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ARTICLE INFO ABSTRACT
Keywords: Passive microwave observation at multiple frequencies has received increasing research interests due to its
Multi-frequency capability to provide comprehensive information of land surface properties. This paper contributes to the

discrete scattering model simulation of land surface emission and estimation of vegetation optical depth (VOD) at multiple frequencies

:ﬁip using a discrete scattering model with a single set of model parameter values. Validity of the Tor Vergata (TVG)
AMSR2 discrete scattering model in simultaneously reproducing the Soil Moisture Active Passive (SMAP) L-band (1.4

CIMR GHz) and Advanced Microwave Scanning Radiometer 2 (AMSR2) C- (6.925 GHz) and X-band (10.7 GHz) ob-
servations over the Tibetan grassland ecosystem is evaluated. Frequency-specific and multi-frequency calibration
strategies are implemented to find the suitable set of model parameter values and to isolate the impact of fre-
quency on parameter values. On this basis, the calibrated TVG model is further used to estimate the VOD, and to
investigate the impact of microwave frequency and observation angle on the emission simulations and VOD
parameterization.

The results show that both frequency-specific and multi-frequency calibration strategies achieve comparable
and reasonable simulations of SMAP and AMSR2 observations, confirming the feasibility of using an identical
physically-based model (i.e. the calibrated TVG model) to simulate multi-frequency land emission driven by a
single set of model parameter values. As such, the dependence of emission components and VOD on frequency
can be elaborated after isolating the impact of frequency on parameter values. The VOD values derived from the
TVG simulations generally increase with increasing frequency and can be linearly correlated to the LAI varia-
tions, while current satellite-based retrievals have almost the same magnitude at the L-, C-, and X-band. The
explanation for this can be that the retrieved VOD is different from the theoretical definition. Sensitivity test
performed using the calibrated TVG model further shows that polarization-dependence of VOD becomes more
apparent with the increasing observation angle and frequency. New parameterization has thus been developed to
characterize the dependence of VOD on the frequency, observation angle, and polarization for grassland based on
the results of sensitivity test. This study may provide new insights in improving model of land emission and
retrievals of SM and VOD with physical interpretability based on multi-frequency satellite observations.

1. Introduction worldwide monitoring of land surface properties, such as surface soil
moisture (SM) (Mecklenburg et al., 2016; Wigneron et al., 2017),
Passive microwave remote sensing has been widely used for vegetation optical depth (VOD) (Vittucci et al., 2016; Fernandez-Moran
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etal., 2017; Li et al., 2020), vegetation scattering albedo (Konings et al.,
2016, 2017), surface roughness (Karthikeyan et al., 2019), snow (Lem-
metyinen et al., 2016), and irrigation (Zhang et al., 2022). Operational
satellite missions/sensors using this technology include Soil Moisture
Active Passive (SMAP) (Entekhabi et al., 2010) of National Aeronautic
and Space Administration (NASA) launched in January 2015, Advanced
Microwave Scanning Radiometer 2 (AMSR2) instrument (Imaoka et al.,
2010) onboard the Japanese Aerospace Exploration Agency (JAXA)
Global Climate Observing Mission-Water satellite (GCOM-W1) launched
in May 2012, and Soil Moisture and Ocean Salinity (SMOS) (Kerr et al.,
2001) of European Space Agency (ESA) launched in November 2009.
Collectively, they observe the Earth microwave emission over a range of
frequency bands centered at 1.4 GHz up to 89.0 GHz. By assuming
negligible multiple scattering in vegetation canopy (Kurum et al., 2011),
the observed total land surface emission comes from the direct upwell-
ing vegetation emission, the upwelling soil emission attenuated by the
canopy, and the downwelling vegetation emission reflected by the soil
and attenuated by the canopy layer (Mo et al., 1982; Ferrazzoli and
Guerriero, 1996; Wigneron et al., 2017). The relative contribution of
each component largely depends on the wavelength of microwave signal
and the optical density of vegetation canopy (Baur et al., 2019). At lower
frequencies, the microwave radiations are better able to travel through
vegetation (Fernandez-Moran et al., 2017) to provide a strong soil
signal. On the contrary, microwave radiations at higher frequencies
have less penetration into the vegetation, and their information comes
mainly from the upper part of vegetation canopy. Therefore, satellite
observations at multiple frequencies, as implemented by the planned
European Copernicus Imaging Microwave Radiometer (CIMR) mission
(Donlon, 2018), can provide complementary soil and vegetation infor-
mation of the land surface. However, it is still challenging to simulta-
neously model the passive microwave observations at different
frequencies (e.g. L-, C-, and X-band) due to the complex microwave
emission and scattering mechanisms.

The zero™-order radiative transfer model, such as the widely used
Tau-Omega model (Mo et al., 1982) adopted for the L-band microwave
emission of the biosphere (L-MEB) model (Wigneron et al., 2007), SMAP
baseline algorithm (O’Neill et al., 2020), and community microwave
emission model (CMEM) (Holmes et al., 2008; de Rosnay et al., 2009),
has often been used to simulate land surface emission. Among these, the
L-MEB model and SMAP algorithm are specifically developed for L-band
emission simulation, while the CMEM is designed to be able to simulate
multi-frequency passive microwave emission at frequencies ranging
from 1 to 20 GHz via implementing multiple parameterizations for
several key variables such as surface roughness, VOD, soil permittivity
and effective soil temperature. Specifically, the CMEM comprises pa-
rameterizations adopted by the L-MEB model and the Land Surface
Microwave Emission Model (LSMEM) developed by Drusch et al. (2001),
which can be equivalent to the L-MEB model when corresponding op-
tions are chosen. For instance, six parameterizations are adopted by the
CMEM to estimate the impact of surface roughness on emission simu-
lations, whereby several parameterizations such as the one developed by
Wigneron et al. (2007) as also implemented by the L-MEB model is only
applicable to the L-band, while other parameterizations such as the one
proposed by Wegmiiller and Matzler (1999) is suitable for multiple
frequencies.

In general, a number of optical properties must be parameterized
prior to the application of abovementioned models, such as the VOD (1),
single scattering albedo (®), and surface roughness coefficients. For
example, VOD is parameterized as a function of leaf area index (LAI) in
the L-MEB model (Wigneron et al., 2007), and it is related to the vege-
tation water content (VWC) multiplied by a coefficient (b) in the SMAP
algorithm (O’Neill et al., 2020), whereby LAI and VWC are estimated
using optical remote sensing data. As shown in previous studies (Jackson
and Schmugge, 1991; Wigneron et al., 2004; Zhao et al., 2021), the
values of b generally depend on vegetation morphology, wavelength and
polarization. Four parameterizations are adopted by CMEM to compute
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the VOD, including those proposed by Kirdyashev et al. (1979), Jackson
and O’Neill (1990), Wegmiiller et al. (1995), and Wigneron et al. (2007).
On the other hand, o is often parameterized via a land cover type-based
look up table (LUT) and assumed to be independent on frequency in
abovementioned models. It was shown that a large part of differences in
simulating the brightness temperature (T8) by abovementioned models
can be attributed to the selection of different parameterizations of
vegetation properties and/or surface roughness coefficients (de Rosnay
et al., 2009; Montpetit et al., 2015; Chan et al., 2016; Zheng et al.,
2018a, 2018b; de Rosnay et al., 2020). For example, de Rosnay et al.
(2009) used 12 configurations of CMEM to simulate the C-band AMSR-E
Tk observations and found that the Kirdyashev opacity model (Kirdya-
shev et al., 1979) is more suitable for the vegetation conditions in the
West Africa. Zheng et al. (2018b, 2019) modified the parameterizations
of vegetation opacity and surface roughness adopted by current SMAP
algorithm to improve the L-band T} simulations on the Tibetan Plateau.
Recently, de Rosnay et al. (2020) adopted several parameterizations of
the CMEM to simulate the L-band SMOS T§ observations and showed
that the combination of surface roughness and vegetation opacity
models developed by Wigneron et al. (2001, 2007) achieved the best
match between SMOS observations and CMEM simulations. However, it
should be noted that their researches mainly focused on simulating the
Tk at a single frequency due to the fact that no parameterizations of
model coefficients can reproduce well the satellite observations at
different frequencies.

Besides the parametric models, several theoretical radiative transfer
models have been developed and applied to simulate the multi-
frequency microwave emission as well. These models are generally
derived from either an analytical or numerical solution to the Maxwell’s
equations for the interaction of electric or magnetic fields in a weakly
conducting medium (Kornelsen and Coulibaly, 2013). These models are
more mathematically complicated and can be used in a wide variety of
conditions with few a priori assumptions. For instance, a single-layer
random discrete medium model was developed by Lang (1981) based
on the distorted Born approximation, which was shown to be able to
simulate well the airborne L-band radiometer observations over grass-
lands using realistic parameters for the canopy (Saatchi et al., 1994).
Chauhan et al. (1994) also confirmed the suitability of this model to
reasonably simulate the radiometric response of a corn canopy to a
range of SM conditions. It should be noted that the distorted Born
approximation is less suitable for multi-frequency studies with
assumption of a weakly scattering medium. Based on an iterative solu-
tion of the radiative transfer equations, Karam (1997) developed a
physical model to handle canopies of different geometric structure,
which achieved well agreement with observations over corn and soy-
bean canopies. Similarly, a fully polarimetric multiple scattering model
was developed at the Tor Vergata University (shorten as TVG model)
(Bracaglia et al., 1995; Ferrazzoli and Guerriero, 1996) based on the
radiative transfer theory. The “discrete approach” is implemented by the
TVG model to represent the quasi-real geometry of vegetation compo-
nents, and different methods are adopted to approximately simulate the
electromagnetic behavious of each vegetation component at different
frequencies. The matrix doubling algorithm is further implemented to
account for the electromagnetic interactions among all the vegetation
components that includes multiple scattering effects. The TVG model
was also widely used to simulate satellite- and ground-based T} obser-
vations at different frequencies over different land conditions (Della
Vecchia et al., 2010; Guerriero et al., 2016; Vittucci et al., 2016).

Recently, validity of the TVG model was extensively tested for its
application to the Tibetan Plateau mainly covered with grassland (Dente
et al., 2014; Wang et al., 2018; Zheng et al., 2018b; Bai et al., 2019;
Zheng et al., 2021a). The TVG model was firstly implemented by Dente
et al. (2014) to simulate the C-band AMSR-E observations, which was
further adopted to simulate the L-band Aquarius (Wang et al., 2018) and
SMAP observations (Bai et al., 2019). It was shown that the TVG model
can reproduce well the measured T3 signals of single frequency (i.e. C- or
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L-band) via site-specific calibration. In addition, Zheng et al. (2018b)
showed that the calibrated TVG model can be used to derive appropriate
parameterization of VOD that addressed the overestimation of vegeta-
tion opacity on the Tibetan grassland using the SMAP algorithm. How-
ever, different sets of model parameter values were obtained for
different frequencies in the abovementioned studies that focused on the
same study area, and there is no attempt to simulate multi-frequency T
observations using the TVG model up to now. It is still uncertain whether
it is possible to simulate multi-frequency T observations using an
identical physically-based model (e.g. TVG model) based on a single set
of model parameters given the fact that these parameters may be only
dependent on site condition instead of frequency. Therefore, an identical
physically-based model with a single set of model parameters would be a
breakthrough as it would allow for simultaneously simulating micro-
wave emissions and estimating vegetation properties at multiple
frequencies.

In addition to abovementioned parameterizations or estimations
with the theoretical model, the VOD can be directly retrieved from the
T8 observations at different frequencies (i.e. L-, C-, X-, and Ku-band)
along with the retrieval of SM. For instance, both SM and VOD were
retrieved by the SMOS-IC products using the multi-angular and dual-
polarization SMOS T§ observations via inverting the L-MEB model
(Fernandez-Moran et al., 2017). A new mono-angle retrieval algorithm
(SMAP-IB) was developed to retrieve both SM and VOD from the dual-
polarization SMAP T} observations based on the L-MEB model as well
(Lietal., 2022). A multi-temporal dual-channel retrieval algorithm (MT-
DCA) was proposed by Konings et al. (2017) to simultaneously retrieve
the SM, VOD, and o from the dual-polarization SMAP enhanced T}
products. The land parameter retrieval model (LPRM) was adopted to
retrieve SM and VOD based on the microwave polarization difference
index (MPDI) using the multi-frequency AMSR-E observations (Liu et al.,
2011). Recently, Li et al. (2021) have evaluated currently available
multi-frequency VOD products and found that magnitudes of those
VODs are comparable to each other at L-, C-, and X-band. On the con-
trary, Baur et al. (2019) estimated the relative canopy absorption and
scattering at L-, C- and X-band and found that the seasonal amplitudes of
VOD are higher for C- and X-band than for L-band, which exhibits fre-
quency dependence. This phenomenon is consistent with the theory that
the VOD is strongly dependent on the microwave wavelength with
different penetration capability. It should be noted that different
retrieval algorithms were implemented to retrieve the VOD from
different satellites, which may also lead to the frequency independence
of VOD as shown in Li et al. (2021), while the work of Baur et al. (2019)
isolated effects only due to frequency. Therefore, further exploration of
this phenomenon is thus imperative to better interpreting currently
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developed VOD products.

As shown above, most of current works mainly focused on simulating
the satellite-based T3 observations at a single frequency either using the
parametric or theoretical models, which prevent from exploring the
benefit of using multi-frequency observations to detect complementary
soil and vegetation information as planned by the CIMR mission. Since
many needed vegetation (e.g. leaf dimension and water content) and soil
(e.g. surface roughness) parameters are unknown at the satellite foot-
print, most often the theorical model was calibrated using different
satellite observations at each individual frequency, leading to different
parameter values for the same site that is against the fact that these
parameters are only dependent on site condition instead of frequency.
This further prevents from using the theorical model to investigate
whether the VOD depends on frequency since the frequency dependence
of parameter values was not isolated. Therefore, this study investigates
the potential of using an identical physically-based model with a single
set of model parameters to simultaneously simulate the satellite-based
Tk observations and estimate the VOD at multiple frequencies (Fig. 1).
For this investigation, the SMAP L-band (1.4 GHz) and AMSR2 C- (6.925
GHz) and X-band (10.7 GHz) observations are selected since these fre-
quencies are often adopted to retrieve the SM and VOD and will also be
implemented by the CIMR mission. The TVG model (Bracaglia et al.,
1995; Ferrazzoli and Guerriero, 1996) is adopted to simulate the L-, C-,
and X-band emissions over the Tibetan grassland ecosystems given the
fact that in-depth works have been conducted over this region with the
TVG model (Dente et al., 2014; Wang et al., 2018; Zheng et al., 2018b;
Bai et al., 2019; Zheng et al., 2021a). Frequency-specific and multi-
frequency calibration strategies are implemented to find the suitable
set of model parameters (see Table 2 in Section 3.1) using the SMAP and
AMSR2 T observations to isolate the impact of frequency on parameter
values. On this basis, the calibrated TVG model is used to estimate VOD
at the three frequencies that are further used to develop their parame-
terizations and validate currently available satellite-based VOD prod-
ucts. Moreover, the calibrated TVG model is adopted to investigate the
impact of microwave frequency and observation angle on the emission
simulations, as well as to develop parameterization of VOD at multi-
frequency.

This paper is organized as follows. Section 2 introduces the study
area and datasets of SMAP, AMSR2, and VOD products. Section 3 de-
scribes the TVG model and its calibration and validation strategies. The
methods to estimate and parameterize the VOD values at the L-, C-, and
X-band are also given in Section 3. Section 4 presents the multi-
frequency emission simulation and the simulated emission component
of soil and vegetation. The estimated multi-frequency VOD is further
compared to currently developed microwave products in Section 4. In
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addition, the effects of microwave frequency and observation angle on
the emission process are discussed based on the calibrated TVG model.
Further discussion on the TVG derived VOD and current satellite-based
products is given in Section 5, and the development of parameterizations
for VOD at multi-frequency is also discussed. The findings are summa-
rized in Section 6.

2. Study area and datasets

This section introduces in order the study area and in situ SM and soil
temperature (SMST) measurements, SMAP and AMSR2 T3 observations,
MODIS LAI and satellite-based VOD products selected in this study. The
in situ SMST measurements and MODIS LAI product are important input
of the TVG model to characterize the soil permittivity and leaf coverage
conditions (see Section 3.1). The SMAP and AMSR2 T} observations are
adopted to calibrate and validate the TVG model (see Section 3.2), and
the satellite-based VOD retrievals are compared to the VOD values
derived from the TVG simulations to investigate the dependence of VOD
on frequency (see Section 4.3).

2.1. Maqu site and in situ measurements

The Maqu regional-scale SMST monitoring network is situated in the
north-eastern edge of the Tibetan Plateau (33°30’-34°15'N, 101°38'-
102°45'E), which covers an area of approximately 40 km by 80 km
(Fig. 2a). The network was originally equipped with about 20 SMST
profile measuring stations since July 2008 (Fig. 2b), and the SMST are
generally measured at depths of 5, 10, 20, 40 and 80 cm every 15 min
using the EC-TM and subsequent 5TM ECH>0 probes (Decagon Devices
Inc., USA, now Meter group). The elevations range from 3.4 to 3.8 km
above the sea level, and the dominant land cover is seasonal short
grassland (Fig. 2¢). The climate is characterized by dry and cold con-
ditions in the cold season (from November to March) and rainy and
warm conditions in the warm season (from April to October). The pre-
vailing soil type is silt loam according to the measurements taken at 5 cm
soil depth as reported in Dente et al. (2012a) and Zheng et al. (2015). As
part of the Tibetan Plateau Observatory (Tibet-Obs) (Su et al., 2011), the
Maqu network has been selected as one of the international validation
sites for the calibration/validation of SMAP SM products (Colliander
et al., 2017). A more detailed description of the Maqu network is
available in Dente et al. (2012a).

Recently, Zhang et al. (2021) developed a continuous time series of
spatially upscaled surface SM (0-5 cm) products based on the in situ
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measurements taken from the Tibet-Obs for the period from May 2009 to
May 2019. The upscaled product developed for the Maqu network is
used in this study to represent the average surface SM conditions of the
SMAP and AMSR2 grid cells, which was produced using only the sites (i.
e. CST05, NST01 and NST03 shown in Fig. 2b) that provide the longest
continuous measurements. Due to different imaging times of SMAP and
AMSR2 orbits, the in situ SMST measurements are used to represent the
soil conditions corresponding to the ascending and descending over-
passes of SMAP (i.e. 6:00 PM and 6:00 AM at local time) and AMSR2 (i.e.
1:30 PM and 1:30 AM), respectively. Previous studies have shown that
the soil is subject to strong freezing and thawing during the cold season
(Zheng et al., 2017a), and the contribution of vegetation to the land
microwave emission is found to be negligible (Zheng et al., 2021a).
Therefore, only the in situ SMST measurements collected during the
warm seasons (from April to October) are used as inputs to simulate T}
and estimate vegetation properties (e.g. VOD) by the TVG model.

2.2. SMAP product

With the aim of providing global measurements of SM and moni-
toring the landscape freeze/thaw condition, the NASA’s SMAP satellite
was launched in January 2015 (Entekhabi et al., 2010). It is equipped
with an L-band radar (1.26 GHz) and radiometer (1.41 GHz). Due to
hardware malfunction, the radar stopped working on 7 July 2015. The
SMAP observed the Earth from a sun-synchronous, near-circular orbit
with the ascending node at 6:00 PM and descending node at 6:00 AM at
local time. The radiometer measures Tj at a constant incidence angle of
40°with a 2-3 day revisit time. Until now, the SMAP mission has pro-
vided five years products of surface SM (O’Neill et al., 2020), freeze/
thaw conditions (Xu et al., 2020) and root zone SM (Reichle et al., 2020).

In this paper, the SMAP Level-3 global daily radiometer SM product
(version 7, SPL3SMP) with a grid resolution of 36 km is used. The reason
for selecting this data version is that it keeps consistent with the version
of VOD products used in this study (see Section 2.5). The temporal
coverage of this product ranges from April 1, 2015 to October 31, 2018
that is consistent with the availability of in situ SMST measurements (see
Section 2.1). The SPL3SMP includes T}, surface SM, VOD, o, and other
auxiliary data. The SPL3SMP data can be downloaded from the National
Snow and Ice Data Center (https://nsidc.org/data/smap/smap-data.ht
ml). In this study, three SMAP grid cells covering the three representa-
tive monitoring sites (see Section 2.1) are selected and averaged to
represent the SMAP observations of the study area, and only the data
produced in the monsoon season (from April to October) for both AM
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Fig. 2. Geographical location of the Maqu SMST monitoring network.
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and PM overpasses are used.
2.3. AMSR2 product

The AMSR2 sensor onboard the GCOM-W1 satellite measures mi-
crowave emission from the land surface and atmosphere of the Earth
(Imaoka et al., 2010). The GCOM-W1 satellite observes the Earth from a
sun-synchronous sub-recurrent orbit with ascending node at 1:30 PM
and descending node at 1:30 AM, which covers 99% of the Earth every 2
days. The AMSR2 is a multi-frequency microwave radiometer that ob-
serves microwave emission at frequencies of 6.925, 7.3, 10.65, 18.7,
23.8, 36.5, and 89.0 GHz and incidence angle of 55°. Since 2012, the
AMSR2 mission has provided T§ datasets as well as geophysical pa-
rameters including surface SM (https://gcom-w1.jaxa.jp/).

In this paper, the AMSR2 Level-3 dual-frequency (6.925 and 10.65
GHz) observations with a grid resolution of 25 km are used, which are
obtained from the GCOM-W1 data providing service (https://gcom-w1.
jaxa.jp/). The reason for choosing this data version is to match the
subsequent VOD products selected in Section 2.5. In this study, the
temporal coverage is set from April 2015 to October 2018 consistent
with the SMAP data. Two AMSR2 grid cells covering the three repre-
sentative monitoring sites (see Section 2.1) are selected and averaged as
well, and also only the data produced in the monsoon season during both
AM and PM overpasses are used. Using the similar criteria applied in
previous studies (de Nijs et al., 2015), the Tj data is filtered to avoid too
high or too low values caused by the radio frequency interference.

2.4. MODIS LAI product

LAI is an important input parameter for simulating vegetation scat-
tering using the TVG model (see Section 3). The Terra+Aqua MODIS LAI
4-day L4 global products spanning from April 2015 to October 2018
with spatial resolution of 500 m are used in this study, which are
downloaded from EARTHDATA (https://earthdata.nasa.gov). Pre-
processing of the LAI product includes projection, resampling, smooth-
ing, and interpolation. The original SIN Grid is firstly re-projected to a
geographic projection (datum: WGS84), which is then resampled from
500 m to 36 km and 25 km to be consistent with the spatial resolution of
SMAP and AMSR2, respectively. The harmonic analysis of the time se-
ries (HANTYS) filter (Verhoef et al., 1996) is further used to smooth the
MODIS LAI to remove the cloud contamination. Later on, the smoothed
LAI is interpolated with the cubic spline interpolation technique to
compute the LAI values for the acquisition dates of SMAP and AMSR2,
respectively. In this study, the LAI is used as an input of TVG model to
characterize the vegetation status.

2.5. VOD products
Recently developed satellite-based VOD products will be compared

to the estimated VOD results derived from the TVG simulations to
validate their performance in this study. Table 1 lists the VOD datasets
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used in this study, which are mainly obtained from SMAP, SMOS, and
AMSR2 observations.

The SMAP products use the single-channel algorithm (SCA) at ver-
tical or horizontal polarization and dual-channel algorithm (DCA) to
retrieved SM from TR observations (O’Neill et al., 2020). For the SCA,
the VOD is linearly related to the VWC that is a function of NDVI (Chan
et al.,, 2016). For the DCA, the VOD is retrieved along with the SM
(O’Neill et al., 2020). The MT-DCA simultaneously retrieves SM, VOD,
and o from dual-polarization SMAP Backus-Gilbert enhanced Tg prod-
ucts using a moving window to combine retrievals from two consecutive
overpasses (Konings et al., 2017), during which the VOD is assumed to
be constant. The SMOS-L3 is based on a multi-orbit algorithm to retrieve
SM and VOD (Al Bitar et al., 2017), which uses ECMWF SM in the re-
trievals and uses LAI to initialize and constrain VOD retrievals (Al Bitar
etal., 2017; Wigneron et al., 2021). The SMOS-IC retrieves SM and VOD
using the multi-angle and dual-polarization SMOS-L3 T8 products by
means of inverting the L-MEB model (Fernandez-Moran et al., 2017;
Wigneron et al., 2021), which is independent of any auxiliary variables.

The LPRM algorithm simultaneously retrieves SM and VOD (Liu
et al., 2011) based on the microwave polarization difference index
(MPDI) with the use of an analytical retrieval methodology (Meesters
et al., 2005). The C- and X-band VOD produced by the LPRM V5 (Owe
et al., 2008) is used in this study due to the fact that the latest version
(V6) is not publicly available (van der Schalie et al., 2017). The vege-
tation optical depth climate archive (VODCA) combines the VOD re-
trievals derived from multiple sensors at C-, X-, and Ku-band using the
LPRM algorithm (Liu et al., 2011) into a single long-term VOD dataset
(Moesinger et al., 2020). A cumulative distribution function is adopted
by VODCA to scale multi-source VOD retrievals to the one of AMSR-E
VOD to eliminate the biases between the VOD values retrieved from
different sensors. In this study, only C- and X-band VODCA datasets
retrieved from AMSR2 are used. The global land parameter data record
(LPDR) is generated from calibrated, multi-frequency T3 observations of
AMSR-E and AMSR2 (Du et al., 2017), whereby VOD is obtained by
inverting the land-water microwave emissivity slope index (Du et al.,
2017). The LPDR version 2 VOD used in this study is retrieved from
AMSR2 (10.65 GHz).

3. Methods
3.1. TVG model

The TVG model (Bracaglia et al., 1995; Ferrazzoli and Guerriero,
1996) is used in this study to simulate the multi-frequency emission
because its performance was extensively validated in the Maqu area
(Dente et al., 2014; Wang et al., 2018; Zheng et al., 2018b; Bai et al.,
2019; Zheng et al., 2021a). As in previous studies (Dente et al., 2014;
Zheng et al., 2021a), the grass is represented by thin dielectric discs with
random distribution of orientation, whereby the scattering coefficient of
the dielectric discs is computed using the Rayleigh-Gans approximation
(Eom and Fung, 1984) and physical optics approximation (LeVine et al.,

Table 1
Characteristics of the VOD products used in this study.
Product Sensor Frequency Spatial Reference Data Link
Resolution
SMAP-SCA o o .
SMAP-DCA SMAP 36 km (O’Neill et al., 2020) https://nsidc.org/data/SPL3SMP/versions/7
MT-DCA 9 km (Konings et al., 2017) http://afeldman.mit.edu/mt-dca-data
R ./ ;www.catds. fr/Pr ts/Products-acc
SMOS-L3 1.4 GHz (L-band) (Al Bitar et al., 2017) :Sl;ps//w ww.catds.fr/Products/Products-acc
SMOS
Fernandez-Moran et al., 2017; Wigneron et al. .
SMOS-IC (202;)“]( ez-Moran et al., 2017; Wigneron et al., https://ib.remote-sensing.inrae.fr/
. 25 km
VODCA (Vi 6.925 GHz (C-
1 (Version band) 2 ( (Moesinger et al., 2020) https://zenodo.org/record/2575599
LPRM (Version 5) AMSR2 10.65 GHz (X-band) (Liu et al., 2011) https://geo.vu.nl/~jeur/lprm/index.html
LPDR (Version 2) 10.65 GHz (X-band) (Du et al., 2017) http://files.ntsg.umt.edu/data/LPDR _v2/
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1983) for frequency below and above 5 GHz, respectively. Thickness,
radius, and permittivity of the disc and leaf coverage are necessary to
compute the scattering and absorption coefficients of grass. The LAI
derived from the MODIS product (see Section 2.4) is used to describe the
leaf coverage. The vegetation mixing model developed by Matzler
(1994) is adopted to compute the vegetation permittivity with gravi-
metric moisture of the disc as input. The soil surface is described as a
homogeneous half-space with a rough interface that is simulated by the
integral equation model (IEM) (Fung, 1994). The soil permittivity, root
mean square (RMS) height, and correlation length of surface roughness
are required to parameterize the IEM model. The soil permittivity is
estimated with the four-phase dielectric mixing model developed by
Birchak et al. (1974) that has been extensively validated (Schwank et al.,
2004; Zheng et al., 2017b; Zheng et al., 2021a). The upscaled surface SM
at 5 cm developed by Zhang et al. (2021) (see Section 2.1) is used to
estimate the soil permittivity for different frequencies (i.e. L-, C-, and X-
band). Here we assume soil moisture to be vertically uniform within the
emission depth at L-, C-, and X-band as in Baur et al. (2019). As shown in
Baur et al. (2019), the near-hydrostatic profile is the most likely state of
moisture in the soil column during the overpass of SMAP and AMSR2
satellites. The presence of litter is also included in the soil scattering
contribution, which is modeled as a mixture of air and dielectric mate-
rial overlaying the soil. Litter moisture content and biomass are neces-
sary to compute the scattering matrices for the litter. The matrix
doubling method (Eom and Fung, 1984) is applied twice: once to
compute the total vegetation contribution and once to obtain the total
contribution by combining vegetation contribution with that of the soil-
litter medium. The emissivity (e) is computed by applying the Kirchoff’s
energy conservation law, and T} is obtained as the product of e and soil
effective temperature that is computed using the theoretical formulation
developed by Choudhury et al. (1982) with the profile SMST measure-
ments as input. A more detailed description of the TVG model can be
found in Dente et al. (2014) and Zheng et al. (2017b).

The needed input parameters for the TVG model to simulate the
SMAP and AMSR2 T} observations are summarized in Table 2, which
can be categorized into five types related to satellite sensor configura-
tions, and properties of soil surface, canopy, leaves and litter. Specif-
ically, the TVG model is implemented to simulate the T} observations at
L- (1.41 GHz), C- (6.925 GHz), and X-band (10.65 GHz) with incidence
angles of 40°, 55°, and 55°, respectively. The SM and LAI are obtained
from the upscaled SM dataset (see Section 2.1) and MODIS LAI product
(see Section 2.4) to characterize soil permittivity and leaf coverage
conditions. Supported by the results of sensitivity analysis conducted by
previous studies for the Maqu area (Dente et al., 2014; Wang et al., 2018;
Bai et al., 2019), six relatively sensitive model parameters for emission
simulation are chosen to optimize the TVG model using the SMAP and
AMSR2 T} observations, namely the ratio of litter moisture content to
SM (Plitter), litter biomass (Blitter), disc radius (add), plant moisture
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content (vgwc), RMS height (sig), and correlation length (Iz). Other
relatively insensitive model parameters are derived from Dente et al.
(2014), including autocorrelation function of surface roughness (ACF),
disc thickness (Idd) and angular distribution as listed in Table 2. These
parameters are assumed to be constant for the entire warm seasons
except the SM and LAL Detailed description of the optimization methods
for the six selected sensitive model parameters is given in following
section. The outputs of the TVG model include the simulated total T8 at
the vertical (T‘é) and horizontal (TE) polarizations, vegetation and soil
emission components, and vegetation transmissivity for the three
selected frequencies.

3.2. Model calibration and validation

In this study, the TVG model is calibrated using the SMAP and
AMSR2 T} observations to obtain values for the six selected unknown
model parameters as listed in Table 2, i.e. the ratio of litter moisture
content to SM (Plitter), litter biomass (Blitter), disc radius (add), plant
moisture content (vgwc), RMS height (sig), and correlation length ().
Two different calibration strategies are implemented. In the first cali-
bration case (called as “Sim1”), the six model parameters are optimized
to match the TVG simulation with either the L-band SMAP or the C—/X-
band AMSR2 observations acquired at AM and PM overpasses, respec-
tively. For this case, three sets of calibrated model parameter values can
be obtained for the three frequencies, and the corresponding cost
functions are listed as follows,

7RMSE(T{,’AM> RMSE(T},)  RMSE(Tipy) RMSE(T} )

S, =
AT‘gl.z“xIl/I.L AT‘XAM.L AT‘gl.PM.L AT‘l‘;‘PM.L
(1a)
RMSE(TiL) RMSE(TY.) RMSE(Tiy,) RMSE(TY)
Sc =
AT;{AM.C ATX,AM,C ATgl,PM.C ATXPMC
(1b)
RMSE(T;;'AM) RMSE(T,;AM) RMSE(T;;,,M> RMSE(T,;_,,M)
Sy =

AT i x ATg v x AT pyx AT pyrx

(1)

where RMSE(.) stands for the root mean square error computed between
TVG simulations and satellite observations, and A indicates the standard
deviation of satellite observations selected for model calibration. It
should be noted that the weights of polarization (i.e. T}BI and T};’) and
overpass time (i.e. AM and PM) are considered equal to obtain the
optimized parameters in the cost function.

In the second calibration case (called as “Sim2”), the L-band SMAP
and the C- and X-band AMSR2 T} observations are simultaneously used

Table 2
Input parameters for the TVG model to simulate the SMAP and AMSR2 observations.
Input Definition Label Values/Ranges
Sensor frequency (GHz) f 1.41 (SMAP-L); 6.925 (AMSR2-C); 10.65 (AMSR2-X)
observation angle (°) 0 40 (SMAP); 55 (AMSR2)
soil moisture (m®/m%) my Upscaled surface SM based on in situ measurements Zhang et al. (2021)
. RMS height (cm) sig [0.1:0.1:2.0]* . .
Soil surface correlation length (cm) Iz [1:2:19]* Calibration
autocorrelation function ACF exponential Dente et al. (2014)
Canopy LAI (cm?/cm?) lai MODIS LAI product
disc radius (cm) add [1.0:0.1:1.6]* Calibration
Leaves d%sc thickness ,(Cn?) . ldd 0.02 Dente et al. (2014)
disc angular distribution - random
plant moisture content (g/g) vgwe [0.4:0.1:0.9]*
. . 3, 3 . gmoist = Plitterxmy . .
Litter litter moisture content (m°/m®) gmoist Plitter — [0.5:0.5:2.0]* Calibration
litter biomass (g/cm?) Blitter [0.00:0.02:0.10]*

" x1: x2: x3: calibrated values change from x1 to x3 with interval of x2.
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to optimize the six model parameters. In this case, only a single set of
calibrated model parameter values is obtained for the three-frequency
T4 simulations, and the corresponding cost function is listed as follows,

Sarr, = Sp +Sc + Sx 2

It should be noted that the weights of polarization, overpass time and
frequency (i.e. L-, C-, and X-band) are considered equal to obtain the
optimized parameters in the cost function.

The first calibration strategy (i.e. Sim1) was extensively adopted by
previous studies (Dente et al., 2014; Wang et al., 2018; Bai et al., 2019)
to match the TVG simulation with different satellite observations at
different frequencies. Although this strategy generally leads to different
sets of parameter values for the same study area, it may produce the best
match between the TVG simulation and satellite observations at each
individual frequency. On the other hand, the second calibration strategy
(i.e. Sim2) can avoid the impact of frequency on parameter values,
allowing the TVG model to simultaneously simulate the satellite ob-
servations and estimate the VOD at multiple frequencies using a single
set of parameter values. As such, the dependence of VOD on frequency
can be elaborated. In addition, it may imply that the selected model
parameters are not frequency dependent if the performance of Sim2 is
comparable to the Sim1.

In both calibration cases, the previous two years’ data of SMAP and
AMSR2 observations (i.e. 2015 and 2016) are used for model calibration
and the remaining two years’ data (i.e. 2017 and 2018) are used for
model validation. A look up table (LUT) method is applied to find a set of
input parameters that can minimize above cost functions using the
method proposed by Bai et al. (2019). Specifically, the range for the
Plitter value is set between 0.5 and 2.0 with interval of 0.5, and the Blitter
value ranges from 0 to 0.1 g/cm? with increment of 0.02 g/cm?. The
value of vgwc changes from 0.4 to 0.9 g/g with interval of 0.1 g/g, and
the add value ranges from 1.0 to 1.6 cm with interval of 0.1 cm. The sig
value ranges from 0.1 to 2.0 cm with interval of 0.1 cm, and the value of
Iz changes from 1 to 19 cm with increment of 2 cm. There are about
201,600 simulations based on the parameter combinations, i.e. 4 (Plit-
ter) x 6 (Blitter) x 7 (add) x 6 (vgwc) x 20 (sig) x 10 (Iz) =201,600. As in
Bai et al. (2019), the values of the cost function are computed by
executing the iteration of all possible combinations during the calibra-
tion period, and the optimized parameters are obtained via searching
among all simulations to find the global minimum of the cost function.

3.3. Estimation and parameterization of VOD

As in previous studies (Ferrazzoli et al., 2002; Zheng et al., 2018b),
VOD can be estimated from the simulated transmissivity (y7) of the
vegetation canopy by the TVG model as,

VOD? = —In(y") X cosf 3)
where p stands for the polarization (p = H, V), and 6 is the incidence
(observation) angle of satellite observations.

VOD derived from the TVG simulations are further compared to

recently developed VOD products (see Section 2.5), and are also used to
develop corresponding parameterizations as in Zheng et al. (2018b),

VOD” = b x LAI ()]

Table 3
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where b represents the coefficients depending on microwave frequency.
The selection of LAI for parameterizing VOD mainly follows the work of
Jackson and O’Neill (1990) and Wigneron et al. (2007), whereby VOD is
related to VWC that is described as a function of LAI.

4. Results
4.1. Multi-frequency emission simulation

Table 3 lists the optimized parameters of the TVG model in Sim1 (see
Section 3.2) by minimizing the cost functions in Egs. (1a)-(1c) for the L-
band SMAP, and C- and X-band AMSR2 T} observations, respectively. In
general, the optimized parameter values are different for the three fre-
quencies in Sim1, and the values are closer to each other for the C- and X-
band AMSR2 observations. The obtained parameter values for the C-
band are also comparable to those reported by Dente et al. (2014) using
C-band AMSR-E observations for the 2009 monsoon season (see Table 3
in Dente et al. (2014)). The optimized parameters obtained in Sim2 by
minimizing the cost function in Eq. (2) for all three frequencies are also
given in Table 3, which are different with those of Siml as well.
Nevertheless, it can be found that the values of litter parameters (i.e.
Plitter and Blitter), disc radius (add) and correlation length (lz) are
comparable to each other between different frequencies and calibration
strategies, while the values for vegetation water content (vgwc) and RMS
height (sig) show large differences. The possible reason may ascribe to
different penetration capability at different frequencies. At L-band, the
observed total scattering mainly comes from the soil surface, which thus
leads to a relatively larger RMS height. At C- and X-band, the vegetation
scattering contribution is far beyond the soil scattering component,
leading to relatively larger vegetation water content.

Tables 4 and 5 show the error statistics, i.e. bias, RMSE, unbiased
RMSE (ubRMSE), and correlation coefficient (R), computed between the
Tk observations and simulations produced by the Sim1 and Sim2 during
both AM and PM overpasses for the calibration and validation periods,
respectively. As for the calibration results of Sim1, the calibrated TVG
model shows good performance in simulating the SMAP and AMSR2 T}
observations based on frequency-specific calibration. In general, the
TVG simulations better capture the high frequency AMSR2 observations
than the low frequency SMAP observations during the AM overpass as
indicated by lower bias and RMSE values, while the performance is
comparable to each other during the PM overpass. The simulations
better capture the SMAP observations at PM than those at AM as indi-
cated by lower bias and RMSE values and higher R value. On the con-
trary, the Siml better captures the AMSR2 observations at AM than
those at PM especially for the X-band as indicated by lower bias and
RMSE values. However, it should be noted that the R values for the PM
are generally higher than those of AM for both C- and X-band. For the
three frequencies, the T} observations are generally better simulated
than the TH as indicated by lower RMSE values. For the validation
period, the magnitudes of bias and RMSE of Sim1 are comparable to
those of the calibration period, indicating good performance and
transferability of the calibrated TVG model. The TVG simulations also
capture better the T§ observations for the three frequencies as in the
calibration period.

In comparison to Sim1, Sim2 attempts to find an identical set of input

Optimized parameter values for the TVG model using the SMAP and AMSR2 observations based on two calibration strategies.

Simulation Satellite data Optimized parameters
Plitter (—) Blitter (g/cmz) vgwe (g/8) add (cm) sig (cm) Iz (cm)
Sim1 SMAP-L 1.5 0.02 0.5 1.6 1.7 3
AMSR2-C 2 0.04 0.9 1.6 0.8 3
AMSR2-X 2 0.04 0.7 1.5 0.6 1
Sim2 SMAP-+AMSR2 2 0.02 0.7 1.6 1.9 5
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Table 4
Error statistics for the TVG model simulations of T during calibration and validation periods.
Satellite Simulation Calibration Validation
Bias RMSE ubRMSE (K) R Bias RMSE (K) ubRMSE R
X) X) (K) (K)
AM
SMAP-L Sim1 —5.04 10.82 9.58 0.76 —-1.95 10.13 9.94 0.81
Sim2 -3.16 10.47 9.98 0.75 -0.39 9.92 9.91 0.80
Sim1 0.51 7.22 7.20 0.78 2.21 7.10 6.75 0.80
AMSR2-C Sim2 1.80 8.01 7.81 0.78 3.39 7.92 7.16 0.80
Sim1 1.01 4.01 3.88 0.74 1.84 4.60 4.22 0.78
AMSR2-X Sim2 0.05 4.28 4.28 0.72 1.03 4.64 4.53 0.76
PM
SMAP-L Sim1 2.57 7.45 6.95 0.91 6.21 10.43 8.37 0.86
Sim2 4.90 8.37 6.78 0.91 7.96 11.70 8.57 0.86
AMSR2-C S%ml 0.45 7.20 7.19 0.87 5.41 9.93 8.33 0.84
Sim2 1.79 7.28 7.06 0.87 6.60 10.49 8.15 0.84
Sim1 —-3.47 7.79 6.97 0.86 0.73 7.88 7.85 0.82
AMSR2-X Sim2 —4.45 8.11 6.79 0.84 —0.14 7.69 7.69 0.81
Table 5
Error statistics for the TVG model simulations of Ty during calibration and validation periods.
Satellite Simulation Calibration Validation
bias (K) RMSE (K) ubRMSE (K) R bias (K) RMSE (K) ubRMSE (K) R
AM
SMAP-L Sim1 —-3.47 8.13 7.35 0.77 —-0.92 7.17 7.11 0.83
Sim2 —4.29 9.12 8.04 0.76 —-2.13 7.65 7.34 0.83
Sim1 1.99 3.40 2.76 0.78 2.25 3.65 2.87 0.85
AMSR2-C Sim2 1.79 4.60 4.23 0.77 2.23 4.39 3.79 0.84
Sim1 0.60 2.42 2.34 0.70 0.75 2.53 2.42 0.81
AMSR2-X Sim2 1.36 2.76 2.40 0.65 1.49 2.98 2.58 0.79
PM
SMAP-L Sim1 1.35 4.68 4.48 0.93 4.30 7.45 6.08 0.89
Sim2 0.70 5.14 5.09 0.93 3.17 7.41 6.70 0.89
Sim1 —4.14 6.28 4.72 0.86 —0.64 5.03 4.99 0.85
AMSR2-C Sim2 —4.27 6.03 4.26 0.84 —0.65 4.57 4.53 0.85
Sim1 —7.67 8.85 4.42 0.82 —4.30 6.25 4.54 0.83
AMSR2-X Sim2 —6.89 8.35 4.72 0.79 —3.54 5.99 4.84 0.80

parameters to simultaneously capture well both the SMAP and AMSR2
observations at different frequencies. Interestingly, the performances of
Sim2 are comparable to Siml for both the calibration and validation
periods. Specifically, the R values obtained for Sim1 and Sim2 are close
to each other for both polarizations especially at L- and C-band during
both calibration and validation periods. Regarding to RMSE and
ubRMSE, the values obtained for Sim1 and Sim2 are also comparable to
each other, with maximum RMSE and ubRMSE differences noted be-
tween Siml and Sim2 are less than 1.20 and 1.50 K. These statistical
indicators demonstrate the possibility to simulate multi-frequency T3
observations using an identical physically-based model (i.e. TVG model)
based on a single set of model parameters. Similar to Sim1, the T} ob-
servations are also better captured by Sim2 for the three frequencies.
Figs. 3a-3c show respectively the time series of SMAP L-band and
AMSR2 C- and X-band TB observations and simulations produced by
both Siml and Sim2 during the PM overpass for both calibration and
validation periods. The results of AM are similar to those of PM, and thus
only the results of PM are shown as examples. The gap noted for the
simulations in 2016 is caused by the absence of in situ SM measurements.
The Th observations at both polarizations generally increase with
increasing frequency, and the increments are relatively larger from L- (i.
e. 1.4 GHz) to C-band (i.e. 6.9 GHz) and smaller from C- to X-band (i.e.
10.65 GHz). In addition, the T observations also increase from spring to
the middle of summer and then decline towards the winter due to
growth and senescence of vegetation. The plots illustrate that the cali-
brated TVG model captures well the seasonal dynamics and magnitudes
of SMAP and AMSR2 measured T§ and Ty especially at L- and C-band
during both the calibration and validation periods. Also, variations

observed over short time scales are well captured by the TVG simula-
tions such as the peak of vegetation growth between July 29 and August
12 in 2017 as shown in Fig. 3. Fig. 3 also shows that the simulations
produced by Sim1 and Sim2 are comparable to each other for the three
frequencies at both polarizations, confirming the suitability to use the
TVG model based on a single set of model parameters to simulate
satellite-based T§ observations at different frequencies. This also allows
using the TVG model to estimate multi-frequency vegetation properties
and investigate the dependence of VOD on frequency after isolating the
impact of frequency on parameter values. Therefore, the Sim2 simula-
tions are used for the further analysis in the following sections.

4.2. Estimation of the emission components and VOD

Fig. 4 shows the emission components produced by the Sim2 simu-
lations for the three frequency at PM during the whole study period. As
expected, the component of vegetation increases with the growth of
vegetation and decreases with the senescence of vegetation for the three
frequencies, while the soil component with consideration of vegetation
attenuation shows an opposite change trend especially at the C- and X-
band. For instance, the vegetation component generally reaches its
maximum while the soil component declines to its minimum at the peak
of vegetation growth especially for the C- and X-band. In general, the
value of vegetation component at horizontal polatization is higher than
at the vertical polarization, while the soil component shows opposite
polarization dependence.

Due to different penetration capability, the amplitudes of the simu-
lated vegetation and soil components are different for the three selected
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Fig. 3. Time series of (a) SMAP L-band, and AMSR2 (b) C- and (c) X-band T4 and Ty observations and simulations at PM produced by the Sim1 and Sim2 during both
calibration (2015-2016) and validation (2017-2018) periods separated by a vertical dotted line.

frequencies. At L-band (1.4 GHz), the vegetation component is very
small (< 50 K) even at the peak of vegetation growth, and the soil
component dominates the total emission during the whole study period.
A similar finding has also been reported by previous studies (Wang et al.,
2018; Zheng et al., 2018b; Zheng et al., 2021a). For the C- (6.9 GHz) and
X-band (10.7 GHz), the vegetation component is much larger and
dominates the total emission during the vegetation growth period from
early June to the middle of October, while the soil component dominates
in the remaining period. These results confirm the stronger capabilites of
low frequency (e.g. L-band) in detecting SM, while the higher frequency
(e.g. C- and X-band) are more affected by the vegetation coverage
especially during the growth period. In summary, the big differences
noted between the simulated vegetation and soil contributions at L-band
and those for C- and X-band are mainly affected by the penetration
capability of different frequencies, which is further elaborated in Section
4.4.

Fig. 5 shows the estimated VOD using Eq. (3) based on the Sim2
simulations for the three frequency at PM during the whole study period.
The values of VOD generally increase with increasing frequency, and
they are much smaller at L-band than at C- and X-band. This is more than
expected for L-band for SM monitoring and may have contributed to the
large improvement in the SM products going from C- to L-band. In

addition, the seasonal amplitudes of VOD also increase with increasing
frequency from L- to X-band with C- and X-band being very similar, and
similar finding was also reported in Baur et al. (2019). These results are
in line with the theoretical principle that the vegetation contribution
increases with increasing frequency due to increasing extinction effect,
leading to larger VOD values at higher frequency than those at lower
frequencies. In addition, the VOD value at the horizontal polarization is
larger than at the vertical polarization especially at peak biomass due to
the fact that the simulated vegetation component is also larger at the
horizontal polarization (Fig. 4), and the difference is much smaller at L-
band. This supports the assumption of polarization independence for the
VOD in the SMAP and SMOS algorithms for grassland. The estimated
VODs for the three frequencies generally follow the dynamics of vege-
tation growth, which can be linearly correlated to the LAI variations
using Eq. (4) as in Zheng et al. (2018b), whereby the coefficient b is
fitted from the estimated VOD and MODIS LAI product. The obtained b
values generally increase with increasing frequency (Fig. 5), and the
values for the C- and X-band are more than ten times larger than the one
of L-band, i.e. 0.024, 0.238 and 0.328 for the L-, C- and X-band. The high
correlation found between the TVG derived VODs and the LAI for all
three frequencies is mainly due to the vegetation water content of
grassland is primarily determined by the amount of foliage in the
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growing season that is characterized by the MODIS LAI product in the
TVG model (see Section 3.1). Similar result was also achieved by Moe-
singer et al. (2020) in grassland dominated regions.

4.3. Comparison of multi-frequency VOD products

As shown in Li et al. (2021), current satellite-based VOD products
present comparable magnitudes at different frequencies, which is con-
trary to theory that the VOD exhibits frequency dependence as
confirmed by Baur et al. (2019). To further explore this phenomenon,
the magnitudes and seasonal patterns of current satellite-based VOD
products are compared to the TVG derived VODs over the Tibetan
grassland. Fig. 6a shows the time series of VOD derived either from the
L-band SMAP and SMOS products (see Table 1) or from the TVG simu-
lations during AM overpass due to the fact that the MT-DCA VOD
product is only available at AM overpass. The SMAP VOD values (i.e.
SMAP-SCA, SMAP-DCA, and MT-DCA) are much larger than the TVG
VOD as also reported by Zheng et al. (2018b). The SMOS VOD values (i.
e. SMOS-L3 and SMOS-IC) are closer to the TVG VOD but with larger
variations that can be attributed to the impact of radio frequency
interference (Dente et al., 2012b). It can be also found that the seasonal
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dynamics of L-band VOD derived from current products are larger than
the TVG VOD.

Fig. 6b and ¢ show the VOD derived from the C- and X-band AMSR2
products (see Table 1) during PM overpass, respectively. The TVG VOD
is also shown for comparison purpose. The seasonal changes of C-band
VOD derived from the VODCA and LPRM products are smaller than the
TVG VOD, whereby the corresponding values are much lower than the
TVG VOD during the vegetation growth period from June to August.
Similar to the C-band, the X-band VOD of the VODCA and LPRM are also
much smaller than the TVG VOD during the vegetation growth period.
On the contrary, the LPDR VOD is generally larger than the TVG VOD.
Nevertheless, the seasonal dynamics of X-band VOD derived from cur-
rent products are also smaller than the TVG VOD as the C-band.

In summary, both the TVG VOD and the satellite-based VOD prod-
ucts show similar seasonal pattern that generally follows the LAI vari-
ations, while different amplitudes can be noted between the TVG
estimations and VOD retrievals. An interesting finding is worth pointing
out that the amplitude of TVG VOD generally increases with increasing
frequency especially from L- to C-band. However, this phenomenon is
not obvious in current satellite-based VOD retrievals. Compared to the L-
band and X-band products, the values of C-band VOD products show
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smaller differences in comparison to the TVG estimations. Large differ-
ences between the TVG derived VODs and VOD products generally occur
at the summer peak, and the C-band products almost capture the peak of
TVG estimations. Further discussion on the noted differences between
the VOD products and TVG derived VODs is given in Section 5.

4.4. Sensitivity test of emission simulations

As shown in Sections 4.2 and 4.3, an identical physically-based
model (i.e. the calibrated TVG model) with a single set of model
parameter values shows the great potential to investigate the impact of
frequency on simulating the land emission and associated components
as well as estimating the VOD after isolating the impact of frequency on
parameter values. A jump in behavior between L- and C-band and little
difference between C- and X-band emission simulations and VOD esti-
mations is found, which is attributed to the penetration capability of
different frequencies, but the impact of observation angle cannot be
isolated. Therefore, numerical experiments are performed in this section
using the calibrated TVG model to further investigate the impact of
microwave frequency and observation angle on the emission simulations
and VOD estimations. The frequency under investigation includes P-
(0.435 GHz), L- (1.41 GHz), S- (3.2 GHz), C- (6.925 GHz), X- (10.65
GHz), and K-band (18.7 GHz), which corresponds to the frequency
configuration implemented by current operational satellites (e.g. SMAP,
SMOS, and AMSR2) or planned missions (e.g. CIMR). The reason for the
inclusion of P-, S-, and K-band is attributed to that it helps for investi-
gating the jump behavior from low to high frequency in simulating
emission and estimating VOD. The observation angles set for the simu-
lations range from 0° to 60° with interval of 5°. The SM changes from
0.01 to 0.50 m®/m?® with interval of 0.01 m®/m® and the LAI varies from
0.1 to 6.0 m%/m? with increment of 0.1 m?/m?. The soil temperature is
set to 20 °C, and values of other model parameters are identical to the
Sim2 (see Tables 2 and 3). Three groups of soil and vegetation conditions
are analyzed, i.e. low SM (0.10 m®/m®) and LAI (1.0 mz/mz), medium
SM (0.30 m®/m®) and LAI (2.5 m%/m?), and high SM (0.50 m*/m?>) and
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LAI (5.0 m?/m?). The results for the second group are presented in Fig. 7
as examples, and those of first and third groups are shown in Figs. Al
and A2 (see Appendix A) due to similar results as the second group.

At different observation angles, values of both TH and TY simulations
increase with increasing frequency from P- to C-band except the T}
simulation at large observation angles (e.g. 60° for the three groups).
The increment increases with increasing angle for the TH, while the T}
shows opposite trend that follow the Fresnel behavior. On the contrary,
a slight decreasing trend can be noted for the T simulations when fre-
quency is further increased from C- to K-band due to the decrease of soil
contribution. The values of soil emission are comparable to each other
for P-, L-, and S-band especially at low observation angle (< 40°), and
decrease with increasing frequency from S- to K-band. Notably, the
decline is significant from S- to C-band. In contrast, the values of vege-
tation contribution generally increase with increasing frequency espe-
cially from S- to C-band, and also increase with increasing vegetation
coverage (i.e. LAI values) particularly for frequency between S- and K-
band. Accordingly, the estimated VOD values increase with increasing
vegetation coverage and frequency especially from S- to K-band as well.
In addition, the polarization-dependence of VOD becomes more
apparent with the increasing observation angle and frequency. This
means the polarization-independence assumption of VOD will be invalid
at relatively large observation angle especially at high frequency.
Nevertheless, the polarization-independence assumption implemented
by current retrieval algorithms of SMAP mission (L-band, 40°) (O’ Neill
et al., 2020) sounds reasonable. The soil contribution generally domi-
nates the total emission at low frequencies especially at P- and L-band,
which confirms the superiority of using P- and L-band to detect SM
dynamics. The contribution of soil emission generally decreases with
increasing vegetation coverage and frequency due to increasing vege-
tation attenuation.

For different frequencies, the differences between the soil emission at
horizontal and vertical polarizations increase with increasing observa-
tion angle especially at low frequency (e.g. P-, L- and S-band) that follow
the Fresnel behavior, which leads to similar trends noted for the
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differences between T4 and Tj. Similarly, the differences between the
vegetation emission and VOD at horizontal and vertical polarizations
also increase with increasing observation angle especially at high fre-
quency (e.g. C-, X-, K-band). In general, both T§ and soil emission
monotonically decrease with increase of SM due to decrease of soil
emissivity at low frequency (e.g. P-, L-, S-band), and the changes are
much smaller at high frequency and vegetation coverage due to
increasing vegetation attenuation.

5. Discussion

Microwave observations at multiple frequencies as implemented by
the CIMR mission have received increasing research interests due to its
capability to provide multi-channel information of soil and vegetation
with multi-frequency configuration. Recently, Zhao et al. (2021) have
shown that increasing the number of observation channels (e.g. fre-
quency and/or observation angle) could increase the degree of infor-
mation and make the SM retrieval more robust. Although several
parametric (e.g. CMEM) and theoretical models (e.g. TVG model) have
been developed to allow for simultaneously simulating the microwave
observations at multiple frequencies, up to now no work was carried out
to validate their performance in capturing the satellite observations at
different frequencies. In addition, the theorical model was usually
calibrated using satellite observations at each individual frequency to
obtain the unmeasurable physical features of vegetation and soil pa-
rameters at the satellite footprint. This often leads to different parameter
values for different frequencies at the same site (e,g. Dente et al., 2014;
Wang et al., 2018; Bai et al., 2019), which is against the fact that these
parameters in the theoretical models are only dependent on site condi-
tion instead of frequency. In other words, these parameters may lose
their physical interpretability and become “effective parameters” by
imposing different values for different frequencies. As the first attempt,
this paper shows the validity of using an identical physically-based
model (i.e. TVG model) with a single set of model parameter values to
reproduce well the SMAP L-band and AMSR2 C- and X-band T obser-
vations over Tibetan grasslands. As such, the dependence of emission
components and VOD on frequency can be elaborated (see Sections
4.2-4.4) after isolating the frequency dependence of parameter values.

As shown in Sections 4.2 and 4.3, the TVG derived VODs show fre-
quency dependence with values and associated amplitudes increasing
with frequency. The values at C- and X-band are more than ten times
larger than the one of L-band. This is in line with the theory that the VOD
senses the vegetation canopy with different layer and depths due to
different penetration capability of observation frequency (Baur et al.,
2019; Moesinger et al., 2020). On the contrary, the satellite-based VOD
retrievals have almost the same magnitude at the L-, C-, and X-band as
also reported by Li et al. (2021). One possible reason for this can be
related to the compensation between surface roughness and vegetation
effects when retrieving both VOD and SM from satellites. This indicates
that the satellite VOD may be only an effective vegetation index tuning
for SM retrieval rather than a physical parameter that represents the
intensity of microwave extinction effects within the vegetation canopy
(Wigneron et al., 2017). In other words, the satellite VOD may have
different meanings in comparison to the TVG estimations with physical
significance, which nevertheless, can be used to monitor the vegetation
dynamics (Fan et al., 2019; Wigneron et al., 2020).

Recently, Zhao et al. (2021) indicated that frequency-dependence of
VOD should be considered in the Tau-Omega model (Mo et al., 1982) to
improve the SM retrievals based on a multi-frequency approach. In
addition, our study also shows that the dependence of VOD on obser-
vation angle and polarization should not be ignored as well (e.g. see
Fig. 7). Based on the results of sensitivity test using the calibrated TVG
model (see Section 4.4), a new parameterization has thus been further
developed in this study to characterize the dependence of VOD on the
frequency, observation angle, and polarization for grassland (see Ap-
pendix B). Specifically, Eq. (B4) is proposed to represent the impact of
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frequency, observation angle, and polarization on the relationships
found between the VOD and LAIL As in Wigneron et al. (1995, 2007), the
coefficient tt; ,,q is introduced to represent the impact of polarization
and observation angle on the VOD, and the values of which are found to
be different at the horizontal and vertical polarizations (see Table B1).
Fig. 8 shows the scatterplots between the TVG derived VOD based on the
results of sensitivity test and those estimated by using the new param-
eterization (i.e. Eq. (B4)). The corresponding RMSE and ubRMSE
computed between them are also shown. The scatterplots and statistical
indicators generally show that the new parameterizations are able to
reproduce well the TVG derived VOD at different frequencies, leading to
RMSEs and ubRMSEs of less than 0.072 and 0.068, respectively. The
new parameterization could thus provide a way to address the depen-
dence of VOD on the frequency, observation angle, and polarization in
the land emission simulation at multiple frequencies.

As shown in Zhao et al. (2021), the probability that the land emission
simulations will not match the observations may increase by increasing
the number of observation frequencies while the VOD and surface
roughness parameterizations are not appropriate, which could further
limit the retrieval performance. The VOD parameterization developed in
this study may help to address this issue, leading to better retrieval of
VOD for different frequencies with physical interpretability. For
instance, the newly developed VOD parameterization can be incorpo-
rated into the framework of CMEM and then be combined with the
multi-channel collaborative algorithm developed by Zhao et al. (2021)
to retrieve the SM and VOD based on SMAP and AMSR2 observations at
different frequencies. As such, the performance of the new VOD
parameterization on retrieving the SM and providing constraint to the
VOD retrievals for different frequencies can be validated. Since the SM
and VOD retrievals are also often affected by the parameterization of
surface roughness and adopted retrieval algorithm (Wigneron et al.,
2017; Gao et al., 2021), additional work is still needed to test above
guess. Nevertheless, Zheng et al. (2018b) have shown the potential of
improving land emission simulation and SM retrieval at L-band by
incorporating the TVG derived VOD parameterization. In addition, Baur
et al. (2019) have demonstrated the benefit of estimating relative can-
opy absorption and scattering at L-, C- and X-bands through minimizing
differences between multi-frequency observations and Tau-Omega
model simulations. It was shown that the estimated VOD at C- and X-
band have sensitivity to leaf phenology while that of L-band is sensitive
to changes in water content of stems and woody parts of vegetation. This
indicates that VOD estimations/retrievals across microwave frequencies
could provide new insights into studying plant water storage and hy-
draulic strategies.

In summary, microwave observations at multiple frequencies can
provide complementary information for better understanding the
interaction between the observed signal and land surface, and sepa-
rating specific emission mechanisms associated with different land
conditions as well as estimating their properties. An identical physically-
based model (i.e. TVG model) with a single set of model parameter
values constrained by the multi-frequency observations can be used to
validate the frequency-dependence of VOD and develop appropriate
parameterization by isolating the impact of frequency on parameter
values. The newly developed VOD parameterization could further pro-
vide constraint for retrieving VOD at different frequencies with physical
interpretability based on multi-frequency observations. Better estima-
tion or retrieval of VOD across different frequencies may lead to better
understanding of plant physiological characteristic (i.e. water storage
and hydraulic strategies).

6. Conclusions

In this paper, the potential of using a discrete scattering model with a
single set of model parameter values to simulate land surface emission
and estimate vegetation properties at multiple frequencies is investi-
gated. Specifically, the validity of TVG model in simultaneously
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reproducing the SMAP L-band and AMSR2 C- and X-band T§ observa-
tions over the Tibetan grassland ecosystem is evaluated. Two model
calibration strategies, i.e. frequency-specific calibration and multi-
frequency calibration, are implemented to find the suitable set of
model parameter values. The calibrated TVG model is further used to
estimate the VOD at different frequencies, as well as to investigate the
impact of microwave frequency and observation angle on the emission
simulations. Besides, the differences between the TVG derived VOD and
current satellite retrievals are examined in detail, and new parameteri-
zation is developed for VOD at multi-frequency.

Fairly good agreements are achieved between the calibrated TVG
simulations and multi-frequency satellite observations for both cali-
bration and validation periods. Comparison between the time series of
TVG simulations and satellite observations shows that the calibrated
TVG model captures well the seasonal dynamics and magnitudes of both
SMAP and AMSR2 T} observations especially at L- and C-band. The
performance of multi-frequency calibration is comparable to the
frequency-specific calibration, confirming the validity of simulating
multi-frequency TR observations using an identical physically-based
model (i.e. TVG model) with a single set of model parameters. As
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such, the dependence of VOD on frequency can be elaborated after
isolating the impact of frequency on parameter values. The VOD values
estimated based on the TVG simulations generally follow the dynamics
of vegetation growth and can be linearly correlated to the LAI variations
for the three frequencies. Both values and seasonal amplitudes of TVG
derived VOD increase with increasing frequency, while current satellite-
based retrievals have almost the same magnitude at the L-, C-, and X-
band. The explanation for this can be that the satellite-based retrievals
may have different meanings in comparison to the TVG estimations in
terms of physical significance. On the one hand, the TVG derived VOD is
in line with the theoretical principle that the vegetation emission
contribution and extinction effect increase with increasing frequency,
leading to larger VOD values at higher frequency. On the other hand, the
satellite VOD is more like a vegetation index that compensate between
surface roughness and vegetation effects during the SM and VOD re-
trievals. In addition, results of sensitivity test based on the calibrated
TVG model show that polarization-dependence of VOD becomes more
apparent with increasing observation angle and frequency. Based on the
results of sensitivity tests, new parameterization has been further
developed to characterize the dependence of VOD on the frequency,
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observation angle, and polarization for grassland.

This study demonstrates the validity of using an identical physically-
based model (i.e. TVG model) with a single set of model parameter
values to simultaneously reproduce SMAP and AMSR2 observations and
estimate multi-frequency vegetation properties by isolating the impact
of frequency on parameter values. Frequency-dependence of VOD is
confirmed by the TVG estimations, and these results are further used to
develop a new VOD parameterization that can be incorporated into
current parametric model such as the CMEM to better retrieve the SM
and VOD of different frequencies with physical interpretability based on
multi-frequency observations as planned by the CIMR mission. Better
estimation or retrieval of VOD across different frequencies could provide
new sights for quantifying vegetation water storage and hydraulic
strategies. In addition, the calibrated TVG model could be used as a
testbed for validating the future satellite missions (e.g. CIMR and
Terrestrial Water Resources Satellite) due to its good performance
(Dente et al., 2014; Zheng et al., 2021b) after isolating the impact of
frequency or sensor on parameter values. However, it should be noted
that the results obtained are based on the assumption that the surface SM
is vertically uniform within the emission depth of different frequencies
as in Baur et al. (2019). Additional work is still needed to quantify the
impact of this assumption via coupling the calibrated TVG model with a
land surface model that enables simulating the vertical SM gradient in
the surface layer as in Zheng et al. (2017b).

Appendix A. Sensitivity test of emission simulations
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Appendix B. New parameterization of VOD

As implemented by the SMOS mission (Wigneron et al., 2017), the dependence of VOD on observation angle and polarization can be expressed as,

VOD” = VODyup x ($in*0 X tt,_ypq + cos’6) (B1)

VODyp = b X LAI+b’ (B2)

where the VODyap is the value of VOD at nadir (i.e. = 0°), and the parameter tt;, yoq allows for the dependence of VOD on observation angle and
polarization to be accounted for. The parameters b’ and b” are originally assumed to be mainly dependent on the vegetation type (Wigneron et al.,
2017), which is adopted in this study to characterize the dependence of VOD on frequency as well.

Based on the results of sensitivity test using the calibrated TVG model (see Section 4.4), the scatterplot between the VODyup and LAI at different
frequencies are shown in (a) and (b) of Fig. B1. From the plot, it is found that the VODy4p and LAI shows a linear relationship at different frequencies,
whereby the value of b” can be set to zero, and the value of b’ shows frequency-dependent. A linear function is thus further adopted to account for the
dependence of b’ on the frequency as,

b =bb xk+bb (B3)

where bb’ and bb” are fitting coefficients, and k is the wavenumber (k = 27/4, 1 is the wavelength). Combine above three equations, the dependence of
VOD on frequency, polarization and observation angle can be written as,

VOD” = [(bb x k+bb") x LAI| x (sin®0 X tt,_yuq -+ cos*6) (B4)

In this study, the coefficients in Eq. B4 are derived using the results of TVG sensitivity test (see Section 4.4) for grassland, and relevant results are
given in Table B1. Since a sharp increase is observed for the VOD when the frequency increases from the S- to C-band (see Fig. 7), the coefficients in Eq.
(B4) is fitted for two frequency ranges, i.e. P-, L-, S-band and C-, X-, K-band. For example, with L-band (1.41 GHz) and incidence angle of 40°, it is
written as VOD™ = 0.031 x LAI and VODY = 0.027 x LAL The values (0.031 and 0.027) are very close to 0.024 in Eq. 4.
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Fig. B1. Scatter between VODyup and LAI at P-, L-, S-band (a) and at C-, X-, K-band (b).
Table B1
List of fitting coefficient used in Eq. (B4).
Frequency Polarization bb’ bb” ttp vod
H 1.093
P-, L-, S-band v 0.088 0.004 0.716
H 0.923
C-, X-, K-band v 0.079 0.175 0.657
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