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Sensitivity Study of Multiconstellation GNSS-R to

Soil Moisture and Surface Roughness
Using FY-3E GNOS-II Data

Zhongmin Ma

Shuangcheng Zhang *“, Xiaojun Li

Abstract—The potential of spaceborne global navigation satellite
system reflectometry (GNSS-R) to retrieve a variety of geophysical
parameters has already been demonstrated in numerous studies. In
2021, China successfully launched the Fengyun-3E (FY-3E) polar
orbit satellite. It carries the GNSS occultation sounder-II (GNOS-
II) that can simultaneously receive reflected signals from the global
positioning system, BeiDou, and Galileo constellations. Multicon-
stellation measurement significantly reduces the revisit time of the
spaceborne GNSS-R data. This offers the possibility to study the
sensitivity of the reflected signals from multi-GNSS constellations
to surface parameters at global scale. The main objective of this
article is to analyze the sensitivity of FY-3E GNOS-II surface reflec-
tivity (SR) to soil moisture (SM), vegetation, and surface roughness
for different GNSS constellations, and different incidence angles.
FY-3E data from May 2023 to October 2023 were collected along
with SM data from the soil moisture active passive (SMAP). The
SMAP static auxiliary surface roughness parameter SMAP-h was
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also collected for subsequent comparisons. Furthermore, the effect
of vegetation in the reflected signal was accounted for using the
SM and ocean salinity INRA-CESBIO L-band vegetation optical
depth. Afterward, for each GNSS constellation, the SR was binned
as a function of SM, SMAP-h, and incidence angle. The results
indicate that the sensitivity for the different GNSS constellations
is consistent, showing similar behavior. Moreover, this study also
reports for the first time the experimentally computed sensitivity
of FY-3E SR to SM under different SMAP-h values. The sensitivity
of GNOS-II SR to SM is in general agreement with the values in
the previous studies, demonstrating the feasibility of using single-
pass multi-GNSS constellation GNSS-R data to retrieve surface
parameters, such as SM, with shorter revisit times. Furthermore,
the results of this study re-emphasize the nonlinear sensitivity of
SR to SM. As compared with higher SM, SR is more sensitive at
lower SM. This highlights the shortcomings of using linear models
to retrieve SM. Meanwhile, another important finding is that, for
spaceborne GNSS-R data, SMAP-h may have underestimated the
effective surface roughness.

Index Terms—Fengyun-3E (FY-3E), global navigation satellite
system reflectometry (GNSS-R), soil moisture (SM), surface
reflectivity (SR), surface roughness, vegetation.

I. INTRODUCTION

N 1988, the concept of using the reflected signals of the

global positioning system (GPS) as signals of opportunity to
achieve multistatic scattering measurements was first proposed
[1]. Subsequently, in 1991, an incident in a French aircraft
testing a GPS receiver demonstrated for the first time that GPS
signals scattered from the sea surface could be acquired and
tracked [2]. In 1993, the European Space Agency introduced
the concept of what it is called today interferometric global
navigation satellite system reflectometry based on the cross
correlation of the direct and reflected signals for mesoscale
ocean altimetry [3]. In 1996, NASA proposed what is called
today conventional GNSS-R based on the cross correlation of
the scattered signal with a locally generated copy of the direct
signal [4]. In 1997, NASA first collected GPS-reflected signals
during an airborne experiment [5], and in 2002, the first GPS-R
data from space were found in SIR-C data [6]. In September
2003, the U.K. launched the first spaceborne GNSS-R payload
demonstrator on board the U.K.-DMC [7]. Then, in July 2014,
the U.K. also successfully launched the TechDemoSat-1 mission
(TDS-1) with an improved GNSS-R payload (SGR-ReSI) [8]. A
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TABLE I
CHARACTERISTICS OF DIFFERENT GNSS SIGNALS RECEIVED BY FY-3E
GNOS-2
GPS L1
C/A BDS BI11 GAL EIB
Frequency
(MHz) 1575.42 1561.098 1575.42
Modulation BPSK BPSK BOC (1,1)
Chipping rate 1.023 2.046 2.046
(Mcps)
Code length | 1 4
(ms)

series of studies using U.K.-DMC and TDS-1 data demonstrated
the feasibility of GNSS-R for ocean, land, and ice measurements
[9],[10], [11]. In the following ten years, a number of other small
satellites with GNSS-R payloads were successfully launched.
These include NASAs cyclone global navigation satellite system
(CYGNSS) [12], the 3Cat series of CubeSats led by the NanoSat
Lab of the Universitat Politecnica de Catalunya [13], [14], and
the BuFeng-1 A/B of the China Aerospace Science and Tech-
nology Corporation [15]. The increase in available scientific
data has advanced the development of spaceborne GNSS-R
technology. In addition to the initial sea surface applications
[16], [17], extensive literature has demonstrated the potential of
spaceborne GNSS-R to retrieve soil moisture (SM) [10], [18],
[19], [20], [21], vegetation [22], [23], inland water bodies [24],
[25], [26], flooding [27], [28], [29], as well as surface freezing
and thawing [30], [31], [32]. Although many GNSS-R studies
have been reported in the literature, there are very few using
BeiDou (BDS) and Galileo (GAL), mostly using data recorded
in the CYGNSS raw intermediate frequency (raw IF) data [33],
[34].

In July 2021, China successfully launched Fengyun-3E (FY-
3E), with the global navigation satellite occultation sounder-II
(GNOS-II), which can simultaneously receive reflected sig-
nals from GPS, BDS, and GAL. Through multiconstellation
measurements, it significantly reduces the revisit time of the
spaceborne GNSS-R data. Using the GNSS-R data provided by
FY-3E, this study investigated the similarities and differences
in the sensitivity of the reflected signals from multi-GNSS
constellations to land surface parameters at different incidence
angles. Vegetation effects were also accounted for through a
two-way attenuation model using the soil moisture and ocean
salinity (SMOS) INRA-CESBIO (SMOS-IC) L-band vegetation
optical depth (L-VOD).

The rest of this article is organized as follows. Section II
briefly describes the FY-3E satellite mission with its GNSS-R
data characteristics and introduces the other data used in this
article. Section III presents the methodology to calculate the
FY-3E GNOS-II surface reflectivity (SR) and the calibration
to vegetation effects. Section IV describes the sensitivity of
the FY-3E SR to SM and SMAP-h parameter under different
conditions and compares in detail the results of this study with
the ones in the published literature. Finally, Section V concludes
this article.
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Fig. 1. Distribution of GNOS-II GNSS-R observations in May 2023 after
quality control. (a) GPS. (b) BDS. (c) GAL.

II. MATERIALS
A. Fengyun-3E

FY-3E is a Chinese second-generation meteorological satel-
lite and the 19th satellite in the Feng Yun series of meteorological
satellites [35]. FY-3E is located in a sun-synchronous polar
orbit with an orbital altitude of 836 km, and an inclination
of 98.75° [36]. FY-3E provides ionospheric electron density
information, atmospheric refractive index, atmospheric temper-
ature, and humidity information over a latitude range of 85°
North to South. In addition, the FY-3E carries an upgraded
version of the GNOS-II payload that provides both GNSS
radio occultations (GNSS-RO) and reflectometry (GNSS-R).
The GNOS-II is equipped with two upward zenith pointing
antennas for positioning, two side-pointing antennas for GNSS-
RO, and a nadir-looking antenna for GNSS-R [36]. It has eight
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Fig. 2. Histogram of GPS, BDS, and GAL GNOS-II GNSS-R observations
under different incidence angles (May 2023).

channels to track reflected signals, enabling it to receive signals
from eight different navigation satellites simultaneously.

In July 2022, by switching some of the BDS channels to
GAL channels, the FY-3E achieved operational acquisition of
reflected GPS, BDS, and GAL signals. Besides, it has a global
data latency of less than 3 h, which makes it suitable for applica-
tions, such as data assimilation in operational numerical weather
prediction models and tropical cyclone monitoring. Currently,
GNOS-II is measuring the signals of GPS L1 C/A, BDS B1I,
and GAL E1B. Table I gives detailed information about these
three signals.

As with other spaceborne GNSS-R missions, the funda-
mental observables for FY-3E GNOS-II are the delay Doppler
maps (DDMs). DDMs are calculated by cross correlating the
received signal with a Doppler frequency-shifted replica of
the transmitted GNSS signal locally generated by the receiver,
with 1 ms coherent, and 1 s incoherent integration times. The
nominal sampling frequency of GNOS-II DDM is 1 Hz. Unlike
CYGNSS, the DDMs generated by FY-3E GNOS-II are in a
nonuniform grid, and their size is 122 delay x 20 Doppler bins,
where 1/8 chip delay interval is used for the delay of the [—3,
2.875] chips around the specular reflection point, and 1/4 chip
interval is used for the rest of the delay range [36]. A nonuniform
DDM allows for a denser sampling around the specular point.
GNOS-II L1 data spanning from May 2023 to October 2023
is used in this article [37]. In addition to the DDMs, ancillary
data, such as the latitude and longitude of the specular point, the
location of the receiver and transmitter, the DDM sampling time,
and the quality labels are also included in the L1 data. To ensure
the reliability of the results, data with receiver antenna gain less
than 0 dB or signal-to-noise ratio (SNR) less than —4 dB were
removed from this study.

The distribution of GNSS-R observations in May 2023 for the
different GNSS constellations of GNOS-II is shown in Fig. 1.
Although GPS, BDS, and GAL observations all provide global
coverage, GAL has significantly fewer observations than GPS
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Fig. 3. Auxiliary data used in this article. (a) May 2023 global mean SM
(obtained from SMAP). (b) Global surface roughness (obtained from SMAP-h).
(c) May 2023 global mean L-VOD (obtained from SMOS-IC). (d) IGBP LC
(9+9 km EASE grid cell), data from SMAP ancillary data.

and BDS. Further statistics on the number of reflection points
sampled in May 2023 for GNOS-II GPS, BDS, and GAL are
shown in Fig. 2.

The results in Fig. 2 show that the number of sampling points
for GAL is about one-third of that for GPS and BDS for all ranges
of incidence angles. This is caused by the different assignments
of the GNOS-II-reflected signal channels. Besides, the number
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Fig. 4. SR retrieved from GNOS-IIL. (a) GPS SR before vegetation correction

(May 2023). (b) GPS SR after vegetation correction (May 2023). (c¢) Changes
before and after correction (correction — noncorrection).

of observation samples in the 20°—40° range is significantly
larger than the other two angular ranges. It should also be noted
that the incidence angle of the GNOS-II-reflected signals is up
to about 55° [38].

B. Soil Moisture Active Passive (SMAP) SM

NASA SMAP mission was launched in 2015. It consists
of an L-band radiometer (passive) and a radar (active). Af-
ter the radar failure, only radiometer data are provided [39].
SMAP has a revisit time of about 2-3 days, and it can provide
near-global coverage of SM and freeze —thaw status products. In
this article, the SMAP L3 daily global SM product is used, which

210

[ J
G20 *, ey e
n'd o :: s e
190 | - GPS
- BDS
GAL

0 2 4 6 8 10 12 14 16
Land Type

Fig. 5.  Scatter plot for SNR of reflected signals from GPS (blue), BDS (red),
and GAL (yellow) on 17 LCs. The X-axis in the graph represents LC with
corresponding numbers [see Fig. 3(d)].

SMAP-h

0 0.2 0.4 0.6 0.8 1
Soil Moisture [cm3/0m3]

Fig. 6. Density scatter plot and pdf distribution of global SMAP SM versus
corresponding SMAP-h for May 2023. The blue circle on the pdf distribution
represents the median of the data.

is provided in an EASE-Grid 2.09 km grid [40]. To obtain a
more complete spatial coverage, both ascending and descending
orbit measurements are used. The data span from May 2023 to
October 2023. Fig. 3(a) gives the SMAP global average SM in
May 2023.

C. Surface Roughness

Besides SM, surface roughness is also an important factor
affecting the SR. In this study, the surface roughness data
from SMAP (SMAP-h) provided in the SMAP static auxiliary
dataset is selected to investigate the sensitivity of SR to SM
under different surface roughness [41]. In many studies that use
spaceborne GNSS-R to retrieve SM, SMAP-h is also a common
auxiliary data used to remove the surface roughness effect. This
product is also offered in an EASE-Grid 2.09 km grid. SMAP-h
is a unitless value derived from the land cover (LC) type to
characterize the surface roughness of bare soil [42]. However, it
should be noted that some works have pointed out that SMAP-h
may underestimate the true surface roughness in some areas
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GAL.

[43], [44], [45], and that surface roughness may also change with
SM [46]. At the same time, it should be reminded that there is
currently no uniformly recognized effective surface roughness
parameter applicable to microwave remote sensing. In addition,
there are several surface roughness measurement methods, but
the surface roughness measured by different measurement meth-
ods is different. Some studies have pointed out that even surface
roughness measured in the field may not be suitable for GNSS-R
measurements [47]. Fig. 3(b) illustrates the global distribution
of the SMAP-h.

D. SMOS-IC L-VOD

Vegetation attenuates microwave signals, and denser veg-
etation also causes larger volume scattering. In this article, the
SMOS-IC L-VOD data are used to remove the vegetation effects
in GNOS-II SR by means of a two-way attenuation model [48],
[49], [50], [51], [52]. After that, the sensitivity of GNOS-II SR
to SM and surface roughness will be analyzed. The SMOS-IC
L-VOD is provided in an EASE-Grid 2.025 km grid, and in
this article, it is regridded to an EASE-Grid 2.09 km grid. The

Soil Moisture [cm3/cm 1

Soil Moisture [cm3/cm3]

Sensitivity of GNOS-II SR to SM for different incidence angles and different surface roughness (SMAP-h). (al)—(a3) GPS. (b1)—(b3) BDS. (c1)—(c3)

L-VOD data used in this article span from May 2023 to October
2023. Fig. 3(c) shows the global average SMOS-IC L-VOD in
May 2023.

E. International Geosphere—Biosphere Program (IGBP) LC

In order to compare the SNR quality of GNSS-R measure-
ments from different GNSS constellations (GPS, BDS, and
GAL), here we introduce another auxiliary data, LC. As with
the sources of auxiliary data used in our article, LC data are used
from ancillary data of SMAP product, derived from the moderate
resolution imaging spectroradiometer IGBP LC. The primary
LC scheme identifies 17 classes defined by the IGBP, including:
0: water bodies; 1: evergreen needleleaf forest; 2: evergreen
broadleaf forest; 3: deciduous needleleaf forest; 4: deciduous
broadleaf forest; 5: mixed forest; 6: closed shrublands; 7: open
shrublands; 8: woody savannas; 9: savannas; 10: grasslands; 11:
permanent wetlands; 12: croplands; 13: urban and built-up; 14:
cropland/natural vegetation mosaic; 15: permanent snow and
ice; and 16: barren or sparsely vegetated. Fig. 3(d) presents the
IGBP LC.
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TABLE II
SLOPE OF LINEAR FIT OF GNOS-II GPS SR TO SM UNDER DIFFERENT INCIDENCE ANGLES AND DIFFERENT SURFACE ROUGHNESS (SMAP-H)

GPS 0<h<0.2 ]0.2<h<0.4 [0.4<h<0.6 |0.6<h<0.8 |0.8<h<1|1<h<1.2 |1.2<h<14
Incidence | 0<SM<0.2 | -11.61 17.3 19.86 22.28 26.86 39.39 14.7
angle 0°- [0.2<SM<0.45 7.28 14.32 16.95 15.82 12.11 12.91 10.62

20° 0<SM<0.45 6.02 14.02 19.32 21.8 18.77 16.98 11.61
Incidence | 0<SM<0.2 -5.1 18.01 23.37 25.22 29.63 32.49 16.85
angle 20°- |0.2< SM <0.45 7.8 12.55 17.81 13.96 13.62 11.45 8.45

40° 0<SM<0.45 5.91 13.83 20.9 2242 20.89 16.01 12.26
Incidence | 0<SM<0.2 -11.6 20.74 25.59 28.84 39.58 20.18 38.16
angle 40°- [0.2< SM<0.45 13.73 18.64 24.63 21.08 19.97 14.58 15.26

55° 0< SM<0.45 10.45 17.87 24.4 26.09 25.28 15.53 17.56

Negative sensitivities are highlighted in bold.
TABLE III

SLOPE OF LINEAR FIT OF GNOS-II BDS SR TO SM UNDER DIFFERENT INCIDENCE ANGLES AND DIFFERENT SURFACE ROUGHNESS (SMAP-H)

BDS 0<h<0.2] 0.2<h<0.4] 0.4<h<0.6] 0.6<h<0.8/ 0.8<h<1| 1<h<1.2|1.2<h<14
Incidence | 0<SM<0.2 -3.32 22.89 22.86 27.03 28.3 20.54 13.71
angle 0°- [0.2<SM<0.45| 9.19 14.49 18.1 16.18 14.61 11.32 10.98

20° 0<SM<0.45 6.26 15.31 21.43 24.54 21.14 14.72 13.43
Incidence | 0<SM<0.2 -5.35 23.09 22.49 27.13 28.74 26.62 19.36
angle 20°- |0.2<SM<0.45| 7.81 16.35 21.39 14.99 14.4 13.57 12.6

40° 0<SM<0.45 6.5 16.14 22.5 24.15 22.02 16.71 14.19
Incidence | 0<SM<0.2 | -13.55 24.59 22.79 27.4 29.81 13.91 17.27
angle 40°- |0.2<SM <0.45 17.2 19.38 24.67 20.21 18.83 14.3 15.94

55° 0<SM<0.45 11.69 18.54 24.59 26.48 24.59 13.52 13.97

Negative sensitivities are highlighted in bold.
TABLE IV

SLOPE OF LINEAR FIT OF GNOS-II GAL SR TO SM UNDER DIFFERENT INCIDENCE ANGLES AND DIFFERENT SURFACE ROUGHNESS (SMAP-H)

GAL 0<h<0.2]0.2<h<0.4 10.4<h<0.6 [0.6<h<0.8 |0.8<h<1 |[I<h<1.2 [1.2<h<14
Incidence | 0<SM<0.2 | -2.98 27.12 213 23.17 25.75 27.16 26.62
angle 0°- |0.2<SM<0.45 9.75 16.17 17.86 16.56 15.39 14.34 6.57

20° 0<SM<0.45 6.73 16.25 21.83 22.79 23.08 15.69 12.87
Incidence | 0<SM<0.2 | -5.89 26.08 25.4 27.45 26.18 28.4 5.15
angle 20°- |0.2< SM<0.45] 13.94 19.03 23.58 15.56 15.48 13.4 9.3

40° 0<SM<0.45 9.05 17.82 24.53 24.51 22.94 18.87 12.04
Incidence | 0<SM<0.2 | -17.43 29.87 20.62 22.43 26.24 16.7 27.26
angle 40°- |0.2< SM<0.45] 20.84 20.34 25.49 17.34 20.14 17.81 26.87

55° 0<SM<045| 14.56 19.6 24.9 22.23 25.7 16.52 16.81

Negative sensitivities are highlighted in bold.

III. METHODS
A. FY-3E GNOS-II SR

Currently, most studies using spaceborne GNSS-R observa-
tions to retrieve surface parameters use either the SNR or the SR
derived from the DDMs. The sensitivity of L-band microwave
signals to the surface dielectric constant is utilized to monitor
changes in SM or to detect inland water bodies and freeze—thaw
status. In addition, some studies have also used the power ratio
method based on the DDM shape or waveform [53], [54],
[55]. However, most studies assume that the surface reflection
signal is dominated by the coherent components and ignore the
influence of the incoherent components. This article follows

this assumption and uses the following equation to obtain the
GNOS-II SR [56], [57]:

Ry + Rr)2PDDM

)= ( FRZR24x &

where 0 is the incidence angle, I'(0) is the SR, R; and R, are the
distances from the GNSS satellite and GNOS-II to the specular
reflection point, respectively, Pppym is the DDM peak power,
and F' is the so-called DDM bistatic radar cross-sectional factor
[38], [58], which is defined as follows:
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where A is the wavelength of the GNSS signal (0.1903 m for GPS
and GAL, and 0.1921 m for BDS), P, G, is the GNSS effective
isotropic radiated power, and G, is the receiver antenna gain.
The value of F' is included in the FY-3E GNOS-II L1 data.
Through these two equations, the GNOS-II SR can be obtained
for different GNSS constellations.

B. Vegetation Effect Calibration

To remove the effect of vegetation in the reflected signal,
a two-way extinction model (where extinction includes both
attenuation and scattering effects) widely used in microwave
remote sensing was used to obtain the SR of bare soil (I's;i())
(471, [59]

Tsoit () =T (0) -exp (2 -7/ cosh) (3)

where 6 is the incidence angle, and 7 is the L-VOD. Through
(3), the observed reflectivity can be corrected to the reflectivity
of the soil surface. The GNOS-II GPS SR and its changes before
and after vegetation correction in May 2023 are given in Fig. 4.
In most areas around the world, the two-way attenuation model
combined with L-VOD compensates well for the signal attenu-
ation caused by vegetation absorption. Of these, the denser the
vegetation, the larger the compensation. However, it should be
noted that a slight overcompensation occurs in a few areas with
almost no vegetation cover (e.g., Sahara Desert and Mongolian
Plateau). This suggests that in the few areas where vegetation is
sparse, further assessment of the potential of L-VOD to estimate
vegetation is needed.

IV. RESULTS AND DISCUSSION
A. Comparison of SNR for Different GNSS Constellations

In order to compare the quality of SNR from different GNSS
constellations, the SNR data of different GNSS constellations
provided by FY-3E are first gridded to 9x9 km, and the value of
each grid is equal to the average of all SNRs falling into the grid.

The FY-3E data used are from May 2023. Afterward, we com-
pare the performance of SNR for different GNSS constellations
and GNSS-R measurements under different LCs.

In the process of statistics, the LC with a number of obser-
vations less than 2% of the total number of observations was
deleted in order to ensure the reliability of statistics. As it can
be seen in Fig. 5, the SNR values of the reflected signals from
different GNSS constellations are close to each other for all
LCs. The SNR of GPS, BDS, and GAL varies about 0-3 dB for
different LCs. This indicates that the quality of SNR is similar
for different GNSS constellations and GNSS-R measurements.
Besides, by observing Fig. 5, it can be noticed that the water
body corresponds to the maximum SNR value, while deciduous
broadleaf forest and mixed forest correspond to the minimum
SNR value. This finding is consistent with that previously re-
ported in the literature [34].

B. Distribution of SMAP SM and SMAP-h

Fig. 6 presents a density scatter plot and probability density
function (pdf) distributions of global SMAP SM and the cor-
responding SMAP-h for May 2023. Studies of data from other
months yielded similar results and are not shown. As it can be
noticed from Fig. 6, SM is mainly distributed between 0 and
0.5 cm3/cm3, while SMAP-h is mainly concentrated between 0
and L.5.

To explore the changes in sensitivity of the GNOS-II SR to
SM under different SMAP-h values, we further grouped the data
in steps of ASM = 0.1 and ASMAP-h = 0.2.

C. Sensitivity of GNOS-II SR to SM and SMAP-h

Fig. 7 shows the GPS, BDS, and GAL-calibrated SR for
different SMs under different incidence angles and different
surface roughness (SMAP-h).

As it can be seen in Fig. 7, the SR of GPS, BDS, and GAL
increases with SM with an approximate linear trend, for all inci-
dence angles, and all surface roughness. This is consistent with
many publications that have used a linear fit to retrieve SM from
spaceborne GNSS-R data [18], [19], [20]. Further investigations
show that when the incidence angle is less than 40°, the increase
in SR at lower surface roughness (0 < SMAP-h < 0.2) is smaller
than that at higher surface roughness.

Further observations revealed that the GNOS-II SR exhibited
different sensitivities to different SMs within the entire SM
interval. Specifically, SR is more sensitive to SM when SM <
0.2 cm3/cm?3 and shows a stronger tilt, which is more pronounced
at incidence angles less than 40°. This pattern is consistent with
the description of the nonlinear increasing relationship between
SR and SM in the published literature [44], [47], [60], [61], [62],
[63], [64], [65]. When the incidence angle is higher than 40°,
the above pattern is no longer obvious, but the SR under each
SMAP-h becomes more concentrated, indicating that the effect
of surface roughness on SR becomes smaller at this time. This
phenomenon has also been reported in the previous literature
[66], and it can be due to the effect of the incidence angle (6).
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Fig. 9.

According to the Rayleigh roughness criterion [67]

A
8 cos b

h < “)
where X is the wavelength of the incident signal, and 6 is the
incidence angle, even a rough surface can be considered to be a
smooth surface for large incidence angles.

Linear fit was further performed in the data grouped accord-
ing to surface roughness (SMAP-h) to quantitatively analyze
changes in sensitivity. Tables I-IV give the slopes of the linear
fit of SR to SM for different groupings.

As it can be seen from Tables I-IV, the sensitivity
((ASR/ASM) [dB]) of GNOS-II SR to SM of 0 < SM < 0.2 is
much higher than that to SM of 0.2 < SM < 0.45 for all GNSS
constellations, except for 0 < SMAP-h < 0.2. It should be noted
that some studies indicate that soil may be saturated when SM is
equal to 0.4-0.45 [68]. Besides, a negative sensitivity behavior
is also observed in the 0 < SMAP-h < 0.2 subgroup (shown
in bold type in the tables). The reasons for this phenomenon
will be discussed in detail afterward. Specifically, when the
incidence angle is 0°-20° and & > 0.2, the sensitivities of GPS,
BDS, and GAL to 0 < SM < 0.2 are 23.40, 22.56, and 25.19,
respectively (these values are very close to the simulation results
in [60]); however, for 0.2 < SM < 0.45, the sensitivities drop to
13.79, 14.28, and 14.48, respectively. For the entire SM interval
(0 < SM < 0.45), the sensitivities are 17.08 (GPS), 18.43 (BDS),
and 18.75 (GAL). Although the sensitivity of GNOS-II SR to
SM in the range 0 < SM < 0.45 was slightly higher than to SM
in the range 0.2 < SM < 0.45, it was still significantly lower than
to SM in the range 0 < SM < 0.2. The results of the quantitative
analyses validate previous speculations that GNSS-R SR is more
sensitive to low SM.

At the same time, it should be pointed out that results ob-
tained for 0 < £ < 0.2 have led to very different conclu-
sions. Specifically, GNOS-II SR seems to be more sensitive to
0.2 < SM < 0.45 than to 0 < SM < 0.2. In addition, some
negative sensitivity was also observed in the 0 < & < 0.2 and
0 < SM < 0.2 subgroup, i.e., as SM increases, SR decreases
(bold font in Tables I-1V). To the best knowledge of the authors
of this article, this phenomenon has not been reported before
in the published literature. One possible reason is that SMAP-h
may not be a good representation of the actual effective surface
roughness for spaceborne GNSS-R. Another possible reason is
the uncertainty in SMAPs estimation of low SM (0 < SM < 0.2).

Incidence Angle (Degrees)

Incidence Angle (Degrees)

Average slope of the linear fit of GNOS-II SR to SM when SMAP-h > 0.2. (a) GPS. (b) BDS. (c¢) GAL.

Fig. 8 shows the statistical graph of SMAP-h. It can be seen that
95% of the SMAP-h are less than 1.5. Of these, less than 4%
of SMAP-h fall into the 0-0.2. There have been reports in the
literature that the SMAP-h may be underestimating the actual
effective surface roughness [43], [44], [45]. Subsequent studies
need to further discuss the sensitivity of GNSS-R SR to SM
at low SMAP-h. More importantly, an in-depth analysis of the
reliability of using SMAP-h as a surface roughness parameter
for spaceborne GNSS-R data is also necessary.

Furthermore, in some subgroups, the behavior of increas-
ing sensitivity with increasing incidence angle can be ob-
served. There is currently no reasonable explanation for this
phenomenon. One possible reason remains that SMAP-h is not
applicable to spaceborne GNSS-R data. Another possible reason
is that, at 40°-55°, the signal has a shorter path through the
vegetation, making it more sensitive to the soil. In addition, it
is possible that the angular range of that observation is close
to SMAPs incidence angle of 40°, while the SM data used in
this article are from SMAP. However, according to the previous
studies, within the incident angle range of 0°-55°, the sensitivity
of SR to SM does not change significantly with the incident angle
[44]. This highlights the importance of further investigating
the variation in SR sensitivity to SM (or other Earth surface
parameters, e.g., vegetation) at different incidence angles and
different surface roughness.

In addition, when 0.2 < SMAP-h < 1, for all SMs and all
incidence angles, the sensitivities of GPS, BDS, and GAL to
SM are 20.62, 21.17, and 21.53, respectively. However, when
SMAP-h > 1, the sensitivity dropped to 14.56, 11.13, and 18.07,
respectively. The sensitivity of GNOS-II SR to SM decreases
as the surface roughness (SMAP-h) increases. Moreover, by
observing Fig. 7, it can also be noticed that GAL seems to
be less sensitive to SMAP-h than GPS and BDS when the
incidence angle is less than 40°. Possible reasons for this are the
different modulation and longer code period of the GAL, 4 ms,
instead of 1 ms as in GPS and BDS. Considering that surface
roughness is a major error source affecting the retrieval of surface
parameters by spaceborne GNSS-R, future work should study
this phenomenon in more depth.

To make our results clearer, Fig. 9 shows the average slope of
the linear fit of GNOS-II SR to SM when SMAP-h > 0.2.

The results in Fig. 9 again illustrate that GNOS-II SR is more
sensitive to SM when 0 < SM < 0.2. A comparison of the results
in Fig. 9 also shows that the sensitivity of the GNOS-II SR to
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SM does not change much for different GNSS constellations
and different incidence angles. Possible reasons for this are that
the signals currently collected by GNOS-II are very similar in
frequency and the maximum incidence angle of the reflected
signals is only about 55°.

V. CONCLUSION

The main research objective of this work is the analysis of
the sensitivity of the reflected signals from different GNSS con-
stellations of the FY-3E GNOS-II to SM and surface roughness.
The effect of vegetation was first corrected using the two-way
attenuation model and the SMOS-IC L-VOD. An overcorrection
was found in some areas with sparse vegetation (e.g., Sahara,
Mongolia). Then, the sensitivity of the bare soil SR to SM under
different SMAP-h was analyzed. Quantitative statistics show
that the sensitivity of GNOS-II SR to SM is nonlinear. SR is
more sensitive to lower SM (0 < SM < 0.2) than to higher SM
(0.2 < SM < 0.45). As SM increases, the sensitivity of SR to SM
decreases. This is consistent with the results of simulations in
the previous studies. Moreover, the sensitivity of GNOS-II SR to
SM decreases as the surface roughness (SMAP-h) increases. At
the same time, it was also observed that, at high incident angles,
the effect of surface roughness (SMAP-h) on GNOS-II SR is
weakened. This very interesting effect could be used to limit
the effect of roughness on GNSS-R SM retrievals. In addition,
the sensitivity of GNOS-II SR to SM is similar for the three
different GNSS constellations and different incidence angles,
despite their different code lengths and chipping rates.

It is noteworthy that the studies of the 0 < i < 0.2 sub-
group reached the opposite conclusion to the above results. The
possible reason for this is the underestimation of the actual
effective surface roughness by SMAP-h. This indicates the
necessity to further investigate the reliability of using SMAP-h
as the surface roughness parameter for spaceborne GNSS-R
data. Nonetheless, the analysis of different GNSS constellations
obtained consistent results. These findings will pave the way
for subsequent collaborative use of multi-GNSS constellation
reflection measurements for multiparameter retrieval and fusion
of reflection measurements from different spaceborne GNSS-R
satellites.
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