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Abstract— Surface soil moisture (SSM) plays significant roles
in various scientific fields, including agriculture, hydrology,
meteorology, and ecology. However, the spatial resolutions of
microwave SSM products are too coarse for regional applications.
Most current optical/thermal infrared SSM retrieval models
cannot directly estimate the quantitative volumetric soil water
content without establishing empirical relationships between
ground-based SSM measurements and satellite-derived proxies
of SSM. Therefore, in this paper, SSM is estimated directly from
5-km-resolution Chinese Geostationary Meteorological Satellite
FY-2E data based on an elliptical-new SSM retrieval model
developed from the synergistic use of diurnal cycles of land
surface temperature (LST) and net surface shortwave radiation
(NSSR). The elliptical-original model was constructed for bare
soil and did not consider the impacts of different fractional
vegetation cover (FVC) conditions. To optimize the elliptical-
original model for regional-scale SSM estimates, it is improved
in this paper by considering the influence of FVC, which is based
on a dimidiate pixel model and a Moderate Resolution Imaging
Spectroradiometer normalized difference vegetation index prod-
uct. A preliminary validation of the model is conducted based
on ground measurements from the counties of Maqu, Luqu, and
Ruoergai in the source area of the Yellow River. A correlation
coefficient (R) of 0.620, a root-mean-square error (RMSE) of
0.146 m3/m3, and a bias of 0.038 m3/m3 were obtained when
comparing the in situ measurements with the FY-2E-derived
SSM using the elliptical-original model. In contrast, the FY-2E-
derived SSM using the elliptical-new model exhibited greater
consistency with the ground measurements, as evidenced by an
R of 0.845, an RMSE of 0.064 m3/m3, and a bias of 0.017 m>/m?3.
To provide accurate SSM estimates, high-accuracy FVC, LST,
and NSSR data are required. To complement the point-scale
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validation conducted here, cross-comparisons with other existing
SSM products will be conducted in the future studies.

Index Terms— Ellipse model, land surface temperature (LST),
net surface shortwave radiation (NSSR), optical/thermal infrared
data, surface soil moisture (SSM).

I. INTRODUCTION

URFACE soil moisture (SSM), which is represented by
water that is retained in the top few centimeters (approx-
imately O to 5 cm) of the soil, represents an important con-
nection between the land surface and the atmosphere [1]-[6].
Real-time, accurate SSM monitoring plays critical roles in
guiding agricultural irrigation and production forecasts for
agricultural applications [7]. As a significant component of
the hydrological cycle, SSM effectively regulates the parti-
tioning of rainfall into infiltration and runoff. Furthermore,
soil moisture was listed as an essential climate variable by the
World Meteorological Organization in 2010 due to its impacts
on climate change over a temporal range of hours to years.
In addition, SSM is closely associated with various fundamen-
tal areas of research and many scientific disciplines [8]-[12].
Both regional- and global-scale quantitative estimates of
SSM are essential. However, due to the combined effects of
weather and surface conditions, SSM displays broad hetero-
geneity at both temporal and spatial scales [13], [14]. There-
fore, it is particularly difficult to acquire quantitative estimates
of SSM at the regional scale. Numerous investigations have
focused on obtaining regional-scale SSM estimates [15]—-[20].
Although microwave remote sensing of SSM has various
deficiencies including a lack of soil roughness information and
problems arising from sun-glint contamination at the L-band,
microwave band has all-day observation capability [21]. Some
SSM products have been produced based on the Advanced
Microwave Scanning Radiometer—Earth Observing System
instrument, the Soil Moisture Ocean Salinity mission, the cli-
mate change initiative, and the Soil Moisture Active Pas-
sive [22]-[28]. However, the spatial resolutions of microwave
SSM products are overly coarse (approximately 25-50 km)
for regional applications. Optical/thermal infrared data have
the advantage of a high spatial resolution, and thus, the esti-
mation of SSM from optical/thermal infrared data has been
attempted in several studies [29]-[31]. However, most exist-
ing methods cannot quantitatively estimate the volumetric
soil water content directly without establishing empirical
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relationships between SSM measurements and satellite-derived
proxies of SSM.

The increasing number of geostationary satellites is facili-
tating the development of more practical SSM retrieval meth-
ods with higher spatial and temporal resolutions [31]-[36].
Geostationary satellites have a higher frequency of observa-
tions than do polar orbiting satellites and can produce 48 to
96 images per day with a fixed observation angle for a given
pixel, substantially enriching our understanding of terrestrial
water and energy budgets. A novel SSM retrieval model
was proposed by Leng er al. [32], [33] to directly estimate
SSM without ground soil moisture data for calibration. This
model is based on the synergistic use of diurnal cycles of
land surface temperature (LST) and net surface shortwave
radiation (NSSR) data obtained from geostationary satellite
data. This innovative ellipse model exhibits some advantages
over other methods that utilize optical/thermal infrared data.
First, the ellipse model is capable of directly estimating SSM
without establishing empirical relationships between field-
scale soil moisture measurements and remotely sensed para-
meters. Field-scale soil moisture measurements are essential
for many SSM retrieval models but are difficult to obtain.
Consequently, the ellipse model is less labor intensive and
more convenient. Second, the ellipse model can estimate SSM
via a great number of approaches than can other methods.
Polar orbiting satellites can only observe one target once
every 12 h. If it is cloudy during the satellite pass, the retrieval
method will provide no information. However, the ellipse
model requires only five of 48/96 images, offering a greater
probability of estimating the SSM. Following the approaches
of previous investigations, this paper aims to analyze the
effects of fractional vegetation cover (FVC) and to optimize
the elliptical-original model over different vegetation cover
types. A preliminary validation of the model is conducted
using ground measurements for the counties of Maqu, Luqu,
and Ruoergai.

II. STUDY AREA AND DATA
A. Description of the Study Area

The study area, which includes the counties of Maqu, Luqu,
and Ruoergai (33.05° N-34.81° N, 100.76° E-103.61° E),
is located to the east of the source area of the Yellow
River (SAYR), the catchment of which lies above the Tang-
nag Hydrological Station in the Northeastern Qinghai—Tibet
Plateau [37]. The area encompasses a large river valley and
surrounding hills, wetlands, grassland, and bare areas. The
climate is wet and cold with dry winters and rainy summers
due to the monsoon season. The mass and energy fluxes
between the land surface and the atmosphere in the Qinghai—
Tibet Plateau have substantial effects on regional and global
climates. Thus, studying the SSM over the study area in the
Qinghai-Tibet Plateau is of great significance.

B. FY-2E Data

The FY-2 series of satellites, which were launched by
China beginning in 2001, consists of five geostationary mete-
orological satellites FY-2C/2D/2E/2F/2G. The FY-2E satellite
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TABLE I
MAIN TECHNICAL SPECIFICATIONS OF THE RADIOMETER

Channel Spectral range Spgtlal NEAT300K
(um) resolution (km)
VIS 0.510-0.905 1.25 -
IR1 10.29-11.45 5 0.19K
IR2 11.59-12.79 5 0.26K
1IR3 3.59-4.09 5 0.30K
IR4 6.32-7.55 5 0.19K
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Fig. 1. Map of the study area, which includes the counties of Maqu, Luqu,
and Ruoergai.

was launched at the end of 2008 to replace FY-2C. The
optical imaging radiometer onboard the FY-2E satellite is a
stretched-visible and infrared spin-scan radiometer (S-VISSR)
that includes one visible channel and four infrared thermal
channels (Table I) [38]. FY-2E can obtain one full disc image
per hour or every 30 min that covers the earth’s surface
over latitudes from 60° N to 60° S and longitudes from
45° E to 165° E during the flooding season. FY-2E data are
obtained from the National Satellite Meteorological Center
(http://www.nsmc.cma.gov.cnt/NSMC/Home/Index.html).

C. Ground Soil Temperature Measurements

The soil moisture monitoring network used in this paper
was installed by the Cold and Arid Regions Environmental
and Engineering Research Institute and the Faculty of Geo-
Information Science and Earth Observation of the Univer-
sity of Twente, Enschede, The Netherlands; the stations are
shown in Fig. 1. Table II displays information on the soil
moisture monitoring stations, which was derived from the
coordinated Asia—European long-term observing system of
Qinghai-Tibet Plateau hydrometeorological processes and the
Asian-monsoon system with ground satellite image data and
numerical simulations report “continuous in situ soil mois-
ture measurements at Maqu site” by L. Dente, Z. Vekerdy,
Z. Su, and J. Wen. The ground measurements represent the
soil moisture at a depth of approximately 5 cm, which is most
closely related to the SSM estimates retrieved from satellite
data in this paper.
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TABLE II
NETWORK STATION INFORMATION

StationID  Latitude/Longitude Ele(v;l)ion Topography i‘oavnei Station ID Latitu(l‘llz/eLongil Elevation(m) l"f;pograp an\r/l:r
CST 01 ]303;503&;,1245"1662",, 3431 Rivervalley  Grass NST 06 1304;?106',2593"75‘21, 3428 §;|V12ry Grass
CST_02 1303;:‘00;‘123'6606“.- 3449 River valley  Grass NST 07 1303;529{,1337"72%',, 3430 sénzry Grass
CST_03 1303 1005 ;é,l;s'?éz;,, 3507 Hill valley Grass NST_08 13032005386',1391' At;g,, 3473 valley Grass
CST 04 1303;:‘463',1522‘?94;,, 3504 Hill vally ~ Grass | NST 09 13032"33‘2,30%_67‘2',, 3434 VR;;’I?Y Grass
CST_05 1303 1004 50;,‘261' .570;,, 3542 Hill valley Grass NST_10 130320531 :,)275 74‘:”,, 3512 Hill slope Grass
NST_01 1303;502,2227'?48;,, 3431 Rivervalley ~ Grass | NST_I1 1303;421{;,3336'?3, 3442 "zlvl:ry ;’:Sﬂ:"d
NST 02 130353032;(,)342'_724;,, 3434 River valley  Grass NST 12 130320"3272;'1066%26"" 3441 5;;’;; Grass
NST 03 1303;:‘062;,0506_5542“,, 3513 Hillslope ~ Grass | NST 13 1304;9516',5331'_74‘1,, 3519 valley Grass
NST 04 1303;3073';5225'?546",, 3448 River valley ngfl?; NST_14 1303;5057',3452'?7‘2',, 3432 Eﬁ?y Grass
NST_05 1303;3 083'(,)354'}60?;‘,, 3476 Hill slope Grass NST_15 1303 1005 513',2268' AIO%“" 3752 Hill slope Grass

D. Simulated Data

Simulated data from the common land model (CoLM)
are used to improve the elliptical-original SSM retrieval
model [39]. Various studies show that the CoLM provides
reasonable simulations of the land surface state in Northwest-
ern China and the Tibetan Plateau, including at Maqu station,
which is located in the current study area [40]. The CoLM can
adequately represent basic features of the land surface energy
balance at daily time scales in China [41].

The CoLLM primarily represents physical, hydrological, and
biological processes and exhibits high accuracy in the sim-
ulation of multiple parameters, including snow cover, soil
moisture, sensible heat flux, and latent heat flux. Atmospheric
forcing data that are employed for driving the CoLM primarily
encompass the downward solar radiation, downward longwave
radiation, wind speed, wind direction, precipitation, air temper-
ature at a reference height, atmospheric pressure at the surface,
and relative humidity at a reference height.

III. METHODOLOGY
A. Elliptical-Original SSM Retrieval Model

The diurnal LST cycle can be described as a sine or cosine
function. The daytime part of the diurnal temperature cycle
model can be expressed as follows [42]:

ey

where Tyay(t) is the LST (K) at time ¢ (hours), T is the resid-
ual temperature at sunrise, 7, is the temperature amplitude, f
is the width of the half-period of the cosine term, and #,, is
the time at which the temperature reaches its maximum.

A similar cosine function can be used to express the diurnal
NSSR cycle

Taay(t) = To + T, cos[B(t — tw)]

Sday(t) = So + S cos[a(t — )] 2

where Sqay () is the NSSR (W/mz) at time ¢ (hours), Sp is the
residual NSSR at sunrise, S, is the NSSR amplitude, a is the

width of the half-period of the cosine term, and ¢, is the time
(hours) of the maximum NSSR.

To facilitate investigating the relationship between the diur-
nal cycles of LST and NSSR and simplify the expression, LST
and NSSR can be made dimensionless as follows:

Taay () —

XZJ%@;i=pwmw0—mH+m 3)
Saay (1) — j

y= dz(%)jj = pacosla(t — )]+ q2 4)

where x and y are the dimensionless LST and NSSR, respec-
tively, r and s are set as 325 and 275 K, respectively, and k
and j are set as 1200 and 0 W/m?2, respectively. p1, q1, p2,
and g are parameters of the diurnal LST and NSSR cycles.

For a day of clear skies, it is assumed that f# in (1) is equal
to o in (2). The difference between maximum LST time t,,
and maximum NSSR time ¢, is calculated as follows:

At =t — tr. Q)

An elliptical relationship exists between LST and NSSR
during the daytime on fully cloud-free days, which can be
expressed as follows [33]:

p3(x—q1)*=2p1palcos(B - ANI(x —q1)(y—g2)+ pi(y—g2)*
= [pip2sin(f - AD?. (6)

For a given atmospheric condition, pi, g1, p2, q2, B, and
At are constants for a particular soil type and soil moisture
content. The ellipse parameters, including the center horizontal
coordinate (xgp), the center vertical coordinate (yg), the semi-
major axis (a), the semiminor axis (b), and the rotation
angle (f), can be calculated as follows:

X0 = (41

Yo=4q2 ) )
1 —

g=-cot ! |17 7
2 2p1p2cos(f - Atr)

a = prsin(f - At)
b = pasin(f - At).
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LST

Fig. 2. Diagram of the elliptical relationship between the diurnal cycles
of the LST and NSSR. xq, yg, a, and 6 represent the horizontal and
vertical coordinates of the ellipse center, the semimajor axis, and the rota-
tion angle, respectively. (x;, y;) represent the LST and NSSR at time j
(j=1,2,3,4,5).

The elliptical relationship varies with different soil types and
soil moisture contents under a given atmospheric condition.
Furthermore, there is an elliptical relationship between the
diurnal LST and NSSR cycles, as shown in Fig. 2. A stepwise
regression method is used to determine the parameters for
SSM retrieval. With the simulated data, it is found that the four
ellipse parameters (xo, o, a, and @) are the most significant
for the estimation of SSM. However, the center horizontal
coordinate xo and the rotation angle € have a strong linear
relationship [38].

Therefore, the newly developed SSM retrieval model can be
written as follows [33], [38]:

SSM =n| X yo+na X a+n3 x Inf + ng (8)

where SSM is the daily-averaged SSM (m3/m3), Yo, a, and 6,
which, respectively, represent the vertical coordinates of the
ellipse center, the semimajor axis and the rotation angle, are
the ellipse parameters for the elliptical relationship between
the diurnal LST and NSSR cycles, and n; (i = 0, 1, 2, 3)
is the model coefficients (m3/m?) that can be simulated
from the CoLM. It should be noticed that elliptical para-
meters and model coefficients will change with different
days.

B. Determination of LST

The diurnal cycles of LST and NSSR are prerequisite infor-
mation for the elliptical SSM retrieval model. As determined
in [43] and [44], LST can be expressed as follows based on
the split-window algorithm [45]:

1—¢ oe\ Tir1 + Tir2

Ty =ao + (al +a

l—¢ 58) Tir1 Tir2 ©)

Ll
g2 2

where 7Tir; and Tirp are the top-of-atmosphere (TOA)
brightness temperatures (K) measured in channels IR1 and
IR2; ¢ is the averaged emissivity from channels IR1 and
IR2 of FY-2E which can be estimated from the LSEs
in channels 31 and 32 of Moderate Resolution Imaging
Spectroradiometer (MODIS) provided by the MODIS LST
product MOD11A1; de is the emissivity difference between
the two thermal infrared channels IR1 and IR2; and
ap—ae are unknown coefficients that can be derived from
the simulated data through statistical regression methods for
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each viewing zenith angle and subrange. The University of
California Santa Barbara, Santa Barbara, CA, USA, spectral
database was used to determine the emissivity relationship
between the S-VISSR channels and the MODIS 31 and
32 channels [44].

C. Determination of NSSR

NSSR is mainly calculated using downward
surface shortwave radiation (DSSR), upward surface
shortwave radiation (USSR), and land surface albedo as
follows [46], [47]:

Sp =R} =Rl =1 —r)R} (10)
R} = G x cos(SZA) x d, x © (11)
dr = 1.00011 + 0.034221 cos(a) 4+ 0.00128 sin(a)
+0.000719 cos(2a) + 0.000077 sin(2a). (12)
According to Tang et al[43] and Li et al.[48],

the atmospheric water vapor content (WVC) can be derived
from the transmittance ratio of the split-window channels.
The relationship between the transmittance ratio and WVC
is determined by synthetic regression on the simulated data
from MODTRAN with aerosol model (VIS = 23 km, rural
model)

WVC = C) + Cp x R2 (13)
TIR1
TR2 _ CRI S (Tirixk — Tir1) (Tir2.x — TiR2) (14)
- —2
7RI €IR2 S (Tirix — TirY)
14.996 3.211
C; = 28.104 — (15)
cos(VZA) = cos? (VZA)
14.954 3.206
Cy = —28.056 + - (16)
cos(VZA)  cos? (VZA)
27(DOY — 1)
q=2"2"7) (17)
365

where §,, is the NSSR (W/mz); Ré and Rg represent the
DSSR (W/m?) and USSR (W/m?), respectively; r is the land
surface albedo; G is the solar constant (1367 W/mz); SZA
is the solar zenith angle; d, is the earth—sun distance factor;
7 is the atmospheric transmissivity; DOY denotes the day of
year; WVC is the water vapor content (g/cmz); 7ir1 and 71R2
are the atmospheric transmittances in channels IR1 and IR2;
cr1 and gro are the emissivities in channels IR1 and IR2;
and TRy and Tirp are the TOA mean channel brightness
temperatures (K) of the N neighboring pixels in channels
IR1 and IR2, respectively.

D. Elliptical-New SSM Retrieval Model

1) Improvement With FVC: The elliptical-original model
was constructed for bare soil conditions with coefficients that
do not reflect conditions with varying FVC. The coefficients
for bare soil are used for SSM estimates under conditions
where the FVC is less than 0.7. However, the FVC is tem-
porally variable, and thus, using the same set of coefficients
to derive the SSM under different vegetation conditions can
produce errors. Accordingly, it is necessary to account for FVC
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model.

Flowchart of the development of the daily-averaged SSM retrieval

to optimize the elliptical-original model for use at temporal
and spatial scales.

The FVC can be derived from a widely used dimidiate
pixel model, a linear pixel unmixing model, and a MODIS
normalized difference vegetation index (NDVI) product
(16-day MOD13Q1) [49], [50]. This derivation assumes that
each pixel can be decomposed into a linear combination of
bare soil (NDVIsoil) and full vegetation (NDVIveg) as follows:

FVC = (NDVI — NDVIsoil)/(NDVIveg — NDVIsoil) (18)

where FVC is the fractional vegetation cover, NDVI is the
normalized difference vegetation index, NDVIsoil is the NDVI
of the bare soil, and NDVIveg is the NDVI of the vegetation.
Due to inevitable noise, cumulative probabilities of 0.5%
and 99.5% are taken for NDVIsoil and NDVIveg, respectively,
in this paper.

2) Experimental Procedure: Fig. 3 depicts the process of
using the elliptical-new SSM retrieval model with geostation-
ary satellite data in detail. The data for CoLM simulation are
similar to those used in [22] and [51]. The initializations of
soil textures about the soil texture classification scheme of
the Food and Agriculture Organization are computed from
Bonan [52]. Besides, the land cover is initialized according
to the United States Geological Survey vegetation categories
and FVC, which is set at 0-0.7 for the study area. Atmospheric
forcing data are used to drive the CoLM, as mentioned earlier
in the reference to the simulated data. As indicated in the
flowchart, FVC is input into the CoLM along with atmospheric
forcing data to directly produce simulated data, including the
diurnal cycle of LST, the diurnal cycle of NSSR, and the
daily-averaged SSM, to construct the database. The model

10

® measured wind speed
® Wind Speed I
V' Wind Speed II

8 {4 Wind Speed Il CLLTS
y a L
B Wind Speed IV a® ™
B Wind Speed V - L)
R ind Spee PR L
\2 I. L) "
EXE A8, []
£ 6 a B ,a8808, Tg 8
3 a & A % A m g
g, a8 A oy A mm
12 s . A ¢V "" A'mm
2 . " ...l " L 03 ov 4, w8
- snssmaesm L] 3800 ! —
= a A gV § %0, Yoo s
Q °_ Ve

u A a
ssssnnaSpe® A @ i ® V., A EEEEEEEE
A Q U TN

a ° °
v

2 {anssnansane® v... ° :v JYYYN.Y.VNN

'y,

D) e 'V
[Ovvv;':v'z°.o o vyvvv®ov
o o .
0 ® oo 20 u’. .:.“

Fig. 4. Measured wind speed and five sets of simulated wind speeds.

TABLE III
VALIDATION SSM RETRIEVALS WITH DIFFERENT WIND SPEEDS

Wind Speed R? RMSE (m’m)
I 0.912 0.024
11 0.919 0.022
11T 0.866 0.029
v 0.726 0.044
\% 0.608 0.057

coefficients are then calculated from the simulated daily-
averaged SSM and diurnal cycles of LST and NSSR. Similarly,
based on the geostationary satellite data, elliptical relation-
ships are built with the ellipse parameters. The SSM can be
successfully produced with the model coefficients and ellipse
parameters.

IV. RESULTS AND ANALYSIS

A. Effect of Atmospheric Forcing Data on the
Elliptical-New SSM Model

The model coefficients simulated from the CoLM are based
on atmospheric forcing data. However, atmospheric forcing
varies temporally and spatially. Therefore, atmospheric forcing
data will affect SSM retrieval. Wind speed, air temperature,
and relative humidity are the atmospheric forcing variables,
most likely to affect the accuracy of the elliptical-new SSM
retrieval model. In this paper, the model errors from wind
speed, air temperature, and relative humidity are analyzed.

1) Effect of Wind Speed on the Elliptical-New SSM Retrieval
Model: Wind speed has a strong diurnal cycle, with a peak in
the afternoon (2 PM) over most land areas [53], [54]. While
controlling other atmospheric forcing variables, diurnal LST,
diurnal NSSR, and daily SSM are simulated under different
wind speeds based on the CoLM. Taking the atmospheric
forcing data on DOY 217 in 2010 as an example, different
diurnal wind speeds are set based on measured wind speed,
as shown in Fig. 4.

After calculating the model coefficients with different wind
speeds, the SSM retrievals are validated with in situ mea-
surements, as shown in Table III. The accuracy of the wind
speed data affects SSM retrieval. If the uncertainty of wind
speed is less than 1 m/s, the accuracy of the result might
not be significantly affected. As the uncertainty of wind
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TABLE IV
VALIDATION SSM RETRIEVALS WITH DIFFERENT AIR TEMPERATURES

Alr R RMSE (m*/m’)
temperature
1 0.808 0.045
11 0.804 0.043
111 0.749 0.044
v 0.842 0.031
\% 0.867 0.028

speed increases, the SSM retrievals will become increasingly
inaccurate, with large uncertainties at wind speed uncertainties
in excess of 3 m/s.

2) Effect of Air Temperature on the Elliptical-New SSM
Retrieval Model: Air temperature has a strong diurnal cycle,
with a peak in the afternoon over most land areas. Taking
the DOY 217 in 2010 as an example, simulated data are
produced based on the CoLM with different diurnal air tem-
peratures, as shown in Fig. 5. The SSM retrievals are validated
with in situ measurements, as shown in Table IV. As the
uncertainty of air temperature increases, the retrievals display
larger errors. As the uncertainty of air temperature reaches
a threshold, the error of SSM retrieval tends to be stable
within 0.02 m3/m3. Therefore, the retrievals are less sensitive
to uncertainties in air temperature than they are to those in
wind speed.

3) Effect of Relative Humidity on the Elliptical-New SSM
Retrieval Model: As with wind speed and air temperature,
relative humidity has a strong diurnal cycle, but with mini-
mum value in the afternoon. Setting relative humidity IIT as
the simulated series that is closest to the measured relative
humidity, the relative humidity I and V series are the series
with the greatest error in this paper, as shown in Fig. 6.
The greater the uncertainty of relative humidity, the larger is
the error of the SSM retrievals. As the uncertainty exceeds
20%, the accuracy of the elliptical-new SSM retrieval model is
minimized. However, a relative humidity value that is higher
than the true value will cause more error than one that is
lower than the true value. Thus, the SSM retrievals obtained
from relative humidity I are less accurate than those obtained
from relative humidity V. From relative humidities I to III,
the error of SSM retrieval increases by 0.018 m3/m> as shown
in Table V. Overall, the retrievals are less sensitive to error
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Measured relative humidity and five sets of simulated relative

TABLE V
VALIDATION SSM RETRIEVALS WITH DIFFERENT RELATIVE HUMIDITIES

Relative humidity R2 RMSE
(m*m)

I 0.852 0.040

I 0.903 0.026

I 0.920 0.022

v 0.920 0.023

Vv 0.911 0.026

in relative humidity than to error in air temperature or wind
speed.

B. Analysis of Model Sensitivity to LST and NSSR

To evaluate the impacts of uncertainties in LST and NSSR
on SSM retrieval, a sensitivity analysis of LST and NSSR is
performed in this paper. Gaussian randomly distributed errors
of 1, 2, and 3 K [error st ~ N(O, 12), error st ~ N(O, 22),
and error st ~ N(0, 3%)] are systematically added to the LST.
Then, SSM is estimated by using the elliptical-new SSM
retrieval model with the noised LST data. Compared with the
actual SSM, the root-mean-square error (RMSE) is 0.03 m3/m?>
for errorpst ~ N(O, 12), 0.04 m3/m? for errorp gy ~
N(0,2%), and 0.06 m3/m? for errorrst ~ N(0,3%).
As shown in Fig. 7(a), the correlation coefficient (R) is
0.91 for errorpst ~ N(O, 12), 0.81 for errorp st ~ N(O, 22),
and 0.60 for errorp st ~ N (O, 32). Similarly, we add Gaussian
randomly distributed errors of 10, 20, and 30 W/m? to the
NSSR [errornssrk ~ N(O, 102), errorNssrg ~ N(O, 202), and
errorNssrg ~ N(O, 302)]. Fig. 7(b) reveals that the RMSE is
0.02 m3/m3 and that the R value is 0.92 for eITOINSSR ™~
N(0, 10%). For errornssk ~ N(0,20%), the RMSE is
0.03 m3/m? and R is 0.81. For errornssg ~ N(0,30?),
the RMSE is 0.05 m*/m® and R is 0.67. Errors from a
Gaussian random distribution are added to the diurnal LST
and NSSR for all vegetation conditions and land cover types,
and therefore, the results will display the largest possible
sensitivity.

C. Validation and Analysis With In Situ Measurements

To compare the
elliptical-new  model

model and the
their feasibilities,

elliptical-original
and validate
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Fig. 7. Validation of the estimated SSM after adding Gaussian randomly
distributed error. (a) Added error to the LST. (b) Added error to the NSSR.

in situ daily-averaged SSM measurements are regarded as
references for an evaluation of cloud-free days between
July and October in 2010. In this model, SSM is estimated
from the elliptical relationship between the diurnal cycle of
LST and NSSR. For the elliptical relationship between diurnal
LST and NSSR cycles, there should be one diurnal LST-NSSR
ellipse for each given location for a cloud-free day. When the
weather changes (e.g., clouds occur or last for a while or even
rains) during the daytime, LST-NSSR and SSM can also be
affected. In this case, the LST-NSSR relationship may not
be elliptical, probably leading to the inapplicability of the
proposed model. Otherwise, if the LST-NSSR relationship
is still ellipse with weather variation, the ellipse model
would be applicable. In this case, the model is based on
fully cloud-free days to avoid intermittent cloudy or rainy
conditions. However, more in depth investigation should be
conducted to further explore the effects of clouds or rain
events on the estimation of SSM with the proposed model.
In addition, under situation of one diurnal LST-NSSR ellipse
for each given location for a cloud-free day, the SSM retrieval
should be daily averaged. In situ daily-averaged SSM can
reflect to some extent the diurnal variation of soil moisture
content. Hence, it is feasible to evaluate the model outputted
SSM with daily-averaged in sifu measurements.

When comparing the SSM retrieval from the elliptical-
original model with the in sifu measurements, an R value
of 0.528, an RMSE of 0.178 m3/m?, and a bias of 0.031 m*/m?
are obtained. The elliptical-new model possesses better

A\ Original model R= 0.528, RMSE=0.178 m%/m®, bias=0.031 m*/m®
Oimproved model R=0.655, RMSE= 0.109 m*/m”, bias=0.006 m
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Fig. 8. Validation data for the elliptical-original (triangle) and elliptical-new
(rectangle) models with in situ measurements.

TABLE VI
RETRIEVAL RESULTS AND GROUND MEASUREMENT AT NST_15

LSTat 11 a.m. (K) Daily average SSM (m*/m?)
Date . Ground . Ground
s:ltrle measure BIAS* I:‘ZF measure  BIAS*
ment ment
20 293.1 6.89 0.657 0730 -0.073
Jul. 4 286.25
28 299.4 1004 | 0557  0.673 20.116
Jul. 9 289.45
3Sep. | 2958 1398 | 0241  0.507 -0.266
3 281.85
15 297.0 1346 | 0202  0.503 -0.301
Sep. 1 283.55

*BIAS: in situ measurement - the retrieved measurement

accuracy, with an R value of 0.655, an RMSE of 0.109 m3/m?,
and a bias of 0.006 (m3/m3). The results in Fig. 8 reveal a good
correlation between the retrieved and ground measurements.
The satellite SSM retrievals in July are higher than the ground
measurements, potentially due to atmospheric data affecting
the model when SSM is high. The atmospheric forcing data,
including wind speed, used to drive the CoLM might affect
the model coefficients causing the SSM retrievals to be higher
than the ground measurements.

1) Analysis of the Error: Station NST_04 is situated in
marshland. Station NST_13 is located in high vegetation-
cover conditions. The FVC at NST_13 can sometimes exceed
70%, which is too high to obtain an accurate SSM retrieval
result [51].

Station NST_15 is situated along a hill slope with a
large elevation difference. Heterogeneous surfaces might cause
errors in the estimation of LST and NSSR. The elliptical
SSM retrieval model is based on the synergistic use of diurnal
cycles of LST and NSSR, and thus, errors in the LST and
NSSR estimates will influence the SSM estimation. Table VI
reveals that the SSM estimation will contain larger error as the
LST estimate becomes less accurate. For example, the SSM
estimate is more accurate on 20 July than on any other day
because of the high accuracy of the LST retrieval on this day.
Furthermore, if the LST retrieval is higher than the true value,
the smaller ellipse rotation angle will reduce the SSM retrieval
value relative to the in situ measurement, as is evidenced
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in Table VI. Thus, the ellipse-new model is not suitable for
station NST_15.

Due to the high uncertainties from LST, the ellipse-new
model is not suitable for stations NST_04, NST_13, and
NST_15. Therefore, a subset of ground-based stations will be
used for validation.

2) Validation With Subset of Ground-Based Stations:
Excluding the stations NST_04, NST_13, and NST_15, the
in situ measurements are used for the validation process.
As shown in Fig. 9, the results are much more effective when
considering FVC, as evidenced by an R of 0.845, an RMSE
of 0.064 m3/m3, and a bias of 0.017 m3/m3. These results
demonstrate that using the elliptical-original model to derive
the SSM with the same set of coefficients for bare soil will
enlarge the error and generate an R of 0.620, an RMSE
of 0.146 m3/m3, and a bias of 0.038 m3/m>. From Fig. 9,
it can be seen that the discrepancies between original model
and in situ measurements get smaller when the FVC is
accounted in the new retrieval model. In particular, we label
the samples that has large bias with original model, while has
better agreement with in situ measurements when the FVC is
accounted in the new retrieval model. To further compare the
elliptical-original and elliptical-new models, the SSM trends
and the field-scaled SSM measurements are shown in Fig. 10.
Regardless of whether SSM is derived from the original- or
elliptical-new model, it exhibits the same trend as the ground
SSM measurements. In addition, it is evident that the SSM
retrievals using the elliptical-new model (red line) are much
more similar to the field-scaled SSM measurements (blue line)
than are the retrievals based on the original model. Therefore,
to precisely derive SSM, different vegetation conditions must
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be considered to optimize the applicability of the model at
temporal and spatial scales.

V. SUMMARY AND CONCLUSION

SSM, which plays important roles in agricultural appli-
cations, environmental and climate systems, and weather
forecasting and carbon/nitrogen cycling, is a key land sur-
face variable in the earth system. Due to the capability
of geostationary satellites to acquire observations more fre-
quently relative to polar orbiting satellites, methods of greater
practicality and precision can be developed. In this paper,
we generate an improved and novel SSM retrieval model based
on the synergistic use of diurnal cycles of LST and NSSR.
Previous investigations have demonstrated the feasibility of
the elliptical-original SSM retrieval model for bare soils in
sparsely vegetated areas where the FVC varies from 0 to 0.7.
However, the coefficients of the elliptical-original model are
incapable of distinguishing different vegetation conditions.
In this paper, the elliptical-new model is optimized by account-
ing for the influences of different FVC values. First, the diurnal
cycles of LST, which are estimated using the generalized split-
window algorithm [43]-[45], and of NSSR [46] are calculated.
Second, FVC is calculated based on a dimidiate pixel model
and a MODIS NDVI product to optimize the model for the
estimation of SSM at the regional scale. Subsequently, SSM
retrieval is estimated using the elliptical-new model while
considering the impacts of different FVC values. Finally,
a preliminary validation is conducted by employing in situ
ground measurements for the counties of Maqu, Luqu, and
Ruoergai, which are located to the east of the SAYR. When
comparing the original- and elliptical-new model, stronger
relationship between the ground measurements and the
FY-2E-derived SSM using the elliptical-new model is reported,
with an R of 0.845, an RMSE of 0.064 m*/m?, and a bias of
0.017 m3/m>3. The SSM retrieval results using the elliptical-
new model are more similar to the field-scaled SSM measure-
ments than are those obtained using the original model. The
FY-2E-derived SSM based on the elliptical-new model exhibits
less error than does the SSM estimated from the elliptical-
original model. Therefore, the preliminary validation using
in situ measurements confirms that it is necessary to consider
the impacts of FVC for improved SSM retrieval.

The sensitivity of the model to atmospheric forcing is
investigated. The retrievals have larger biases when the wind
speed, air temperature, or humidity has large uncertainties. The
ellipse model is most sensitive to wind speed, which indicates
a requirement for high-accuracy wind speed measurements to
estimate soil moisture with the proposed model.

In the future studies, we will obtain LST and NSSR by
employing high-quality geostationary satellite data. Further-
more, due to the observation of several errors observed during
FVC estimation, including errors in the determination of the
angle and some bidirectional reflectance distribution function
effects from +55° of the MODIS threshold, the accuracy of
FVC retrieval will be improved and validated. Along with a
point-scale validation, cross-comparisons with other existing
SSM products will be conducted in the future studies.
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