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Abstract—Soil moisture is a critical variable in climate forecast-
ing, hydrology, and others. Satellite-based remote sensing tech-
niques have been used to map soil moisture globally, including
visual bands, infrared, Synthetic Aperture Radar (SAR), passive
microwave remote sensing, etc. Passive microwave remote sensing
techniques, especially at the L-band, such as the Soil Moisture and
Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP),
have higher accuracy than the others due to their higher sensi-
tivity to the dielectric constant of the soil profile. However, the
unclear sensing depth at L-band for SMOS and SMAP leads to
a mismatch in the calibration/validation and application of their
soil moisture products. In this study, we apply soil temperature
sensing depth model, i.e., the tau-z model, to the soil temperature,
soil moisture, and brightness temperature (TB) data collected dur-
ing the Soil Moisture Experiment in the Luan River (SMELR).
The effectiveness of the tau-z model in interpreting the L-band
microwave observations is validated through forward simulations
with the Community Microwave Emission Modelling (CMEM).
Results showed that: 1) the bias in TB simulation can be reduced
from 26.22 K/12.00 K to -11.66 K/-8.839 K for H/V-polarization;
2) the RMSE is reduced from 30.2 K/20.48 K to 12.92 K/11.66 K
for H/V-polarization by considering the microwave sensing depth.
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Daily TB signal variation partly attributed to the soil temperature
sensing depth due to different bands’ penetration capacity. The
result is expected to improve the understanding of microwave data
collected by muli-frequency synthetic platforms such as Copernicus
Microwave Imaging Radiometer (CIMR).

Index Terms—Passive microwave, penetration depth, soil
moisture, soil optical depth, soil temperature sensing depth.

I. INTRODUCTION

SOIL moisture demonstrates a distinct hysteresis response to
alterations in surface fluxes induced by precipitation, com-

monly called the “memory effect.” This hysteresis significantly
amplifies and extends the feedback mechanisms contributing
to climate anomalies, manifesting itself over several weeks to
entire seasons [1], [2]. Additionally, spatial variation in soil
moisture also strongly affects the occurrence and development of
mesoscale convective weather systems [3], [4]. However, current
land surface and hydrological models are still insufficient to
accurately simulate soil moisture’s spatial and temporal changes
[5]. Still, the research results of the African monsoon multidis-
ciplinary analysis land surface model (LSM) intercomparison
project show that none of the existing LSMs can simulate soil
moisture well, among which soil hydrological parameters and
forcing assimilation of various observational data based on the
LSMs are currently considered to be a feasible and relatively
effective way to establish a global soil moisture dataset [6],
[7]. More accurate soil moisture temporal–spatial distribution
data products on a global scale are needed [8], and remote
sensing techniques are developed to provide either soil moisture
retrievals or observation input for data assimilation.

After 50 years of development, passive microwave remote
sensing has become a significant method for obtaining soil mois-
ture [9]. In 1973, data from the SkyLab space station began being
studied using passive microwave remote sensing to conduct soil
moisture research [10], [11]. In the early 1970s, the National
Aeronautics and Space Administration conducted a flight test of
an airborne microwave radiometer in the Alexandria farmland
[12]. It simultaneously observed the soil moisture at 0–15 cm
depths and found a strong correlation between the brightness
temperature (TB) and soil moisture. After 1978, satellite mi-
crowave remote sensing data, such as the scanning multichannel
microwave radiometer and the special sensor microwave/imager
on the Nimbus satellite and DMSP (the National Defense Mete-
orological Satellite), began to be effectively used [13]. However,
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TABLE I
DEPTH DEFINITIONS REFERRED TO IN THIS STUDY

they are greatly affected by vegetation and the atmosphere,
and further to soil moisture retrieval. The advanced microwave
scanning radiometer for the Earth observing system inherits
the advantageous bands of previous microwave radiometers and
adds additional bands, which can provide dual polarization and
multifrequency brightness temperature data in the frequency
range from 6.9 to 89 GHz [14]. Soil moisture inversion can
be performed in the C-band [15], where the 6.9 GHz frequency
channel is located. In 2009, the European Space Agency’s (ESA)
second Earth observation program, soil moisture and ocean
salinity (SMOS), was successfully launched [16]. Its payload,
microwave imaging radiometer with aperture synthesis, is an
L-band, 2-D, dual-polarization, and passive microwave interfer-
ence radiometer, which cannot only measure sea surface salinity
but also monitor global soil moisture [17]. Soil moisture active
passive (SMAP) [18] has provided a global soil moisture map
since 2015 [19]. Currently, passive microwave remote sensing
technology can obtain high-resolution and high-precision sur-
face soil moisture data, providing critical support for research
and applications [20], [21], [22].

In general, passive microwave remote sensing can only ob-
tain the soil moisture at the top layer, and the remote sensing
capabilities for deeper soil moisture and even soil moisture
profiles are relatively lacking. Soil moisture sensing depth (see
Table I) is necessary to discuss the true sensing capabilities of
each band. While penetration depth is defined as the depth in
1/e attenuation from the surface, soil temperature sensing depth
is considered the mean emission value for a profile [23], [24],
which sources from the definition of soil effective temperature
[25], [26], [27]. Compared with visible light, infrared, ultravio-
let, and other bands that realized spaceborne observation earlier,
the microwave, especially for the low bands from 1 to 100 GHz,
is yet to be completed [28], [29], [30]. Because the L-band
(1–2 GHz) and P-band (0.75 GHz) are sensitive to soil moisture
and less affected by weather, vegetation, and human interference

sources, its related land surface products have been widely used.
It has dramatically improved the radiative transfer theory role
[31], [32], [33], [34], [35]. These bands have greater penetration
capability into the soil; theoretically, they could reach up to
40 cm for the P-band and 10 cm for the L-band.

However, the issue with unclear soil moisture sensing depth
has obscured the passive microwave remote sensing of soil
moisture until now. Without knowing the sensing depth, it would
be the following.

1) The calibration/validation of SMAP and SMOS soil mois-
ture products lacks enough evidence to configure the
installation depth of sensors and increases errors in the
result.

2) The lapse rate and evaporation rate of soil moisture
are underestimated, which leads to wrong flux in land–
atmosphere interaction.

3) Making it more complicated in comparing soil moisture
products among different bands, such as C/L/P-bands,
where layer precisely corresponds to the soil moisture
retrieval from the L/P-band is not fixed yet [31], [36], [37].

In this study, the tau-z model [24], which is math derived
and has a fixed solution, is applied to TB and soil temperature
(T)/moisture (θ) profile in the soil moisture experiment in the
Luan River (SMELR) to evaluate its effectiveness in improving
the dynamic of the sensing depth [38].

The rest of this article is organized as follows. Section I
introduces the background of this research. Section II proposes
the experiment and the data used here. Section III describes the
community microwave emission modeling platform (CMEM)
[30], [39], which is used for forwarding simulation, and the
tau-z model. We analyze the results by considering the fixed
5-cm/penetration depth/soil temperature sensing depth (zTeff) in
Section IV. Discussion is posted in Section V. Finally, Section VI
concludes this article.

II. EXPERIMENT AND DATA

The SMELR, which was conducted in the summer of 2018,
provides all the input data used in this study. The test site is
in Xinyuan Ranch (115.93°E, 42.04°N) in Zhenglanqi, China
(see Fig. 1, [38]). The dataset contains the multifrequency
and multiangle ground-based microwave radiometer and radar
active/passive microwave backscatter/TB data, T/θ profile, and
measurements of vegetation and soil parameters related to mi-
crowave remote sensing. The RPG-6CH-DP vehicle-mounted
microwave radiometer obtains the microwave TB data, includ-
ing the L-band horizontal- and vertical-polarization TB. The
data measurement interval is 0.5 h. The observed incident
angle varies from 30° to 65° (2.5° interval), and the azimuth
angle varies at 340°, 340°, 0°, and 20°. Since this study fo-
cuses on the L-band passive microwave remote sensing data,
we take only TB data at 40° in coincidence with SMAPs
configuration.

The soil data include surface roughness parameters (see Ta-
ble II), rainfall data from the HOBO rain gauge [see Fig. 2(a)],
T, and θ of six layers at 1, 3, 5, 10, 20, and 50 cm [see Fig. 2(b)
and (c)]. The profile measurement is conducted using the
Decagon 5TM sensor, with a precisely oriented and tilted 1-cm
layout to ensure accuracy and reliability. The sampling interval
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Fig. 1. Landscape of the comprehensive remote sensing experiment of the
water cycle and energy balance in the SMELR.

TABLE II
SURFACE ROUGHNESS PARAMETERS

Fig. 2. Input data for driving CMEM from 18 August to 25 September 2018.
(a) Rainfall and vegetation water content. (b) Soil moisture (θ). (c) Soil temper-
ature (T) time series observed at a depth of 1 cm/3 cm/5 cm/10 cm/20 cm/50 cm.

Fig. 3. Incidence angles of TB at 30°–65° from 16 August to 26 September
2018. (a) H-polarization and (b) V-polarization at the L-band.

is 10 min, and we only adapt the moment coincidence with the
radiometer measurement at each half an hour. The vegetation
data are grassland vegetation moisture content [see Fig. 2(a)].
Both surface roughness and vegetation are interpolated to 30-
min intervals with the linear method.

The experimental observation lasted from 18 August to 25
September 2018. Five rainfall events happened on 28 and 29
August, and 1, 11, 14, and 25 September [see Fig. 2(a)]. θ im-
mediately responds to these rainfall events [see Fig. 2(b)]. Before
28 August, θ at all layers was very dry (θ≤0.15 cm3/cm3), among
which 1 cm shows parched soil, almost without measurable soil
moisture values. Still, in this period, T has a higher daily variation
(ΔT≤25 K at 1 cm) than the rest time (ΔT≤15 K at 1 cm). TB
from 16 to 28 August indicates higher H/V-polarization values
of 50 K/30 K compared with the rest time (see Fig. 3). On 28
August, the 1-cm soil moisture showed the maximum value in
this experiment, nearly 0.5 cm3/cm3, but it was draining faster
than all other layers. For instance, the soil moisture at 1 cm
decreased from 0.5 to 0.08 cm3/cm3 in four days, which is
0.1 cm3/cm3 per day. This phenomenon can be attributed to
the exposure of shallow soil layers to solar radiation and dry
atmospheric conditions, resulting in enhanced evaporation rates
during sunny days. Compared with 1 cm, θ at 3 cm/5 cm/10 cm
shows a relatively consistent draining speed, i.e., 0.03 cm3/cm3

per day, and the daily variation of soil temperature is also more
minor than the days before 28 August due to increased soil heat
capacity. Additionally, at 50 cm depth, T and θ variations are
insignificant likely due to reduced surface influence. Instead,
they are more influenced by groundwater and deeper soil layers.

III. METHODOLOGY

A. CMEM Model

This study simulates TB at the L-band with the CMEM model,
which was developed by the European Centre for Medium-
Range Weather Forecasts (ECMWF) and serves as the forward
operator for low-frequency passive microwave brightness tem-
peratures ranging from 1 to 100 GHz at the surface [28], [40].
CMEM is a new, highly modular code providing I/O interfaces
for the numerical weather prediction (NWP) community and



LV et al.: EMPIRICAL VALIDATION OF SOIL TEMPERATURE SENSING DEPTH DERIVED FROM THE TAU-Z MODEL UTILIZING DATA 14745

is based on a simplified 1-D solution of the radiative transfer
equation for a multilevel medium. So, CMEM modularity allows
for considering different parametrizations of the soil dielec-
tric constant and various modules (coherent or incoherent), as
well as effective temperature, roughness, snow, vegetation, and
atmospheric contribution opacity schemes. SMOS brightness
temperatures are used at ECMWF to investigate its use in ana-
lyzing soil moisture through the surface data assimilation system
and monitoring ocean salinity. This is expected to improve the
accuracy of the initial conditions of the NWP model. NWP
products are essential for space agencies to derive the Level
2 SMOS products.

In detail, CMEM contains various modules for land types,
such as low/high vegetation cover and open snow-covered
water. Since the experiment only has grassland in summer,
we simplified the CMEM model with only its smooth soil
emissivity, roughness, and vegetation modules. A new soil
effective temperature (Teff) module named Lv model [41], [42]
replaces CMEMs Teff to include soil optical depth (for details,
see Section III-B). The atmosphere’s attenuation could be safely
ignored except for intense precipitation, which did not occur in
the experiment during the period discussed. According to Planck
and Kirchhoff’s laws, each soil layer emits radiation in the
Fresnel scheme, attenuated in adjacent layers through absorption
and scattering processes, determined by their optical depths and
scattering properties. For polarization p, TB at the top of the
atmosphere (TBtoa.p), for example, as measured by a satellite
and at the top of the vegetation (TBtov.p) over snow-free areas,
where
the vegetation is represented as a single-scattering layer
above a rough surface, can then be expressed as

TBtoa.p = TBau.p + e−τatm.pTBtov.p (1)

where TBau.p is the upwelling atmospheric emission and τatm.p

is the atmospheric optical depth. Then, respectively, with
TBtou.p the upwelling atmospheric emission [25], TBsoil.p the
upward emission of the soil, TBveg.p the upward and downward
emission of the vegetation canopy, TBad.p the downward emis-
sion of the atmosphere, rr.p the reflectivity of the rough soil
surface (equal to 1− er.p, with er.p the emissivity of the soil),
and τveg.p the vegetation optical depth. Since the radiometer
RPG-6CH-DP is mounted on the ground, τatm.p can be ignored.
All optical depths are scaled with the cosine of the viewing angle
to account for the corresponding path length extensions. More
details about the CMEM model can be found at the website1

[29], [30], [39]

TBtov.p = TBsoil.pe
−τveg.p + TBveg.p

(
1 + rr.pe

−τveg.p
)

+ TBad.prr.pe
−2τveg.p . (2)

B. Tau-z Model

With a similar optical depth frame, the tau-z model adapts
soil optical depth, instead of geometric depth, to define soil
moisture sensing depth. The concept of the penetration depth is
also described in terms of soil optical depth, i.e., the penetration
depth is one time of the soil optical depth in particular. The

1[Online]. Available: https://confluence.ecmwf.int/display/LDAS/CMEM

principal influencing factors determining the penetration depth
of microwave bands in soil encompasses the soil’s physical
and chemical attributes and the frequency and energy of the
wavebands. Specifically, physical properties like soil density,
moisture content, particle size, and particle size distribution
substantially impact microwave penetration depth. Higher soil
moisture content and finer soil particles, resulting in increased
soil density, typically lead to a shallower penetration depth.
Furthermore, chemical properties, such as soil salinity, organic
matter content, and mineral composition, also influence the mi-
crowave penetration depth. These factors collectively contribute
to the soil’s dielectric constant, which is a crucial parameter
governing microwave propagation and penetration in soil media.

The tau-z model was proposed in 2019 [24] to quantify
the relationship between zTeff and soil optical depth, which is
determined by the soil moisture with a fixed wavelength. Wilheit
[43] expressed the soil effective temperature (Teff) as follows:

Teff =

∫ ∞

0

T (x)α (x) exp

[
−
∫ x

0

α (x′) dx′
]
dx (3)

where x is the depth from the surface to the soil layer concerned.
T(x) is the physical temperature at depth x, and α(x) is an
attenuation coefficient determined by dielectric constant ε and
wavelength λ. ε′ and ε′′ are the real/imagery parts of the soil
dielectric constant profiles determined primarily by the soil
moisture. The detailed form of α(x) is

α (x) =
4π

λ
ε′′ (x)

/
2[ε′ (x)]

1
2 . (4)

With Lv’s scheme, soil optical depth τ is traduced in (3) as
follows:

τx =

∫ x

0

α (x′) dx′. (5)

So, Teff is rewritten as

Teff =

∫ +∞

0

T (τ) e−τdτ. (6)

Compared with (5), (6) takes the integral of soil optical depth
τ instead of soil depth x. Subsequently, τ is further replaced with
t = 1−e−τ , and (6) evolves to

Teff =

∫ 1

0

T (t) dt (7)

where τ increases with the soil depth. Equation (7) also ignores
the coherent characteristics of layered media, as incoherent and
coherent frames have affected the result very few [44], [45].
As a τ value corresponds to only one soil depth for a certain
soil temperature/moisture combination, we can use τ to replace
physical soil depth. Thus, we start with a T profile near the
surface, which decays gradually to a constant T profile with
depth. Furthermore, since the soil depth is between [0,+�) and
τ , we can define t = 1−e−τ� [0,1){

T (τ) =
∫ τ

0 (Tsurf + ae−τ τ)dτ (τ < τdeep)

T (τ) =
∫ τdeep

0 (Tsurf + ae−τ τ)dτ (τ ≥ τdeep)
(8)

where Tsurf is the surface temperature, Tdeep is the soil temper-
ature where it can be considered constant at an annual scale,
and τdeep is the soil optical depth corresponding to Tdeep [24].
Then, to acquire the depth of soil temperature zTeff (i.e., τTeff

in terms of soil optical depth) where the soil temperature equals

https://confluence.ecmwf.int/display/LDAS/CMEM
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Fig. 4. Soil temperature sensing depth is theoretically inferred from the tau-z
model at the L-band. Penetration depth is where τ = 1 as a reference.

the soil effective temperature Teff according to the definition of
the tau-z model, we solve

τT eff = − ln

(
1− t

∣∣
Teff

Tdeep−Tsurf
=1−(1−t)b·(− log(1−t)+1)

)
(9)

where Teff
Tdeep−Tsurf

can be rewritten as Teff˙nor [24].
Fig. 4 indicates the relationship between τTeff (left axis)/zTeff

(right axis) and Teff˙nor defined by the tau-z model as in (9).
Regarding soil optical depth, the τ eff-Teff˙nor relationship is
not affected by soil moisture. This means that the blue line
in Fig. 4 is a fixed line, regardless of soil moisture profiles,
soil texture, or other factors that can impact the dielectric
constant.

Assuming that the soil moisture profile is unique along with
the depth, i.e., dτ /dz = α(z) = constant, we get a group of
red lines to indicate the zTeff -Teff˙nor relationship. At the C-
band, the soil temperature sensing depth zTeff ranges from 0
to 0.06 m when the soil moisture is 0.1 cm3/cm3, 0–0.01 m
for 0.3 cm3/cm3, and 0–0.005 m for 0.5 cm3/cm3. It means
that zTeff is increasing nonlinearly with larger soil moisture, as
higher soil moisture affects soil thermal conductivity and heat
capacity, thus influencing the response depth of soil temperature.
At the L-band, zTeff ranges from 0 to 0.18 m/0 to 0.08 m/0 to
0.06 m for soil moisture values of 0.1/0.3/0.5 cm3/cm3, while
at the P-band, zTeff ranges from 0 to 0.2 m/0 to 0.09 m/0
to 0.08 m relatively. The interval for P/L-bands is almost
three times that of the C-band, where the difference in zTeff

between L- and P-bands is always less than 0.02 cm with
the same soil moisture and Teff˙nor. With the soil moisture
profile fixed, zTeff is dominated by the soil temperature pro-
file that varies with the radiation forcing over the ground
surface.

C. Statistic Tools

The data assimilation theory generally assumes no bias
between observation and simulations. Thus, it is necessary to

Fig. 5. (a) Soil moisture and (b) soil temperature fields interpolated from
observation with 5 cm (white dash) penetration depth (red) and soil temperature
sensing depth zTeff (black dot) during the experiments.

remove bias as a preprocessing step. The bias is defined as

bias =
1

n

n∑
i=1

(sim − obs) (10)

sim is the simulated TB from the CMEM model, and obs is
the measurement in the experiment. After removing bias, the
root-mean-squared error (RMSE) is defined as follows:

RMSE =

√√√√ 1

n

n∑
i=1

(sim − obs)2. (11)

The unbiased root-mean-squared error (unRMSE) is defined
as follows:

unRMSE =

√√√√ 1

n

n∑
i=1

[reg(sim)− obs]2 (12)

where reg(sim) is the linear regression function between sim and
obs as obs = reg(sim) for the least squares method. unRMSE is
also a key parameter in data assimilation, as it stands for how
much influence the difference between simulation and observa-
tions would have on them in terms of mean and covariance, i.e.,
probability distributions assumed Gaussian. However, CMEM
is not a linear model. For example, soil emission is dominated
by soil moisture at L-bands.

IV. RESULT

Fig. 5 depicts the experimental results on the penetration
depth, variation in v, and the fixed 5-cm interval in the soil
temperature and soil moisture profiles. The trends observed in
penetration depth and zTeff are predominantly governed by soil
moisture dynamics, specifically the evolution of precipitation
and evaporation during the study period. The dryer the soil
is, the deeper the penetration depth/zTeff is. Before the pre-
cipitation event on 28 August, the penetration depth was more
profound than 0.09 m, with a daily variation of about 0.01 m.
In comparison, zTeff mostly ranged from 0.06 to 0.08 m, with
a daily variation of 0.08 m. After the precipitation event on 28
August, the penetration depth and zTeff vary along the 5 cm,
where the amplitude of zTeff can be 0.09 m daily, depending on
the soil temperature changes. In contrast, the daily amplitude
of penetration depth is much smaller than that of zTeff but it
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Fig. 6. Soil moisture at (a) 5 cm versus the penetration depth, (b) 5 cm versus
zTeff and soil temperature, (c) 5 cm versus the penetration depth, and (d) 5 cm
versus zTeff.

correlates well with precipitation events. In Fig. 5, zTeff can
vary from 1 to 10 cm daily. Since soil temperature has a daily
cycle, especially in zones close to the surface, the Teff and the
tau-z models derived from the Teff also have solid diurnal cycles.
For Teff, the daily cycles refer to the weighting function; for the
tau-z model, it is zTeff dynamics. Using the zTeff, the simulation
in this study does not need Teff anymore, so the daily cycle
in Fig. 5 compensates for the daily emission changes due to
Teff.

Usually, θ at 5 cm is used to validate/calibrate the
soil moisture retrievals from L-band [23], [46], [47],
while the T profiles in the field observation would
provide the Teff. Since the impact of Teff is smaller than
soil moisture, especially when considering the gradient of θ
in the top few centimeters, we compare the soil moisture at
the penetration depth and zTeff with the one gotten from fixed
5 cm in Fig. 6. The result shows that θ at the penetration depth
concise with θ at 5 cm very well except at a bias of about
0.02 cm3/cm3 when θ<0. 2 cm3/cm3 [see Fig. 6(a)]. However,
θ at zTeff is very different to θ at 5 cm. For instance, the θ
at zTeff is generally 0.02–0.04 cm3/cm3 higher than θ at 5 cm
from 0 to 0.5 cm3/cm3 [see Fig. 6(b)]. But 0–0.15 cm3/cm3

is lower for some moments from 0.15 to 0.3 cm3/cm3 for θ
at 5 cm. This implies that the choice of θ input cannot be
overlooked in the simulation process of forwarding, as well as
in retrieving data or results. Regarding soil temperature, the
situation is reversed to the soil moisture, which means T at
zTeff coincides with T at 5 cm better with only a difference
of less than 2 K [see Fig. 6(d)]. In contrast, the T at the pen-
etration depth can closely match that T at 5 cm when below
290 K but diverges significantly above this threshold, possibly
by up to 8 K, showing apparent daily variation around it [see
Fig. 6(c)].

Fig. 7. Time series of TB at the incidence angle of 40° at the L-band.

Fig. 8. TB observations mean over at the incidence angle of 40° and the
azimuth angles at 320°/340°/0°/20° versus CMEM simulated brightness tem-
perature with soil moisture and temperature at (a) 5 cm in H-polarization,
(b) 5 cm in V-polarization, (c) the penetration depth in H-polarization, (d)
the penetration depth in V-polarization, (e) the soil temperature sensing depth
zTeff in H-polarization and (f) the soil temperature sensing depth zTeff in
V-polarization.

The CMEM forwarding TB at the incidence angle of 40° from
taking θ and T at 5 cm/the penetration depth/zTeff is shown in
Figs. 7 and 8. Even with the same incidence angle, the difference
among azimuth angles at 320°/340°/0°/20° can reach 5 K (see
Fig. 7). Compared with the TB observations, the simulation
with θ and T at 5 cm is always higher at about 26.22 K/12 K
for H/V-polarization. The simulation results with θ and T from
the penetration depth and zTeff are pretty close to each other
except for a more substantial daily variation for the latter one.
However, both the simulation results with θ and T from the
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penetration depth and zTeff show a negative bias compared with
the observations, especially the former. The negative bias is
−15.48 K/−10.91 K for H/V-polarization between 5 cm and the
penetration depth and −11.66 K/−8.839 K for H/V-polarization
between 5 cm and zTeff. The TBs in Fig. 7 are consistent with
the dynamics of zTeff and penetration depth in Fig. 5, where
both are more profound than 5 cm most of the time in a day, i.e.,
higher TBs with lower soil moisture than 5 cm. Only during noon
do TBs simulated by the soil temperature sensing depth inputs
have a TB result higher than 5 cm because zTeff is shallower
than 5 cm.

Fig. 8 demonstrates that the H-polarization exhibits a more
linear relationship between simulations and observations than
the V-polarization. Consequently, the H-polarization brightness
temperature (TB) is deemed more suitable for data assimilation,
as the observation operator can be formulated with greater
precision than that of the V-polarization TB. Regarding data
assimilation, unRMSE is a more valuable reference than bias
regarding soil moisture retrieving. Among the simulation
results from taking θ and T at 5 cm/the penetration depth/zTeff,
zTeff’s result shows larger unRMSE with values of
9.105 K/7.701 K for H/V than 5 cm, which is 7.764 K/4.326 K,
and the penetration depth’s, which is 6.335/6.694 K relatively.
However, despite its practical significance, unbiased estimation
possesses inherent limitations in certain scenarios, potentially
rendering it suboptimal compared with other estimators.
One significant shortcoming of unbiased estimation lies in
its sole reliance on the first moment (mean) as a measure
of accuracy. While this simplifies calculations, it poses
challenges when faced with multiple unbiased estimates of a
parameter, as it becomes difficult to ascertain the most accurate
estimator in a specific context. Moreover, in some instances,
the variance of the unbiased estimate may be substantial,
indicating a greater degree of volatility and instability in the
estimation results. Therefore, when evaluating the accuracy
of TB simulations, it is crucial to consider unbiasedness
and metrics, such as bias and RMSE. The RMSE of zTeff

shows the slightest error, with a value of 12.92 K/11.66 K,
much lower than those of 5 cm (30.2 K/20.48 K) and the
penetration depth (17.89 K/13.95 K). The biases are also
reduced from 26.22 K/12 K for H/V-polarization with fixed
5 cm to −15.48 K/−10.91 K when considering the penetration
depth and further to −11.66 K/−8.839 K when considering
the soil temperature sensing depth zTeff’s. It should be noted
that SMAP requires 0.04 cm3/cm3 volumetric soil moisture
unRMSE, which is about 16 K in TB for SMELR.

V. DISCUSSION

In the context of passive microwave remote sensing for soil
moisture, the soil sensing depth denotes the vertical range of
soil layers detectable by remote sensing instrumentation. This
depth range is paramount in interpreting and utilizing remote
sensing data. First, the soil sensing depth determines how remote
sensing data can capture soil moisture variations. Given that
soil moisture may vary significantly across different soil depths
and that passive microwave remote sensing equipment exhibits
varying detection capabilities, a precise knowledge of the soil
sensing depth is essential for comprehending the soil moisture
status portrayed by remote sensing data. Second, the soil sensing

depth also directly impacts remote sensing data’s spatial reso-
lution and accuracy. In monitoring and retrieving soil moisture,
satellite remote sensing data must be compared and validated
against ground-based measurements. If the soil sensing depth
of the satellite data does not align with the soil depth of ground
measurements, the accuracy and reliability of such comparisons
and validations will be compromised. Therefore, a thorough
understanding of soil sensing depth in passive microwave remote
sensing of soil moisture is pivotal for optimizing the application
of this technology in soil moisture monitoring and retrieval,
thereby enhancing the accuracy and reliability of remote sensing
data interpretation and utilization.

In the passive microwave remote sensing of soil moisture,
accurately determining the soil sensing depth is challenging
due to the intricate influence of factors, such as soil type,
moisture content, and temperature on the soil’s dielectric and
microwave radiation properties [37]. The dielectric constant of
soil serves as a pivotal parameter in determining the dynamic
interplay between microwaves and the soil medium, thereby
significantly influencing the depth of penetration and detec-
tion within the soil. Distinct soil types exhibit varied dielec-
tric constants, resulting in differential effects on microwaves’
penetrability and sensing capabilities. Consequently, the spe-
cific dielectric constant of the soil type in question must be
considered when assessing and determining the optimal soil
detection depth. Additionally, soil moisture represents a crucial
factor that significantly impacts the soil detection depth. As the
moisture content of the soil increases, it leads to alterations
in the dielectric constant, thereby modulating the penetration
efficacy and sensing depth of microwaves. Therefore, the in-
fluence of soil moisture must be duly incorporated into the
analysis when estimating and determining the soil detection
depth. Furthermore, soil temperature also significantly influ-
ences on microwaves’ penetration capacity and detection depth.
As the soil temperature increases, the penetration ability of
microwaves will increase, but at the same time, the impact
of soil moisture will also decrease. Therefore, soil temper-
ature’s influence must be considered when determining soil
detection depth. In summary, choosing soil detection depth is
complex in passive microwave remote sensing of soil moisture,
and the influence of multiple factors must be comprehensively
considered. To accurately determine the soil detection depth,
conducting in-depth research on microwave radiation character-
istics and dielectric constant changes under different soil types,
moisture contents, and temperatures is necessary, as well as
establishing the accurate models and algorithms to invert soil
moisture.

Fig. 9 and Table III show the CMEM simulations with all
incidence angles varying from 30° to 65° (2.5° interval). The
azimuth angle varies at 340°, 340°, 0°, and 20° with the depths’
definitions of 5 cm, the penetration depth, and soil temperature
sensing depth at L/C/X-bands with observations collected in the
experiment. It can be seen that C- and X-band observations also
have great ranges from 150 to 280 K, but the CMEM has weaker
simulation results with a TB interval from 220 to 280 K. The ob-
served values of the L-band vary in the range of 150–290 K, and
the simulation results corresponding to CMEM are more robust
than those of the C/X-band and show a certain linear trend in
the TB range of 150–2700 K, as CMEM was developed first for
the L-band. All simulations have a positive bias compared with
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Fig. 9. TB observations from SMELR versus CMEM simulated brightness
temperature with soil moisture at (a) L-band, (b) C-band, and (c) X-band with
soil moisture and soil temperature inputs from 5 cm (black), the penetration
depth (green), and the soil temperature sensing depth (red) with incidence angle
varies from 30° to 65° (2.5° interval), and the azimuth angle varies at 340°, 340°,
0°, and 20°.

TABLE III
PARAMETERS IN FIG. 9

the observations. However, considering the penetration depth
and soil temperature sensing depth, the CMEM simulation
results are improved by 5–20 K. For the C/X-band, the soil
moisture cal/val ground measurements shall be shallower theo-
retically than the 5 cm assigned in SMAPs cal/val. In fact, 5 cm is
also often used for the advanced microwave scanning radiometer
2-the Japan Aerospace Exploration Agency, Fengyun-3 B/C/D,
the advanced scatterometer soil moisture retrievals [48], [49],

[50], [51], [52], [53], [54], and other merged soil moisture
products, such as ECMWF reanalysis fifth-generation land, the
modern-era retrospective analysis for research and applications,
version 2, and the ESAs climate change initiative for soil mois-
ture [55], [56], [57], [58].

The moisture and temperature sensing depths are not the same
but should be consistent. The tau-z model can formulate the
soil temperature sensing depth because the surface and deep
soil temperatures can be sensed or assumed as constant, and
the soil temperature profiles can sometimes fit the monotonic
hypothesis at a specific time of the day [36]. However, these
assumptions, hypotheses, and data sources don’t exist regarding
soil moisture profile. Thus, it is still unsettled to formulate the
soil moisture sensing depth in math. In this case, the depth of
moisture and temperature sensing are not the same, but their
increase/decrease shall be consistent, as Teff was created to
compensate for the impact of soil moisture on soil temperature
weightings [59]. If the soil surface is wet, the soil optical depth
changes, so soil moisture and temperature sensing depths are
closer to the surface. Otherwise, both will be closer to the soil
moisture/temperature in a deeper layer.

Additionally, the study of L-band passive microwave sensing
depth using the tau-z model has many significant points. First,
the tau-z model helps better understand the effects of soil mois-
ture and other relevant parameters on microwave penetration
depth. Second, the tau-z model facilitates a deeper understanding
of the interaction mechanism between microwaves and soil. It
further helps improve the accuracy and reliability of microwave
remote sensing technology and provides valuable references for
other related fields (such as radar remote sensing and groundwa-
ter detection). In addition, the tau-z model will also contribute
to the development and application of related technologies.
For example, by improving microwave detection technology,
its sensitivity and accuracy to soil moisture can be improved,
thereby providing better technical support for emerging fields,
such as precision agriculture and smart agriculture. Finally, the
tau-z model also helps promote interdisciplinary collaboration
and communication. Since microwave detection involves mul-
tiple disciplines (such as physics, soil science, and agriculture),
research on sensing depth can foster cross integration and drive
innovation in related fields.

The upcoming satellite mission of the Copernicus microwave
imaging radiometer and the Chinese ocean salinity satellite will
carry a radiometer spanning the L-band to the Ka-band. While
this unique design will help enhance the retrieval accuracy of
soil moisture, attention should be paid when using multifre-
quency observations [31]. It is commonly assumed that the
penetration/sensing depth is equal across different frequencies
[49]. It is expected to provide the sensing depth in global
soil moisture products. The tau-z model, which describes the
effective sensing depth of microwaves, can play a significant
role in microwave remote sensing of soil moisture and tem-
perature profiles. This can be achieved using a low-frequency,
wideband radiometer [60], or a multifrequency and multiangular
radiometer [35].

VI. CONCLUSION

This work takes the soil moisture, soil temperature, and other
inputs from the comprehensive remote sensing experiment of the
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water cycle and energy balance in SMELR for the TB simulation
with CMEM. It compares the result with the TB observation at
various incidence and azimuth angles. Since we take the CMEM
with Fresnel’s mode, the soil moisture and soil temperature are
prepared according to three different depth definitions: fixed
5 cm, the penetration depth, and the soil temperature sensing
depth offered by the tau-z model. The result shows the following.

1) The bias can be reduced from 26.22 K/12 K for H/V-
polarization with fixed 5 cm to −15.48 K/−10.91 K
by considering the penetration depth and to −11.66 K
/−8.839 K by considering the soil temperature sensing
depth.

2) RMSE can be reduced from 30.2 K/20.48 K for H/V-
polarization with fixed 5 cm to 17.89 K/13.95 K by con-
sidering the penetration depth and to 12.92 K/11.66 K by
considering the soil temperature sensing depth.

3) For unRMSE, the soil temperature sensing depth is supe-
rior to the other two depths.

We hope that this study can provide valuable information
for studying multiband passive microwave detection depth to
understand soil properties, improve remote sensing technology,
and promote interdisciplinary cooperation.
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