayer microwave emission model are listed
in Table II, of which the values are derived from previous
work [15], [37], [38] that the Tor Vergata model was specifically calibrated for our field site. It should be noted that the
temporal variation of vegetation is defined by the LAI, and
other vegetation parameters are kept constant as in [37].

B. Fresnel Smooth Surface Reflectivity and
Soil Effective Temperature
Contrary to the Wilheit [1] multilayer model, the Fresnel
model [48] represents the soil as a single layer and assumes
that the permittivity is uniform across the soil layer emitting
the energy, which is commonly used to compute the smooth
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Fig. 2. Histograms of error statistics computed between the ELBARA-III measured and simulated (a) TBH and (b) TBV produced by the Sim1a-1f (see
Table III) for the incidence angle of 40◦ with a time interval of 30 min for the selected cold period.

surface reflectivity rsp as [48]


 cos ψ − ε − sin2 ψ 2
s



rsH = 

 cos ψ + εs − sin2 ψ 


 ε · cos ψ − ε − sin2 ψ 2
 s

s
V

rs = 
 .
 εs · cos ψ + εs − sin2 ψ 

(6a)

(6b)

The soil effective temperature Teff is needed for the
estimation of TB when the Fresnel model is implemented,
which can be estimated by the formulation proposed by
Choudhury et al. [50] as
  z
 ∞
Ts (z)α(z) exp −
α(z  )dz  dz
(7a)
Teff =
0 
0

4π εs (z)

α(z) =
(7b)
λ 2 εs (z)
where α(z) is the soil attenuation coefficient (-) at depth z.
The needed SMST profile to estimate the Teff is taken from
the in situ measurements (see Section II).
C. Alternative Parameterization of Soil Permittivity
Besides the four-phase dielectric mixing model, there are
two other dielectric mixing models available in the literature
to estimate εs of frozen soil, i.e., the models developed by
Zhang et al. [2] and Mironov et al. [3].
As in [2], the dielectric mixing model proposed by
Dobson et al. [27] was extended for frozen soil conditions
to
β

α
α
−1 +θliq εwα −θliq +θice εice
−θice (8)
εsα = 1+(1−θs ) εmatrix

where the exponent α is set equal to 0.65, the volumetric
soil ice content θice is the difference between θ and θliq ,
and the parameter β is a soil texture dependent coefficient.
The permittivities of ice and soil matrix are considered as
εice = 3.15 and εmatrix = 4.7. Both the permittivities of
liquid water εw and the parameter β are identical to those
in [27]. It can be found that the formulation of (8) is similar
to (5) due to the fact that the dielectric mixing model of
Dobson et al. [27] was developed based on the model of
Birchak et al. [31], i.e., the refractive volumetric mixing
model. As the four-phase dielectric mixing model, it is not

necessary to determine the soil state of each layer before
applying the model of Zhang et al. [2].
Mironov et al. [3] recently developed an integral dielectric
mixing model for frozen and thawed mineral soils at the
L-band based on the GRMDM. The readers are referred
to Mironov et al. [3] and Zheng et al. [15] for detailed
descriptions of this dielectric model.
IV. R ESULTS
A. Emission Simulation of Layered Soil
The integrated land emission model described in
Section III-A is first adopted to simulate the L-band
emission of diurnal soil freeze–thaw process [see Fig. 1(a)]
with the input of profile SMST for the selected cold period.
Dates, on which a snowpack is present [see Fig. 1(b)], are
excluded from the analyses as snow is not considered by
the integrated land emission model. The total soil depth for
implementing the integrated model is specified at 100 cm,
which is identical to the deepest layer of the in situ SMST
measurements (see Section II). Since the Wilheit [1] model
is sensitive to the thickness of each soil layer [24], [51],
a set of numerical simulations (see Table III) is carried out
by dividing the 100-cm soil column into 20 (the same as
the vertical stratification of in situ SMST measurements,
hereafter “Sim1a”), 40 (with a thickness of 2.5 cm for each
layer, Sim1b), 100 (thickness of 1 cm, Sim1c), 200 (thickness
of 0.5 cm, Sim1d), 400 (thickness of 0.25 cm, Sim1e), and
1000 layers (thickness of 0.1 cm, Sim1f). The SMSTs of
each layer for the abovementioned simulations are obtained
via linear interpolation and extrapolation from the vertically
dense in situ SMST measurements (i.e., 20 levels from 2.5 to
100 cm), and εs is estimated by the four-phase dielectric
mixing model [see (5)]. Other needed soil and vegetation
parameters are given in Table II.
Fig. 2(a) and (b) shows the bar chart of error statistics, i.e.,
bias, root-mean-square error (RMSE), and unbiased RMSE
(ubRMSE), produced by the Sim1a-1f for the TB simulations at
horizontal (TBH ) and vertical (TBV ) polarizations, respectively.
These errors are calculated between the TB simulations and
ELBARA-III measurements for the incidence angle of 40◦
with a time interval of 30 min for the selected cold period. It is
found that the error statistics for both polarizations are reduced
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Fig. 3. Time series of ELBARA-III measured and simulated (a) TBH and (b) TBV at an incidence angle of 40◦ produced by the Sim1c with a time interval
of 30 min for the cold period. The simulated Teff and e are also shown. (a) Horizontal polarization. (b) Vertical polarization.
TABLE III
L IST OF N UMERICAL S IMULATIONS D ESIGNED FOR THE A SSESSMENT OF
THE I NTEGRATED M ULTILAYER M ICROWAVE E MISSION M ODEL

by increasing the number of soil layers from 20 (Sim1a) to
1000 (Sim1f) layers, namely the thinning of layer thicknesses.
The error statistics increase sharply for a layer thickness larger
than 1 cm (e.g., Sim1a-1b). For example, the RMSEs increase
by about 19 % (≈ 1.85 K) and 18 % (≈ 1.25 K) for the
TBH and TBV simulations when the layer thickness changed
from 1 (Sim1c) to 2.5 cm (Sim1b). Reducing the thickness
further to layers of less than 1 cm has only a small effect
on the error statistics. A layer thickness of 1 cm is, thus,
recommended to implement the Wilheit [1] model for the study
site considering both simulation accuracy and computation
efficiency, as reported by Parrens et al. [25].
Fig. 3 shows the time series of ELBARA-III TB measurements at the incidence angle of 40◦ and simulations produced
by the Sim1c with a time interval of 30 min for the selected
cold period. The simulated soil effective temperature (Teff )
and emissivity (e) are shown in Fig. 3. Table IV provides the
statistical errors, i.e., ubRMSE, bias, RMSE, and coefficient
of determination (R 2 ), calculated between the ELBARA-III TB
measurements and the Sim1c simulations. The integrated land
emission model (Sim1c) captures well the dynamics of both
ELBARA-III measured TBH and TBV with R 2 ≥ 0.88 especially
during the soil thawing period (e.g., from February to March).
Overestimations are noted for the simulations performed for
the soil freezing period from November to January, which
can be related to the spatial heterogeneities of diurnal soil
freezing and thawing within the ELBARA-III footprint that

cannot be fully represented by the point-scale SMST profile
measurements. This discrepancy may lead to biases in both
mean error and associate variance. A similar finding was also
reported by Zheng et al. [15] for the SMAP footprint. The TBV
measurements are better captured by the model in comparison
to TBH , resulting in an ubRMSE of 4.76 K versus 7.59 K for
the TBV and TBH , respectively. The diurnal cycles of Teff are
significantly smaller than those of TB , while the magnitudes
of diurnal e variations are comparable to the diurnal TB cycles.
The TB variations during the entire cold period follow the e
dynamics that are predominantly caused by the change of θliq
due to the freeze–thaw transitions [see Fig. 1(a)].
Fig. 4 shows the time series of total emissivity and individual contributions from vegetation and soil, as well as vegetation transmissivity simulated by the integrated land emission
model (Sim1c). It can be noted that the total emissivity
is virtually composed only of the rough soil contribution
(i.e., soil emissivity) for both polarizations, while the vegetation contribution (i.e., vegetation emissivity) is close to
zero, and the vegetation transmissivity approaches unity. This
implies that the vegetation effect can be ignored in the L-band
for the frozen soil condition of our field site due to the sparse
areal coverage of grass and low LAI (LAI ≤ 0.3 m2 · m−2 ).
Fig. 5 further compares Teff estimated by the Wilheit [1]
model [see (3)] with these estimated using the formulation
proposed by Choudhury et al. [50] [see (7a) and (7b)]. It can be
noted that both Teff estimations are comparable to each other,
indicating the good performance of the Wilheit [1] model in
simulating Teff . The estimated δT using the Wilheit [1] model
[see (4)] is also shown in Fig. 5, which ranges between 16 and
55 cm depending on the soil state and θliq dynamics (see
Fig. 1). δT increases with the decrease in θliq following the
freezing of soil and reaches its maximum around the end of
January when the soil is well frozen and the frost depth reaches
also its maximum. Later on, the surface soil starts thawing, and
δT drops down with the increase in θliq .
B. Relationship Between Brightness
Temperature and Frost Depth
Fig. 6 shows the time series of the measured and simulated
TB ’s at the incidence angle of 40◦ produced by the Sim1c for
the dawn [i.e., 6 A . M ., Fig. 6(a) and (b)] and dusk overpasses
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Fig. 4. Time series of simulated total/soil/vegetation emissivity and vegetation transmissivity for (a) horizontal and (b) vertical polarizations produced by
the integrated land emission model (Sim1c) with a time interval of 30 min for the cold period.

cannot fully capture the spatial heterogeneities of θliq within
the ELBARA-III footprint at the beginning of soil freezing.
For instance, a sharp decrease can be found in the measured
TB for the period between November 23 and 26[see Fig. 6(a)
and (b)], which, however, cannot be reproduced by the Sim1c
with the input of point-scale measurements.
C. Comparison of Wilheit and Fresnel Models

Fig. 5. Time series of Teff and its sampling depth (δT ) estimated by the
Wilheit [1] model with a time interval of 30 min for the cold period. Teff
estimated by the formulation of Choudhury et al. [50] is also shown.

(i.e., 6 P. M ., Fig. 6(c) and (d)] of the current L-band satellite
missions (e.g., SMOS and SMAP). The frost depth derived
from soil temperature measurements and the θliq measured at
depths of 2.5, 25, and 50 cm are also shown in Fig. 6. As noted
in Fig. 3, the integrated model tends to overestimate both
ELBARA-III measured TBH and TBV during the soil freezing
period (from mid of November to end of January) while
better capturing the measured TB dynamics during the soil
thawing period (from February to March) for both dawn and
dusk.
In general, both the measured and simulated TB ’s increase
with the increase in frost depth due to freezing of liquid
water content in the surface and deeper soil layers, while
the Sim1c simulations underestimate the magnitude of the
increasing trend. In support of further analysis, Fig. 7 shows
the measured and simulated TB ’s as a function of soil frost
depth. Although a slight increasing trend is observed for TB
with the increase in the frost depth, a large range of TB can
be noted for each frost depth, especially for the dusk. The
increasing trend of the measured TB during the dusk is better
captured by the Sim1c in comparison to that for the dawn, and
the magnitude of the increasing trend is underestimated by the
Sim1c during the dawn for frost depth below 20 cm. This is
probably due to the fact that the point-scale measurements

The depth to which θliq measurements should be used
by the single-layer Fresnel model [see (6a) and (6b)] to estimate the smooth surface reflectivity rs and TB at the L-band for
the frozen soil conditions is usually unknown. A set of simulations is, thus, performed by using the integrated land emission
model described in Section III-A, whereby the Wilheit [1]
model is replaced by the Fresnel model to simulate rs . Three
depths of θliq are used as input derived from the profile
measurements, i.e., 0–2.5 (Sim2a), 0–5 (Sim2b), and 0–10 cm
(Sim2c), while other settings are identical to Sim1c (Table III).
Teff is taken from the Sim1c simulations due to the fact that
Teff estimated by the Wilheit [1] model is comparable to
these estimated with the formulation of Choudhury et al. [50]
(see Fig. 5).
The error statistics computed between the ELBARA-III TB
measurements and simulations produced by the Sim2a–Sim2c
are given in Table IV as well. The TB simulations produced
by the Sim2a using the θliq measurements of 2.5 cm show
the best agreements with the ELBARA-III measurements as
indicated by the highest R 2 values and lowest RMSE and
ubRMSE values for both polarizations. A similar finding
was also reported by Zheng et al. [18], which showed that
the ELBARA-III measurements can be better simulated with
the input of θliq measured at 2.5 cm for both frozen and
thawed soil conditions. The error statistics of the Sim2a
are also comparable to those for the Sim1c. Fig. 8 further
shows the comparisons of e simulations for both polarizations produced by the integrated land emission model configured with either the Wilheit [1] model (Sim1c) or the
Fresnel model with measured θliq derived for three depths
(Sim2a–2c). It can be found that the Fresnel simulations
with the sampling depth of 2.5 cm (Sim2a) fit best with
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Fig. 6. Time series of ELBARA-III measured and simulated (a) and (c) TBH and (b) and (d) TBV at an incidence angle of 40◦ produced by the Sim1c, Sim4,
and Sim5 (see Table III) during (a) and (b) 6 A . M . and (c) and (d) 6 P. M . of local time for the cold period. The frost depth and θliq measured at depths of 2.5,
25, and 50 cm are also shown in (a) and (c) and (b) and (d), respectively.

Fig. 7. ELBARA-III measured and simulated TBH and TBV produced by the Sim1c as a function of soil frost depth during (a) 6 A . M . and (b) 6 P. M . of local
time for the cold period. (a) Relationship between TB and frost depth during 6 A . M . (b) Relationship between TB and frost depth during 6 P. M .
TABLE IV
S TATISTICAL E RRORS C ALCULATED B ETWEEN THE ELBARA-III M EASURED TB AND S IMULATIONS AT AN I NCIDENCE A NGLE OF 40◦ P RODUCED BY
THE S IM 1 C , S IM 2, S IM 4, AND S IM 5 ( SEE TABLE III) W ITH A T IME I NTERVAL OF 30 MIN FOR THE C OLD P ERIOD

the multilayer Wilheit results as indicated by the lowest
scatter among data points (R 2 ≈ 1). The scatter of two other
simulations is approaching to the 1:1 line but larger. A similar

result was reported by Raju et al. [24] for the thawed soil
conditions. In summary, the results shown in this study are
in line with the findings reported by Zheng et al. [18] and
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Fig. 8. Comparisons of (a) e H and (b) eV simulations produced by the integrated land emission model configured either with the Wilheit [1] model (Sim1c)
or with the Fresnel model considering three depths of θliq profile (Sim2a-2c).

Fig. 9. Input of SMST profiles for the Sim3a–Sim3e to simulate TB with the integrated land emission model. The depth of each layer is given in centimeters.

Fig. 10. Average differences computed between the TB simulations produced by the Sim3a-3e and Sim1c at (a) horizontal and (b) vertical polarizations for
each month of the cold period. (a) TBH . (b) TBV .

Raju et al. [24], which suggests using θliq measured at 2.5 cm
for implementing the Fresnel model to estimate TB at the
L-band.
D. Impact of SMST Profile
In the Sim1c, the 100-cm soil column is divided into
100 layers with a thickness of 1 cm for each layer, and the
needed SMST of each layer for the simulation is obtained

by linear interpolation and extrapolation from the vertically
dense in situ SMST measurements (i.e., 20 levels from 2.5 to
100 cm, see Section II). In order to investigate the impact of
SMST profile on the TB simulations using the integrated land
emission model, five SMST profile inputs are produced by
aggregating the bottom soil layers into a single layer, while
the upper layers are kept the same as the in situ SMST
measurements used for the Sim1c simulation (see Fig. 9).
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Fig. 11. Time series of (a) and (c) εs and (b) and (d) εs estimates of surface layer produced by three dielectric mixing models (Sim1c: four-phase, Sim4a:
Mironov et al. [3], and Sim4b: Zhang et al. [2]) during 6 A . M . and 6 P. M . of local time for the cold period. (a) εs during 6 A . M. (b) εs during 6 A . M. (c) εs
during 6 P. M. (d) εs during 6 P. M.

Especially, the soil layers below 50 (Sim3a), 20 (Sim3b), 10
(Sim3c), 5 (Sim3d), and 2.5 cm (Sim3e) are, respectively,
aggregated into a single layer via averaging the in situ SMST
measurements of these layers. The five SMST profiles are then
used to simulate the TB using the integrated land emission
model, and other settings of these simulations are identical
to Sim1c. From left to right in Fig. 9, the number of upper
soil layers used to describe the gradient of SMST in the soil
column decreases from 14 (Sim3a) to 1 (Sim3e).
Taking the TB simulations of Sim1c as the references,
Fig. 10 shows the average differences ( TB ) computed
between the Sim3a–Sim3e simulated TB and the references
for each month of the selected cold period. In comparison
to the references (Sim1c), the decrease of SMST gradient
in the soil column (e.g., Sim3c–3d) tends to produce higher
TB in the transition seasons of soil freezing (November)
and thawing (March), while lower TB ’s are generated in the
frozen period (between December and February). The highest
TB ’s are found in January when the frost depth approaching
its maximum (see Fig. 6). It can be also noted that the
highest TB ’s are obtained with SMST averaged below 2.5 cm
(Sim3e), which are about −2 K and −1 K for the horizontal
and vertical polarizations, respectively. The low TB noted
between Sim3e and Sim1c indicates that the TB variations
of freeze–thaw transitions in our field site are primarily
dominated by the SMST dynamics of the top 2.5-cm soil
layer.

E. Impact of Soil Permittivity Parameterization
The TB simulations are generally sensitive to the adopted
εs parameterization [7], [11], [52]. Yet, the impact of the εs
parameterization on the performance of the Wilheit [1] model
has not been reported. Another group of numerical simulations
is, thus, carried out to investigate this effect, whereby the fourphase dielectric mixing model implemented within the Sim1c
is replaced by the dielectric mixing model developed by either
Mironov et al. [3] (Sim4a) or Zhang et al. [2] (Sim4b). Other
settings are identical to the Sim1c (see Table III).
The statistical errors calculated between the ELBARA-III
TB measurements and the Sim4a-4b simulations with a time
interval of 30 min for the cold period are also provided in
Table IV. The time series of TB simulations produced by
the Sim4a-4b during both dawn (6 A . M .) and dusk (6 P. M .)
are shown in Fig. 6 as well. In support of further analysis,
Fig. 11 shows the time series of the real (εs ) and imaginary (εs ) parts of εs estimated by the four-phase dielectric
mixing model (Sim1c), as well as the model developed by
Mironov et al. [3] (Sim4a) and Zhang et al. [2] (Sim4b)
during both dawn and dusk for the cold period. The TB
simulations produced by the Sim4b are comparable to these of
Sim1c for both polarizations during both dawn and dusk (see
Fig. 6). In comparison to the Sim1c and Sim4b, the Sim4a
largely overestimates the ELBARA-III measured TBH and TBV
during both dawn and dusk in the frozen period (e.g., from
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December 16 to February 15). In addition, the Sim4a performs
much worse in reproducing the measured TB dynamics in
the transition seasons of soil freezing (e.g., from December 1 to 15) and thawing (e.g., March from 1 to 16), especially
during the dawn. In comparison to the other two models,
the dielectric mixing model developed by Mironov et al. [3]
(Sim4a) produces smaller εs values in the frozen period, and
larger variations of εs and εs are generated in the transition
seasons of soil freezing and thawing during the dawn. This
explains the simulated TB deficiencies noted for the Sim4a.
On the other hand, εs produced by the Sim4b is comparable
to these of Sim1c, leading to comparable TB simulations and
error statistics, as shown in Table IV. This demonstrates that
the model developed by Zhang et al. [2] (Sim4b) provides
similar performance as the four-phase dielectric mixing model
(Sim1c) in simulating εs and TB for the frozen soil condition
of our field site. In summary, the Wilheit [1] model in
combination with the four-phase dielectric mixing model or
the model developed by Zhang et al. [2] is able to capture well the ELBARA-III TB measurements for the frozen
soil condition. The simulations with the model developed
by Mironov et al. [3] show larger biases in our field site,
i.e., sandy loam soil with, on average, 2.2% clay content,
49.7% sand content, and a bulk density (ρd ) of 1 g·cm−3 for
the surface soil layer.
F. Impact of Litter Layer
As in [37] and [38], litter is considered as an extra thin layer
in this study to approximately represent the highly compacted
soil with an abundance of roots near the soil surface of
the Tibetan meadow ecosystem. In order to investigate the
impact of the litter layer on the TB simulations for the frozen
soil conditions, an additional numerical simulation (Sim5) is
performed by removing the litter layer from the framework of
the integrated land emission model (see Section III-A). Other
settings are identical to the Sim1c (see Table III).
The statistical errors computed between the ELBARA-III
measured TB and the Sim5 simulations with a time interval
of 30 min are given in Table IV as well. The time series of TB
simulations produced by the Sim5 during both dawn and dusk
are also shown in Fig. 6. In general, the differences between
the simulations that include (i.e., Sim1c) and exclude (i.e.,
Sim5) the litter effect are small for the frozen soil conditions,
especially at the vertical polarization. In comparison to the
Sim1c, the Sim5 tends to produce a bit smaller TB values for
both polarizations, leading to a slight improvement to the overestimation of TB that reduces both biases and RMSEs noted
for the Sim1c. Overall, the presence of the litter layer slightly
increases the total e and, thus, TB , and TBH is more sensitive
to the litter effect than TBV , as reported by Dente et al. [37]
for the thawed soil conditions.
V. C ONCLUSION
In this article, we investigate the effect of the soil permittivity and temperature profile on the calculation of diurnal
variations of L-band TB measurements during the winter
season. An integrated land emission model is developed for

this analysis, whereby the IEM module of the Tor Vergata
model [33], [34] is replaced with the integrated Wilheit–AIEM
model developed by Zhao et al. [35] for computing the
bistatic scattering coefficient of layered soil medium. In the
integrated model, the multilayer soil emission model developed by Wilheit [1] is utilized to estimate the smooth surface
reflectivity (rs ) and soil effective temperature (Teff ) accounting
for the soil profile effect, and εs is estimated by the four-phase
dielectric mixing model. A comparison is made between the
Wilheit [1] and Fresnel simulations to determine which depth
of θliq measurements can be used by the single Fresnel model
to simulate rs and TB at the L-band for the frozen soil
conditions. The impacts of the SMST profile, different εs
parameterizations, and the presence of the litter layer on the
TB simulations are assessed as well. A data set of concurrent
ELBARA-III radiometry and SMST profile measurements
performed in a seasonally frozen Tibetan meadow ecosystem
collected during a cold period (from November 2017 to March
2018) is selected for the analysis.
The sensitivity test of the integrated model to the thickness
of each soil layer demonstrates that a layer thickness of 1
cm is suitable for implementing the Wilheit [1] model for the
frozen soil condition of the study site considering the balance
between simulation accuracy and computation efficiency. The
integrated model generally captures well the ELBARA-III
measured TB with R 2 ≥ 0.88. An overestimation is noted
for the soil freezing period between November and January,
leading to ubRMSE of 4.76 K and 7.59 K for TBV and TBH ,
respectively. The TB variations during the entire cold period
generally follow the dynamics of emissivity (e), which are
predominantly caused by changes in θliq due to the freeze–
thaw transitions. It is also found that the total emissivity is
virtually composed only of a rough soil contribution, whereby
the vegetation contribution is close to zero, indicating that the
vegetation effect can be ignored in the L-band for the selected
study area and period due to its sparse vegetation cover with
LAI ≤ 0.3 m2 ·m−2 .
The comparison between the Wilheit [1] and Fresnel simulations shows that the Fresnel simulations with the sampling
depth of 2.5 cm fit best with the multilayer Wilheit results with
an R 2 close to unity. This is in line with the results reported
by Zheng et al. [18] and Raju et al. [24], which recommends
using θliq measured at 2.5 cm for implementing the Fresnel
model to simulate TB at the L-band. The sensitivity test of
averaging SMST profile below 2.5 cm leads to about −2 K and
−1 K of maximum differences for the TBH and TBV simulations,
indicating that the TB variations of freeze–thaw transitions in
the study site are primary dominated by the SMST dynamics
of the top 2.5-cm soil layer. In addition, the sensitivity test
of the Wilheit [1] model to different εs parameterizations
shows that the model of Zhang et al. [2] is comparable to
the four-phase dielectric mixing model that reproduces well
the ELBARA-III TB measurements. The simulations with the
model of Mironov et al. [3] demonstrate larger biases for the
frozen soil condition of the study site that holds a sandy loam
soil with, on average, 2.2% clay content, 49.7% sand content,
and a bulk density of 1 g·cm−3 near the soil surface. It is
further found that the differences between the simulations that
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include and exclude the litter effect are small for the frozen
soil conditions.
This study demonstrates the suitability of adopting an
integrated land emission model configured with the Wilheit [1]
model to examine the impact of SMST profiles on the diurnal
L-band radiometry signatures and determine the effective
depth of θliq for implementing the Fresnel model. These
findings are crucial for improving the L-band microwave
emission modeling of frozen soil and further developing
algorithms for retrieval of geophysical variables, such as θliq .
Additional work is still needed to improve the noted bias
and test the performance of the integrated land emission
model for the warm season with much higher vegetation
coverage. After addressing the noted biases found for the
study site, the integrated land emission model could be used
as a testbed for interpreting the multifrequency microwave
radiometer measurements, such as the European Copernicus
Imaging Microwave Radiometer (CIMR) Mission [53].
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