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Abstract— The freeze/thaw (F/T) transition of soil significantly
affects water, energy, and carbon cycles at the land-atmosphere
interface. The volumetric structure and vertical heterogeneity
within the soil become apparent after soil freezing. This compli-
cates the microwave radiative transfer process of frozen soil at
different frequencies. In this study, a radiation transfer model,
called SFS_DMRT, considering the volume scattering effects of
seasonally frozen soil, is proposed based on dense media radiative
transfer (DMRT) theory and the Mie spherical scattering model.
The multiple scattering among discrete frozen soil clods is
considered. This newly developed SFS_DMRT model is validated
against ground radiometer measurements and compared with the
advanced integral equation model (AIEM), a surface-scattering
model, at three different experimental sites. Results show that
in Sodankyld, where the soil is in a stable frozen state, the
brightness temperature (Tb) simulated by SFS_DMRT has a
higher agreement with observed Tb than that of AIEM. The
emission of frozen soil is, moreover, better described by AIEM
when the soil is undergoing diurnal F/T cycles in A’rou, in which
the soil may freeze overnight and then thaw the next day. The
Tb dependence on frequency was further examined, and results
show that when simulating the passive microwave signature from
the soil in a stable frozen state, which means the soil does not
undergo intraday or diurnal F/T cycles, volume scattering effects
can be ignored at the L-band; it should, however, be taken
into consideration at Ku- and Ka-bands. The degree of volume
scattering effects at C- and X-bands depends on the effective
grain size of soil clods. The soil frost depth and microwave
band penetration depth influence the attenuation of emissions
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from deeper unfrozen soil. The SFS_DMRT model developed
in this study is vital for understanding the passive microwave
signatures from frozen soil and can be used to obtain stratified
profile information in layered soil.

Index Terms— Frozen soil, L- to Ka-band, layered soil emission
model, multiple scattering.

I. INTRODUCTION

HE land surface freeze/thaw (F/T) transition restrains

the terrestrial water cycle, climate change and carbon
emissions from permafrost [1], [2], [3], [4], [5]. Frozen soil is
characterized by a lower permittivity and significant volume
scattering compared with thawed soil at microwave frequen-
cies. Microwave remote sensing is well suited for land surface
F/T monitoring and numerous studies have been conducted [6],
(71, (81, [9].

The high contrast in permittivity between liquid water and
ice leads to an obvious signal difference between frozen and
thawed soil, which is the physical basis of F/T discriminant
algorithms at microwave frequencies [10], [11], [12], [13],
especially at L-band. High frequency (i.e., Ka-band) has also
been proven useful in identifying land surface F/T status
due to its sensitivity to land surface temperature [6], [14].
Meanwhile, previous studies have developed F/T classification
algorithms based on the volume scattering effect of frozen
soil, in which the negative spectral gradient between the Ku-
and Ka-bands was observed and used to distinguish frozen
soil [15], [16], [17]. The evaluation of those F/T classification
algorithms showed that F/T results from the L-band show
higher consistency with in situ 5 cm soil temperature compared
with those from the Ka-band [18]. The F/T classification
agreement between the L-band and Ka-band varies across
forested and sparse vegetation [19]. Different frequencies have
different sensitivities to the F/T process due to their respective
penetration depths. Some studies revealed that the changing
permittivity of the surface soil (~2.5 cm) caused by diurnal
F/T transitions dominated L-band brightness temperature (Tb)
[13], [20], [21], [22], [23]. Other studies have presented that
L-band Tb measurements do not reach their saturation up to
a frost depth of 30 cm [10], [24].

Those studies, however, mainly focus on L-band, and the
sensitivity of different frequencies to frozen soil parameters is
not clear. Most of the models used to simulate microwave
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signals from frozen soil, moreover, only consider surface
scattering as a half-space medium [23], [24], [25]. The low
liquid water content in frozen soil or dry soil leads to low
soil dielectric constant. The optical thickness of frozen or dry
soils arises due to the low imaginary part of the dielectric
constant, causing a significant volume scattering effect [26].
The SMAP [7] and AMSR?2 [8] F/T detection algorithms tend
to incorrectly identify dry-thawed soil as frozen in arid and
semi-arid climate regions [18]. That may be induced by the
neglect of the volume scattering effect on passive microwave
emissions. AMSR2 F/T detection algorithm considers soil as
a surface scattering medium and ignores the volume scattering
effect, which most likely exists in dry-thawed soil and frozen
soil. The Normalized Polarization Ratio (NPR, SMAP F/T
detector) of dry-thawed soil is low and close to the value of
NPR of frozen soil due to low soil moisture (permittivity)
and potential volume scattering in dry soil. Clarifying the
sensitivities of microwave bands to the volume scattering
effect of frozen soil is helpful for further understanding of
the mechanism of monitoring soil F/T at different bands. The
volume scattering effect of frozen soil on passive microwave
signatures at different bands is, however, not clear at the
current stage.

Several models, considering the volume scattering effect,
have been developed for simulating the microwave signal of
soil. The volume multiple scattering effects of dry sand were
found by a ground-based passive microwave radiometer and
simulated by a dense media radiative transfer (DMRT) model
at C-, X-, Ku-, and Ka-bands [27]. For assessment of the influ-
ence of the soil volumetric structure on radar measurements,
a 2-D numerical model was developed and evaluated with
X-band radar backscattering coefficients, where dry soil was
described as a mixture of fine earth and clods represented by
randomly deformed ellipses [28]. By considering the volume
multiple scattering of dry sand, the simulation Tb can obtain
a better agreement with the ground-based observed Tb [27].
Frozen soil is similar to dry soil in that they are both mediums
that have low soil moisture content compared to wet soil
and are more transparent at the microwave band. In order to
explain the negative spectral gradient between X-band and Ka-
band from frozen soil, the first-order radiative transfer model
and multiple scattering theory of frozen soil were used to
analyze the relationship between Tb and scattering albedo at
Ka-band [26]. A two-layer scattering model which consider
the volume scattering effects was developed for simulating the
radar backscattering coefficient and validated with numerical
models at L- and P-bands [29]. This two-layer scattering model
is a one-order scattering model that treats scatterers in frozen
soil as ellipsoids and was originally used to describe the
volume scattering of snow. In the two models for simulating
frozen soil mentioned above, England et al. [26] used a simple
empirical formulation to describe the single scattering effect at
Ka-band. The application and validation of this model by [30]
found that the simulated Tb at Ka-band vertical polarization
(V- polarization) are closer to the ground-based measured
Tb after considering the volume single scattering, but the
consideration seemed insufficient. Du et al. [29] also analyzed
the single scattering effect of frozen soil at low frequencies.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

Frozen soil is not as transparent as snow at the microwave
band. The optical thickness of frozen soil can be large with low
soil temperatures, which causes significant volume multiple
scattering. Fung [31] also noted that the volume multiple
scattering caused by discrete scatterers cannot be ignored at
high frequency bands.

To describe the volume multiple scattering effects of frozen
soil, the DMRT model was used to simulate the emission
from frozen soil and validated with ground-based radiometric
data [32]. Wang et al. [32], however, did not consider the
boundaries’ roughness; moreover, the model proposed in [32]
was not fully validated against ground-based microwave radio-
metric data. Soil surface roughness has been proven to have a
great effect on total emission simulation for a layered medium,
such as the snowpack layer [33]. It is still not clear how the
volume multiple scattering effect of frozen soil with a rough
surface varies across different frequencies and stages of the
freezing process.

Considering that the volume scattering effects of frozen soil
would affect F/T classification accuracy, a radiative transfer
model considering the volume multiple scattering effects of
frozen soil based on DMRT was developed in order to improve
the accuracy of F/T classification algorithms that are based on
mechanism model and to provide theoretical model support
for new satellite missions [i.e., China-French Water Cycle
Observatory (CFWSAT) and Copernicus Imaging Microwave
Radiometer (CIMR)]. In this model, the seasonally frozen
soil was considered as a vertical heterostructure with frozen
layer at the top and an unfrozen layer at the bottom, and
the interfaces of unfrozen-frozen soil and frozen air were
considered as rough surfaces. The ideal soil structure was
mainly granular and approximately spherical, with a diameter
of 0.25-10 mm [34]. The multiple scattering effects among
frozen soil clods were considered with the DMRT model [35],
where frozen soil clods were assumed to be spherical par-
ticles in this work. The spherical scattering phase matrix
was described using the Mie scattering model. The emission
from the unfrozen-frozen soil interface at the bottom and
the air-frozen soil interface at the top were simulated with a
multifrequency-polarization surface emission (Qp) model [36].
The Tb at L- to Ka-bands were simulated and validated with
three different ground-based microwave radiometric data.

This work is organized as follows. In Section II, the radio-
metric data and ground measurements are briefly described.
In Section III, a detailed description of the developed emission
model is presented. In Section IV, the assessment of the
model and sensitivity analysis are discussed, followed by a
conclusion in Section V.

II. DATA

The ground-based microwave radiometric data and soil
parameters used in this study were collected from three differ-
ent field experiments (Fig. 1): 1) at the A’rou site [Fig. 1(b)],
Qinghai Province, China, the soil was observed undergo-
ing intraday F/T transition at high frequencies (18.7 and
36.5 GHz); 2) at the Yudaokou site [Fig. 1(c)] in Hebei
Province, China, frozen soil was observed at low frequencies
(1.4, 6.925, and 10.65 GHz); and 3) at the Sodankyld site
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Fig. 1. (a) Locations of the three field experiments. (b) Microwave radiometer
system at the A’rou site. (c) Microwave radiometer system at the Yudaokou
site. (d) Microwave radiometer system at the Sodankyli site.

[Fig. 1(d)], Finland, frozen soil was observed at high frequen-
cies (10.65, 18.7, and 36.5 GHz).

A. A’rou Experimental Site

The A’rou experimental site [Fig. 1(b)] is located in Qinghai
Province, China (38.03°N, 100.43°E). It is a seasonally frozen
ground and experiences frequent F/T cycles during the win-
ter. A truck-mounted multifrequency microwave radiometer
(TMMR) was used to measure Tb at the C-band (6.925 GHz),
X-band (10.65 GHz), Ku-band (18.7 GHz) and Ka-band
(36.5 GHz) with dual polarization on March 10 and 11,
2008, around the A’rou experimental site [25]; however, during
this experiment, the receivers for the C- and X-bands were
under repair. The Tb at Ku- and Ka-bands from the snow-
free surface were observed at an incident angle of 50° every
minute. Surface air and soil temperatures at 0-1, 1-4, and
4-7 cm depths were automatically measured with a data logger
(Datataker, DT85) every minute. The soil moisture of the
bottom unfrozen soil was measured using the weight method
with a value of 0.2191 m3/m3. The in situ soil temperature
and observed Tb are shown in Fig. 2(a). Soil temperatures at
three depths were below 0 °C during the frozen period. The
soil frost depth was set to 7 cm based on limited in situ soil
temperature data due to a lack of frost depth measurements.

B. Yudaokou Experimental Site

The Yudaokou experimental site [Fig. 1(c)] is located in
northern China (42.3868°N, 117.2186°E), which has a temper-
ate and continental monsoon climate. It is also a seasonally
frozen ground with a maximum frost depth of about 2 m.
A six-channel dual-polarized microwave radiometer RPG-
6CH-DP (Radiometer Physics GmbH, Germany) was fit in a
van and used to measure surface emission in November 2016
[37]. The radiometer operated at L-band (1.4 GHz), C-band
(6.925 GHz), and X-band (10.65 GHz) with dual polarization.
The measured Tb values were available at incidence angles
ranging from 30° to 60° with an interval of 5° every 10 or
20 min. Dual-polarized L-band channels at 40° and C- and
X-band channels at 55° were used for this study. Soil moisture
and temperature data at 3, 10, 20, 30, and 50 cm depths
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TABLE I
OBSERVED INFORMATION AT THE THREE EXPERIMENTAL SITES

Soil texture Bulk density Bands Soil frozen

Sites (clay, sand, %) (g/cm®) depth (cm)
A’rou 103, 28.66 0.83 Ku and Ka 7
Yudaokou 18,60 1.0126 L,Cand X 10
Sodankyld 1, 70 15761 X, KuandKa 80

were automatically measured with Decagon’s 5 TM sensors
every 10 min. The observed data from November 9 to 12,
when the soil emission was mainly affected by frozen soil
rather than snow melting, were selected to verify the developed
model. According to the in situ soil temperature data shown
in Fig. 2(b), the soil frost depth was set to 10 cm. The
temperature of the frozen soil was the mean temperature at
depths of 3 and 10 cm. The soil moisture and temperature of
unfrozen soil in the bottom layer were 0.35 m*/m? and 274 K,
respectively, as the average of the 30 and 50 cm measurements.

C. Sodankyli Experimental Site

The Sodankyld experimental site [Fig. 1(d)], the inten-
sive observation area (IOA), is located in northern Finland
(67.3618°N, 26.6338°E) [38], and the soil is freezing season-
ally. This site was located on a forest clearing surrounded by
a sparse forest. The Tb at the X-band (10.65 GHz), Ku-band
(18.7 GHz), and Ka-band (36.5 GHz) from the snow-removed
surface were observed by a SodRad radiometer with dual
polarization from March 3 to 15, 2016 at incidence angles
ranging from 40° to 60°. The Tb at 50° was used in this study.
The snow-free surface observed by SodRad was prepared by
removing a thick snow layer (>50 cm), but there were still
a few ice particles left. Soil moisture and temperature data
at a 5 cm depth in eight different spots were automatically
measured with Stevens Hydra Probe II. Among these eight
spots, spot 1 to spot 4 were set in the snow-free observation
area. The mean soil moisture of spots 1-4 measured from
unfrozen soil in early November was used as the soil moisture
of bottom unfrozen soil, which was 0.1227 m?*/m?3. The in situ
soil temperature and observed Tb from the snow-free surface
are shown in Fig. 2(c). The soil frost depth was obtained from
frost tube measurements from the site (67.3392°N, 26.6265°E)
near the radiometer observation area, which was 80 cm.

The soil parameters of the three experimental sites are given
in Table I. The sand contents were high at the Yudaokou and
Sodankyli sites, with values of 60% and 70%, respectively.

III. THEORETICAL MODELING DEVELOPMENT

In this study, the seasonally frozen soil is deemed as an
irregular inhomogeneous layer shown in Fig. 3. The upper soils
usually freeze during wintertime when the soil temperature
is below 0 °C; therefore, the seasonally frozen soil profile is
composed of a layer of frozen soil, stacked on top of a layer of
unfrozen soil. In moist soils, freezing is the process by which
the water in the soil changes from liquid to ice. We assume
that the phase state of water is significant difference between
the upper frozen soil and the unfrozen subsoil, which in
upper frozen soil is primarily ice and in unfrozen subsoil
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Fig. 2. Time series of measured soil temperature and Tb (at H-polarization, as an example) at (a) A’rou site, (b) Yudaokou site, and (c) Sodankyli site. The
data in the gray shaded zone were measured from the frozen period and used to explore the volume scattering effect.
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Fig. 3. Representation of the layered, seasonally frozen soil, including upper
frozen soil and bottom unfrozen soil.

is primarily liquid water. Even if water redistribution occurs
between the bottom unfrozen soil and the upper frozen soil
layer [39], the warmer unfrozen subsoil has a higher liquid
water content [40]. The decrease in liquid water content caused
by soil freezing leads to a decrease in soil dielectric constant.
The optical thickness of upper frozen soils arises due to the
reduction of the imaginary part of the dielectric constant. As a
result, the absorption of microwave signals by frozen soil is
significantly reduced compared to the moist, unfrozen subsoil,
which, in turn, leads to a nonnegligible volume scattering
effect within frozen soil. In contrast, in moist, unfrozen sub-
soils, which are regarded as semi-infinite medium with infinite
optical thickness, waves are only transmitted and not reflected.
There is no need to consider volume scattering within unfrozen
subsoils.

Since the effect of the upper frozen soil volume multiple
scattering on passive microwave emission is nonnegligible.
We consider a frozen soil layer as a volume of dense media
consisting of spheres of soil clods suspended in an air back-
ground. As shown in Fig. 3, the frozen soil layer thickness
is d. ey is the dielectric constant of the spherical frozen soil
clods, & is the dielectric constant of the host (air), &,,5 is the
dielectric constant of the bottom unfrozen soil, which is mod-
eled as a semi-infinite medium. For volume scattering media,
scatterers are randomly oriented and distributed, acting like
spherical scatterers even if they are nonspherical [41]. An ideal
soil structure is, moreover, mainly granular and approximately
spherical, with a diameter of 0.25-10 mm [34]. In this study,
therefore, frozen soil clods mainly consisting of soil particles,
bound water that surrounds the mineral surfaces and remains
unfrozen, and ice crystals were deemed as dominant scatterers
and assumed to be spherical, and air is still assumed as
the background medium, as with DMRT [35]. The spherical
scattering phase matrix was described with the Mie scattering
model. For considering the coherent effect, the pair distribution
function of the dense media particle positions was defined
by DMRT. A one-layer DMRT/quasicrystalline approximation

(QCA) with the Mie scattering was used to simulate the Tb
emissions from seasonally frozen soil (hereafter referred to as
SFS_DMRT).

In order to describe the multiple scattering within the frozen
soil layer, full multiple scattering effects with 16 Gaussian
quadrature angles were considered, and microwave emission
followed the DMRT theory. DMRT theory has proven useful
in simulating multiple scattering effects within layered dry
snow [35], [42] and dry sand [27]. The DMRT equations for
passive remote sensing are as follows [35]:

dI,9,z)
0597
d.

Z

R

=—m@mﬂa&@+m7+/
0

df'sing’
2 — .

x/ d9'[P(0,0:0",0)I(0', ¢, 2)
0

+ ?(9, Br—0, W)T(rc -0, Z)]
€]
le(n —0,0,2)
dZ
=kt —0,MI(w —0,0,2) + kT

— COS

i 27 — _
+ / de/sine’/ dW[P(n —0,0;6, Q)')I(@’, o, z)
0 0

+P(m—00;m —0'0)I (7w —0'0z). (2)
Here, 1(6, @, 7) is the specific intensity at Gaussian quadrature
angle 0 at vertical and horizontal polarizations in frozen soil
layer. P is the phase matrix of the discrete random medium,
formed and calculated the same here as in [42, eq. (16)]. k,
and k, are the extinction coefficient and absorption coefficient,
respectively, and can be calculated by [42, eqs. (4) and (12)].
T is the thermodynamic temperature of the frozen soil layer.

The equations can be solved by matching boundary condi-
tions as follows, and the corresponding details can be found
in [35], [42], and [43].

Atz=0
Ti(r—6,0,2=0)=Rio)1,0.2,2=00 (3

Atz =—d
1,60,0,z = —d) = RO o(1 =0, 9, 2 = —d)+T21(0) T
4)
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where Ry and Rj, are the reflectivity matrix at the frozen
soil-air and frozen soil-unfrozen soil boundary, respectively.
T>; is the transmissivity matrix from unfrozen soil to frozen
soil. T, is the thermodynamic temperature of the unfrozen
soil layer. The stickiness parameter was set at 0.1 for each
layer based on [35]. Although the effect of multiple scattering
within frozen soil is what we would like to focus on through
the DMRT theory, the roughness at the boundaries should not
be ignored [33], [44], [45], [46], especially for media with
rough interfaces such as soil. In [35], the Q/H model [47] was
used to account for the influence of roughness at the ground-
snow interface. Qp model [36] was developed through an
advanced integral equation model (AIEM) simulated database
and was considered to have an accuracy close to that of AIEM
in simulating rough surface emission. Qp model, moreover,
performs better than Q/H model and gives higher accuracy
for high-frequency [36]. In this study, therefore, the Qp
model [36] is used to consider the surface roughness effects
and calculate the surface effective reflectivity at unfrozen-
frozen soil interface, and frozen soil-air interface. Then the
transmissivity is calculated as one minus the surface effective
reflectivity. As for the dielectric constant of soil scatterers,
there are fewer studies on the dielectric constant of soil clods
or scatterers. In previous studies on the volume scattering
effects of dry soil [28], the clod had a relative permittivity
of three at 10 GHz, which corresponds to very dry soil.
As for frozen soil [29], soil clods were deemed as dominant
scatterers, and the dielectric constant of the scatterers was
set to 8.5 at L- and P-band. Similar to these studies, the
dielectric constant of the scatterers was set to a fixed value
in this study. Considering the differences in soils at different
experimental sites, the dielectric constant of scatterers is,
however, different from one experimental site to another and
varies with frequency. Then, the effective dielectric constant
of frozen soil is calculated as e = (K,/ k)2 [42], where
K, = Re(K), K is the effective propagation constant related
to the dielectric constant of frozen soil scatterers, and k is
wavenumber. The fractional volume (f,) of the scatterers
in upper frozen soil is another parameter to be determined.
In this study, the aggregates of soil particles, bound water,
and ice crystals were deemed as dominant scatterers, and air is
assumed as the background medium. A unit volume of frozen
soil is assumed as the sum of soil porosity and fractional
volume of the scatterers. For unfrozen soil, soil porosity (f)
is the volume fraction of soil pores to unit volume soil and
can be expressed as follows:

f=1-2 5)
Ps

pp and p, are the soil bulk density and soil particle density,
respectively. Changes in soil porosity and soil volume after soil
is frozen are complex. Assuming that the volume of the soil
remains constant after being frozen, the increase in scatterer
volume caused by the increase in ice leads to a smaller soil
porosity. Studies have, however, pointed out that the freeze
leads to an increase in soil volume, in addition to an increase
in soil porosity [48]; that is, changes in soil porosity and soil
volume after soil frozen are complex and difficult to estimate.
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TABLE I
OPTIMAL PARAMETERS AT EACH EXPERIMENTAL SITE

A’rou Yudaokou Sodankyla
Rums height (cm) 2.5 2.1 2.5
Correlation length(cm) 10 11 9
Effective frozen soil grain size (cm) 0.24 0.4 0.11

Here, we focus on the volume multiple scattering effects of
frozen soil and do not explore the complex coupled changes in
total volume and porosity of soil after frozen. We assume that
soil porosity does not change before and after the soil is frozen.
The fractional volume of scatterers is, therefore, defined as

fo=1-f="2 (6)
Ps
In summary, the input parameters of the SFS_ DMRT model,
i.e., the soil temperature, soil texture, soil bulk density,
soil frost depth, and fractional volume of scatterers, can be
obtained through field observations and model calculations.
The effective frozen soil particle size and surface rough-
ness (Root mean square height (rms height) and correlation
length) were the fitting parameters since there were no direct
measurements. In this study, some observation data with
different frozen soil temperatures were selected to optimize
the effective frozen soil particle size and surface roughness at
each experimental site. First, AIEM was used to optimize the
surface roughness at each experimental site. After obtaining
the optimal surface roughness, the effective frozen soil particle
size was optimized with the SFS_DMRT model. In the process
of optimizing parameters, the errors between the simulated and
observed Tb were calculated for all possible surface roughness
or effective frozen soil particle sizes according to the following

equation:

1 n
error = 3 Z(UszH + Oy + UszH-TbV) )
i=1

where 03y, 02y»> and of, 5y are the root mean square errors
(RMSE?) of Tb at the H and V-polarizations and the difference
between the H- and V-polarizations, respectively, n refers to
the number of observation data. The optimal surface roughness
or effective frozen soil particle size can be determined when
the error is at its minimum. In this study, AIEM was used to
simulate the surface scattering from frozen soil to facilitate a
comparison with the SFS_DMRT model.

IV. RESULTS AND DISCUSSION

A. Comparison Between Experimental Data and Model
Simulation

First, the surface roughness and effective frozen soil particle
size were determined by the optimal iteration method and
are shown in Table II. In this study, the unfrozen—frozen soil
and frozen soil-air interfaces were assumed to have the same
surface roughness. The effective frozen soil particle size was
optimized with the observed data at the highest frequency
at each experimental site since high frequencies are more
sensitive to volume scattering effects.
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Fig. 4 shows the comparison of the simulated Tb using
AIEM and SFS_DMRT versus the observed Tb at the A’rou
site. In SFS_DMRT, the dielectric constants of scatterers are
2.78 4+ 0.21 i at 18.7 GHz and 2.57 + 0.12 i at 36.5 GHz,
respectively. The performance of both SFS_DMRT and AIEM
were significantly degraded when soil temperature is above
—3 °C, in which case the soil may have been undergoing an
F/T transition and exhibit complex compositions. The complex
soil composition and scattering mechanisms during this period
may result in poor performance for both models. To assess the
capability of SFS_DMRT to estimate frozen soil emissions,
Table III shows the RMSE, bias, and correlation coefficient
for both SFS_DMRT and AIEM based on observed Tb when
soil temperature is below —3 °C. The RMSEs obtained from
the AIEM results and SFS_DMRT results are in the range of
1.03-2.71 K and 1.24-16.45 K, respectively. The bias obtained
from the AIEM results and SFS_DMRT results are in the
range of 0.09-2.64 K and —0.99 to 16.41 K, respectively.
In Fig. 4 and Table III, the results show that AIEM predicts
emission behavior better at 18.7 and 36.5 GHz compared to
SFS_DMRT. The smallest RMSE and bias were obtained with
AIEM. Tb was overestimated at 18.7 GHz by SFS_DMRT.
At the A’rou site [Fig. 1(c)], although the snow was removed,
the volume scattering of the ice crust remaining on the soil
surface also affected the observed Tb. The mixture of ice crust
and air bubble layers covering the frozen soil as a homoge-
neous transition layer with a small thickness were modeled
with DMRT [49]. The depth of the transition layer, density
and grain radius of the ice crust were fit as 0.6 cm, 0.28 g/cm?,
and 0.2 cm, respectively. The measured air temperature was
used as the temperature of this transition layer. Fig. 5 shows
a comparison of the simulated Tb using SFS_DMRT with the
transition layer covered with the observed Tb. After consid-
ering the transition layer, an improvement of the agreement
between SFS_DMRT simulated Tb and observed Tb can be
observed in Ka band. The RMSE of the Tb at Ka-band
decreased to 0.82 and 0.8 K at the H- and V-polarizations,
respectively. From Tables I and II, it can be seen that the sand
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TABLE III

ERROR STATISTICS FOR THE COMPARISON BETWEEN THE SIMULATED
AND OBSERVED TB AT THE A’ROU SITE

RMSE (K) Bias (K) Correlation coefficient
SFS DMRT AIEM SFS DMRT AIEM SFS DMRT AIEM
Tb18.7H 16.45 1.34 16.41 0.09 0.82 0.86
Tbh18.7V 5.19 1.48 491 1.21 0.7 0.94
Tb36.5H 1.24 1.03 -0.99 0.21 0.96 0.95
Tb36.5V 1.72 2.71 -1.7 2.64 0.96 0.96
270 T
2701 () 251 ®
%) ~y
2260 | 260 2
s y 4 255 v 4 0
o1 H =
3250' 250 -6 E
= =
245 -
Eou 8
240 U 10
230 235
230 240 250 260 270 240 250 260 270
Observed Tb (K) Observed Tb (K)
Fig. 5. Comparison of the simulated Tb using SFS_DMRT (transition

layer was added) with the observed Tb at the A'rou site (a) 18.7 GHz and
(b) 36.5 GHz.

content and effective frozen soil particle size were small at
the A’rou site. Since the effect of the volume scattering of
frozen soil at 18.7 GHz was smaller than that at 36.5 GHz, the
optimal effective frozen soil particle size at 18.7 and 36.5 GHz
might be different [41]. It was found that for 18.7 GHz,
the SFS_DMRT simulated Tb is in high agreement with the
observed Tb with a 0.5 cm frozen soil particle size. The
effective frozen soil particle size optimized with 36.5 GHz
led to an underestimation of the effect of volume scattering
and an overestimation of the Tb at 18.7 GHz. This can also
be attributed to the intraday F/T transition of soil, which was
not in a stable frozen state. The frozen soil albedo calculated
by SFS_DMRT at 18.7 and 36.5 GHz were 0.27 and 0.63,
respectively. The relatively small albedo and unstable frozen
state of the frozen soil indicate that the volume scattering effect
of frozen soil on Ku-band might not be obvious at the A’rou
site. The frozen soil emissions might be described by AIEM
without considering the volume scattering effect at the A’rou
site.

The observation frequencies of the ground-based microwave
radiometric experiment at the Yudaokou experimental site are
L-, C-, and X-band. Since the Qp model was developed based
on the configuration of AMSR-E (no L-band), in order to
demonstrate that it can be applied to the L-band, we first
compared the L-band emissivity simulated by the Qp model
with that simulated by the AIEM. The model parameters
corresponding to different frequencies (i.e., C-, X-, Ku- and
Ka-band) in the Qp model are different. We choose the
model parameters of C-band, which is closest to the L-band,
to calculate the L-band emissivity. The input soil parameters
of Qp and AIEM models were referenced to the measured
data from the Yudaokou experimental site, where soil moisture
was 0.15 m*/m?, soil temperature was the mean temperature at
depths of 3 and 10 cm, soil root mean square height was 1 cm,
soil correlation length was 11 cm, soil sand content was 60%,
soil clay content was 20%, and soil bulk density was 1.3 g/cm?.
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TABLE IV
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ERROR STATISTICS FOR THE COMPARISON BETWEEN THE SIMULATED
AND OBSERVED TB AT THE YUDAOKOU SITE

Fig. 6 shows the comparison of the L-band emissivity at an
incidence angle of 40° calculated by the Qp model and the
AIEM model, respectively. As can be seen in Fig. 6, there
is almost no difference between the two models at vertical
polarization, and only a very slight difference between the two
bands at horizontal polarization. The Qp model was, therefore,
used to calculate the L-band emissivity at the Yudaokou site.

Fig. 7 shows the comparison of the simulated Tb using
AIEM and SFS_DMRT versus the observed Tb at the
Yudaokou site. The dielectric constants of scatterers are 7.17 4+
0.66 i at 1.41 GHz, 5.75 + 0.11 i at 6.925 GHz and, 4.53 +
0.93 i at 10.65 GHz respectively. Table IV presents the
RMSE, bias, and correlation coefficient of both SFS_DMRT
and AIEM based on the observed Tb at the Yudaokou site.
The RMSEs obtained from the AIEM results and SFS_DMRT
results are in the range of 3.73-39.43 K and 4.26-22.56 K,
respectively. The bias obtained from the AIEM results and
SFS_DMRT results are in the range from —38.65 to 2.13 K
and from —22.28 to 17.12 K, respectively. From Fig. 7 and
Table IV, it can be seen that using AIEM for simulating frozen
soil emissions at 1.4 GHz and V-polarization at 6.925 and
10.65 GHz contributed to the lowest RMSE and bias and
the highest correlation coefficient. A negative bias for the
H-polarization at 6.925 and 10.65 GHz can be observed
using AIEM, which was solved by SFS_DMRT. SFS_DMRT
reduced the RMSE from 28.8 to 18.5 K at 6.925 GHz
H-polarization and from 39.34 to 4.26 K at 10.65 GHz
H-polarization. The simulation errors for H-polarization at
6.925 and 10.65 GHz using AIEM were reduced by consider-
ing the volume scattering effect. As seen in Fig. 7(d)—(f), the
Tb calculated by SFS_DMRT, however, had a small numerical
range and great polarization difference, which is quite different
from the observed Tb. It can be seen from Fig. 7 that when
soil temperature changes within the range of 3 K, the observed
Tb changes reach 20 K. Meanwhile, the Tb simulated by
SFS_DMRT ranges within 10 K. In situ air temperature data at
the Yudaokou experimental site range from 252 to 272 K and
reached 20 K, which may lead to the fluctuation of surface
soil moisture. Fluctuating air temperature and surface soil
moisture may dominate the large changes in observed Tb. Soil
moisture in unfrozen soil and dielectric constants of scatterers
were, however, set as constant values in models, which may
lead to a small variation of Tb simulated by SFS_DMRT.
This shows that the SFS_DMRT model is not effective in
simulating the passive microwave Tb of frozen soil with a
negative temperature but close to 0 °C.

RMSE (K) Bias (K) Correlation coefficient
SFS_DMRT AIEM SFS_DMRT AIEM SFS_DMRT AIEM
Tbl.4H 10.18 8.25 -5.99 0.27 -0.47 0.57
Tbl.4V 22.56 732 -22.28 -0.57 -0.34 0.18
Tb6.925H 18.25 28.8 17.12 -27.98 -0.22 0.62
Tb6.925V 14.91 4.45 14.74 2.13 -0.2 0.51
Tb10.65H 426 39.34 1.77 -38.65 0.07 0.29
Tb10.65V 11.4 373 11.13 1.99 -0.17 045
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Fig. 7. Comparison of the simulated Tb using (a)-(c) AIEM and
(d)—(f) SFS_DMRT with the observed Tb at the Yudaokou site: (a) and
(d) 1.4 GHz, (b) and (e) 6.925 GHz, and (c) and (f) 10.65 GHz.
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The frozen soil albedo calculated by SFS_DMRT in
Fig. 6(d)—(f) at 1.4, 6.925, and 10.65 GHz are 0.003, 0.08 and
0.13, respectively. The albedo indicates that volume multiple
scattering in frozen soil could be ignored at low frequencies
(i.e., L-band); therefore, the Tb calculated by SFS_DMRT
could be close to the Tb calculated by AIME at L-band
under certain conditions. As shown in Fig. 7, the Tb values
calculated by AIEM and SFS_DMRT were, however, different.
SFS_DMRT treated soil as a two-layer structure. The soil
frost depth and emissivity from the bottom unfrozen soil
influenced the results from SFS_DMRT at L-band, which has
deep penetration depth. To analyze the influence of soil frost
depth, the Tb at L-band was calculated using SFS_DMRT with
a soil frost depth from 1 to 200 cm in 10 cm-step increments
and compared it with the Tb calculated using AIEM, as shown
in Fig. 8. For SFS_DMRT, the emission from the bottom
unfrozen soil was fixed and lower than that from the frozen
soil due to the fixed soil parameters and large soil moisture
(0.35 m*/m? as described in the Data section). Fig. 8 shows
the scatter plot of the Tb between AIEM and SFS_DMRT
with the frozen soil temperature range from 243 to 263 K
and soil frost depth range from 1 to 200 cm. The soil frost
depth at Yudaokou is about 10 cm. As seen in Fig. 8, when
the frost depth was approximately 10 cm, the Tb simulated by
SFS_DMRT was significantly lower than that of the AIEM.
This is most likely because the emissivity from the bottom
unfrozen soil contributed greatly to the total emissivity of the
soil in the case where the thickness of the upper frozen layer
is 10 cm. The simulation of SFS_DMRT is close to that of
AIEM when the soil frost depth is about 50 cm.
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(a) H-polarization and (b) V-polarization.

In summary, the results indicate that the effect of the volume
scattering of frozen soil might be negligible at the L-band
or even C-band at the Yudaokou site, probably because the
surface scattering strength is high enough relative to volume
scattering in frozen soil layer at low frequencies (i.e., L- and
C-band). The soil frost depth is one of the determining factors
of the influence of the emissivity from bottom unfrozen soil
on the Tb calculated by SFS_DMRT. The SFS_DMRT model
is not suitable when frozen soil has negative temperatures but
is close to 0 °C.

Fig. 9 shows the comparison of the simulated Tb using
AIEM and SFS_DMRT versus the observed Tb at the
Sodankyla site, respectively. The dielectric constants of scatter-
ers are 3.6 + 0.06 1 at 10.65 GHz, 3.5 + 0.0.05 1 at 18.7 GHz,
and 3.4 + 0.03 i at 36.5 GHz, respectively. Different from the
previous two experimental sites, the soil was totally frozen at
the Sodankyli site with a depth of 80 cm. From Fig. 9(a)—(c),
the simulated Tb was obviously underestimated by AIEM,
and the polarization difference at the three frequencies was
greater than that from the observed Tb. The simulation results
were significantly improved in Fig. 9(d)—(f) by considering
the volume scattering effect. The Tb at H-polarization was
close to the observed Tb at the three frequencies; however,
the polarization difference at the three frequencies was still
obvious compared with the observed polarization difference.
The small polarization separation shown in the observed Tb
could be due to the volume scattering from a thin layer of
ice covering the frozen soil [41], [50]. At the Sodankylad
site, although the snow was removed, ice crust remained on
the soil surface, and the volume scattering of this ice crust
also affected the observed Tb. The mixture of the ice crust
and air bubble layers covering the frozen soil were modeled
as a homogeneous transition layer with a small thickness
with DMRT [49]. The transition layer depth, density and
grain radius of the ice crust were fit as 0.1 cm, 0.13 g/cm3,
and 0.06 cm, respectively. The measured air temperature
was used as the temperature of this transition layer. Fig. 10
shows the comparison between the SFS_DMRT simulated Tb
and observed Tb when the soil surface was covered by the
transition layer. The simulated Tb with the transition layer
was much closer to the observed Tb than those from AIEM
as a surface-scattering model and from SFS_DMRT without
considering the transition layer. Table V shows the RMSEs,
biases, and correlation coefficients of AIEM, SFS_DMRT, and
SFS_DMRT, considering the transition layer based on the
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TABLE V

ERROR STATISTICS FOR THE COMPARISON BETWEEN THE SIMULATED
AND OBSERVED TB AT THE SODANKYLA SITE

RMSE (K) Bias (K) Correlation coefficient
ATEM SFS_DMRT Transition AIEM SFS_DMRT Transition AIEM SFS_DMRT Transition
layer layer layer
Tbl0.65H 26.34 6.86 3.02 -26.11 -5.76 2.04 0.8 0.8 0.58
Tb10.65V 1045 1.73 0.96 -10.4 -1.27 0.22 0.96 0.96 0.95
Tb187H 2468 5.99 2 -24.6 -543 -1.57 036 0.36 0.92
Th187V 866 12 147 -8.59 -0.33 113 093 0.93 0.95
Tbh36.5H 23.83 8.68 278 -23.77 -8.41 -2.12 0.81 0.81 0.8
Tb36.5V 6.75 233 249 -6.52 -1.51 1.88 0.87 0.87 0.82
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Fig. 10.  Comparison of the simulated Tb using SFS_DMRT (transition
layer was added) with the observed Tb at the Sodankyli site. (a) 10.65 GHz,
(b) 18.7 GHz, and (c) 36.5 GHz.

observed Tb at the Sodankyli site. The RMSEs obtained from
the AIEM results, SFS_DMRT results, and SFS_DMRT with
the transition layer results are in the range of 6.75-26.34 K,
1.2-8.68 K, and 0.96-3.02 K, respectively. The bias obtained
from the AIEM results, SFES_DMRT results, and SFS_DMRT
with the transition layer results are in the range from —26.11 K
to —6.52, from —8.41 to —0.33 K, and from —2.12 to 2.04 K,
respectively. The smallest RMSE and bias were obtained by
SFS_DMRT considering the transition layer. The low corre-
lation coefficient between the observed Tb and the simulated
Tb from SFS_DMRT with the transition layer is due to the
large Tb difference at soil temperature around —1 °C.

The scattering albedo in the frozen soil layer calculated
by SFS_DMRT in Fig. 10 at 10.65, 18.7, and 36.5 GHz
are 0.003, 0.02 and 0.17, respectively. The effect of the
volume scattering of a thin transition layer could narrow
the polarization difference and improve the simulations. The
results from the Sodankyld site demonstrate that it is necessary
to consider the effect of volume scattering of soil in a stable
frozen state, especially at high frequencies.
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B. Effects of Frozen Soil Parameters on Tb

Based on the evaluation of simulated Tb using SFS_DMRT,
it was found the following three main frozen soil param-
eters influencing SFS_DMRT simulation results, including:
1) effective frozen soil particle size, 2) soil frost depth,
and 3) dielectric constants of scatterers. In this section, the
sensitivity of the above three parameters to the Tb simulated by
SEFS_DMRT were analyzed. Soil temperature at the lower half-
space (unfrozen soil) was set at 5 °C, while the temperature
of frozen soil at the top layer was set to —15 °C, which could
indicate a stable frozen state. We focused on analyzing the
influences of the frozen soil parameters on the simulations and
set the surface as a relatively smooth surface (rms height =
1 cm, correlation length = 10 cm). The observation angles
were 40° at L-band (similar to the SMAP mission) and 55° at
C- to Ka-bands (similar to the AMSR-E/2 sensors).

C. Effective Frozen Soil Particle Size on Tb Simulation

The DMRT/QCA was developed for moderate-size parti-
cles [51]. Considering the penetration of different bands into
frozen soil particles, we simulated Tb from L- to Ka-band
with the effective frozen soil particle diameter ranging from
0.05 cm to approximately 0.4 of the wavelength of each band
with a step size of 0.01 cm. The maximum effective particle
size of frozen soil particles was set as 1 cm because an
ideal soil structure is approximately spherical with a maximum
diameter of 1 cm [34]. The soil frost depth and soil moisture
of the unfrozen soil layer were 10 cm and 0.15 m3/m3,
respectively. The dielectric constants of scatterers are 4.4 +
0.17 i at L-band, 3.7 + 0.23 i at C-band, 3.5 + 0.2 i at
X-band, 3.2 + 0.13 i at Ku-band and 3.1 + 0.07 i at Ka-
band, respectively. The sand content, clay content, and bulk
density of the soil were 60%, 20%, and 1.3 g/cm?, respectively.
The effective frozen soil particle size affects the albedo and
optical thickness of frozen soil. As shown in Fig. 11, the
simulated Tb at C-, X-, Ku-bands, and Ka-band decreased
as the effective frozen soil particle size increased. It is worth
noting that the shorter the wavelength, the more pronounced
is the tendency for Tb to decrease with increasing effective
frozen soil particle size. The shorter the wavelength the greater
the albedo, and optical thickness is with the same effective
frozen soil particle size (Fig. 12). The albedo at C- to Ka-bands
begins to change significantly after the effective frozen soil
particle size reaches 0.35, 0.25, 0.1, and 0.05 cm, respectively.
The optical thickness at C- to Ka-bands begins to change
significantly after the effective frozen soil particle size reaches
0.7, 0.45, 0.25, and 0.1 cm, respectively. The changes in the
simulation results with increasing effective frozen soil particle
size were, however, barely noticeable in the L-band. The
higher the frequency was, the more obviously the simulations
were affected by the effective frozen soil particle size. This
indicates that 1) volume scattering should be considered at Ku-
and Ka-bands even if the effective frozen soil particle size is
small; 2) the effect of volume scattering on C- and X-bands
is related to the effective frozen soil particle size; and 3) the
volume scattering effect could be ignored at L-band since the
wavelength is much larger than the soil particle size.
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D. Soil Frost Depth on Tb Simulation

The Tb from L- to Ka-band with soil frost depths ranging
from 1 to 100 cm with a step size of 5 cm were simulated.
The effective frozen soil particle size and soil moisture of the
unfrozen soil layer were 0.1 cm and 0.15 m?*/m?, respectively.
The dielectric constants of the scatterers are the same as in
the previous section. The sand content, clay content, and bulk
density of the soil were 60%, 20%, and 1.3 g/cm?, respectively.
As shown in Fig. 13, the simulated Tb at L-band increased as
the frost depth increased. The simulated Tb at H-polarization
increased before the frost depth increased to 20, 15, 10,
and 5 cm at C-, X-, Ku-, and Ka-bands, respectively, and
then decreased with increasing frost depth. The simulated Tb
at V-polarization increased before the frost depth increased
to 15 and 5 cm at C- and X-bands, respectively, and then
decreased with increasing frost depth. The simulated Tb at
V-polarization decreased as the frost depth increased at Ku-
and Ka-bands. Soil frost depth affected the optical thickness of
frozen soil. The greater the soil frost depth was, the greater the
optical thickness. The radiation of bottom unfrozen soil would
be attenuated by frozen soil, and the radiation contribution
of frozen soil would increase until the frost depth reaches
the penetration depth of each band. Take H-polarization as an
example, and the simulated Tb at C- to Ka-bands increases first
with increasing frost depth because the lower emission from
bottom unfrozen soil is being attenuated at this time, while
the effect of higher frozen soil emission on simulated Tb is
increasing. Once the frost depth increased to 20, 15, 10, and
5 cm at C-, X-, Ku-, and Ka-bands, respectively, it is possible
these four bands can no longer penetrate the top frozen soil
layer to receive the microwave emission from the bottom
unfrozen soil and the downward-emitted frozen soil radiation
scattered by unfrozen-frozen soil interface was attenuated by
top frozen soil. Then, the extinction effect caused by volume
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scattering from frozen soil and the attenuation of the top
frozen soil becomes the main factor affecting the passive
microwave Tb; as the frost depth continues to increase, the
optical thickness increases and the Tb decreases. The different
performance of simulated Tb at H- and V-polarization with
increasing frost depth may be due to the different penetration
depths of V- and H-polarization into the permafrost. The
simulated Tb at the L-band keeps increasing because the
maximum frost depth simulated here has not yet reached
the penetration depth of the L-band into frozen soil, and
the L-band is not sensitive to volume scattering effects. The
increase contribution of emission from frozen soil dominates
the increase in the simulated Tb at L-band. The variation in
simulated Tb with frost depth among L- to Ka-bands was
different because the penetration depth varied across different
frequencies.

E. Different Dielectric Constant of Scatterers on Tb
Simulation

The dielectric constant of scatterers affected the effective
dielectric constant, scattering coefficient, and absorption coef-
ficient of frozen soil, etc., and may be different at the same
band due to different soil moisture and soil texture (related
to the amount of bound water adhering to the surface of
soil minerals). To analyze the effect of the dielectric con-
stant of scatterers on the Tb simulation using SFS_DMRT,
Tb from L- to Ka-band with two different dielectric constants
of scatterers cases: 1) 4.4 + 0.17i at L-band, 3.7 + 0.23i
at C-band, 3.5 + 0.2 i at X-band, 3.2 + 0.13 i at Ku-band
and 3.1 + 0.07 i at Ka-band, respectively, respectively (DC1)
and 2) 4.8 + 0.15 i at L-band, 4.2 + 0.23 i at C-band,
39 + 0.2 i at X-band, 3.6 + 0.13 i at Ku-band and 3.5 +
0.07 i at Ka-band, respectively (DC2) were simulated. The
soil frost depth was set to 10 cm. The sand content, clay
content, and bulk density of the soil were 60%, 20%, and
1.3 g/cm?®, respectively. The effective dielectric constant of
frozen soil with a large dielectric constant of scatterers was
greater than that with a small dielectric constant of scatterers.
Fig. 14 shows the dependence of Tb on the dielectric constant
of scatterers. The smaller simulated Tb values were simulated
with a larger dielectric constant of scatterers. The higher the
frequency, the smaller the difference between the Tb obtained
from the two dc cases. At low frequencies, where the volume
scattering effect is insignificant, the simulated Tb is mainly
affected by the dielectric constant of the medium. At high
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frequencies, the small simulated Tb difference is the result
of a combination of dielectric constant and volume scattering
effects.

Soil texture and bulk density also affected the Tb simu-
lated by SFS_DMRT by influencing the fractional volume of
scatterers in frozen soil. Fig. 15 shows the dependence of the
absorption coefficient (Ka) and scattering coefficient (Ks) on
the fractional volume of scatterers. From Fig. 15, it can be seen
that Ka increases almost linearly with the fractional volume.
Ks first increases and then decreases with the increase of
fractional volume of scatterers. For low fractional volume, the
medium is sparse, and the scattering coefficient increases with
the increase of fractional volume. For fractional volumes larger
than 0.15, the scatterers are considered to be nonindependent,
which weakens their scattering efficiency [52].

V. CONCLUSION

In this study, a radiation transfer model (SFS_DMRT) for
the seasonally frozen ground was developed to consider the
volume scattering effects inside frozen soil based on DMRT
and Mie spherical scattering theory. The soil was considered
as a vertical heterostructure with a frozen layer at the top and
an unfrozen layer at the bottom. The microwave emissions
from the rough interfaces between unfrozen-frozen soil and
frozen air were simulated with Qp models. Ground-based
microwave radiometer data from three different experimental
sites were used to validate the SFS_DMRT model. Results
show that in Sodankyld, where the soil is in a stable
frozen state, the Tb simulated by SFS_DMRT has a higher
agreement with observed Tb versus AIEM. The effect of
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volume scattering from a thin transition layer could narrow
the polarization difference and improve the simulations at
the snow-removed surface. The emission of frozen soil can,
moreover, be described by AIEM without considering the
volume scattering effect at the A’rou site, where the soil was
undergoing diurnal F/T cycles. Also, results in Yudaokou show
that the SFS_DMRT model is ineffective in simulating the
passive microwave emissions of frozen soil with a negative
temperature but close to 0 °C, where the soil was undergoing
interday F/T cycles. The sensitivity of SFS_DMRT to frozen
soil parameters was also analyzed. The effect of volume
scattering could be ignored at the L-band, the degree of
volume scattering at C- and X-bands depended on the effective
frozen soil particle size, and the effect of volume scattering
must be considered in Ku- and Ka-bands for frozen soil.
The attenuation of emission from bottom unfrozen soil was
determined by the soil frost depth and penetration depth of
the microwave bands. The dielectric constant of scatterers, soil
texture, soil bulk density, and soil temperature also affected the
simulated Tb. It should be possible to ignore volume scattering
at low frequencies (i.e., L- and C-band) and to consider single
volume scattering or only consider surface scattering. Future
applications of the SFS_DMRT model include retrieving soil
frost depth and obtaining the stratified profile information of
soil.
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