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Abstract: Spatio-temporal dynamic monitoring of soil moisture is highly important to management of agricultural and vegetation eco-
systems. The temperature-vegetation dryness index based on the triangle or trapezoid method has been used widely in previous studies.
However, most existing studies simply used linear regression to construct empirical models to fit the edges of the feature space. This re-
quires extensive data from a vast study area, and may lead to subjective results. In this study, a Modified Temperature-Vegetation Dry-
ness Index (MTVDI) was used to monitor surface soil moisture status using MODIS (Moderate-resolution Imaging Spectroradiometer)
remote sensing data, in which the dry edge conditions were determined at the pixel scale based on surface energy balance. The MTVDI
was validated by field measurements at 30 sites for 10 d and compared with the Temperature-Vegetation Dryness Index (TVDI). The
results showed that the R* for MTVDI and soil moisture obviously improved (0.45 for TVDI, 0.69 for MTVDI). As for spatial changes,
MTVDI can also better reflect the actual soil moisture condition than TVDI. As a result, MTVDI can be considered an effective method

to monitor the spatio-temporal changes in surface soil moisture on a regional scale.
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1 Introduction

Playing a central role in the operation of terrestrial eco-
systems, soil moisture dynamic affects the soil’s physic-
al and chemical processes, and has far-reaching effect
on the hydrological, climatic and environmental pat-
terns in an area (Hassan-Esfahani et al., 2015; Feng et
al., 2017; Ge et al., 2019). Due to differences in vegeta-
tion types, precipitation distribution and topography,
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soil moisture is highly heterogeneous on both temporal
and spatial scales (Sun et al., 2014; Peng et al., 2015).
Local soil moisture often determines spatial distribution
and growth of vegetations over an area, this is espe-
cially the case in arid and semi-arid areas, where insuffi-
cient water supply for vegetation caused by soil water
depletion may directly impair the security and health of
regional ecological environments (Cao et al., 2009;
Wang and Cao, 2011). Therefore, estimating and monit-
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oring spatio-temporal distribution of regional soil mois-
ture are highly important in management of agricultural
and local ecosystems (Cho et al., 2014; Feng et al.,
2016).

Most methods for monitoring soil moisture are based
on field observations of sample points, but such meth-
ods are costly and time consuming. More importantly,
they fail to meet the needs of studying the spatial and
temporal dynamics in soil moisture at the regional scale
(Merlin et al., 2010; Hsu and Chang, 2019). Therefore,
the large scale determination of surface soil moisture
(05 cm) based on microwave and optical remote sens-
ing data has become the focus of relevant research due
to advances in remote sensing technology (Han et al.,
2010; Sun et al., 2014; Peng et al., 2015). However, mi-
crowave remote sensing data still have certain limita-
tions in characterizing spatial and temporal distribution
of regional surface soil moisture. For example, althou-
gh active and passive microwave sensors have strong
penetrating power and are affected less by weather con-
ditions, the remote sensing data with relatively low spa-
tial resolution (2040 km for passive microwave sen-
sors) and limited repeat intervals (approximately 16-25 d
for active microwave sensors) may not accurate enough
for many regional studies (Sun et al., 2012; Sadeghi et
al., 2017). In general, low temporal and spatial resolu-
tion of the microwave data limits their application in
monitoring surface soil moisture accurately.

Because of the long time span and high spatial and
temporal resolution, estimating surface soil moisture
based on Land Surface Temperature (7) and the Veget-
ation Index (VI) from thermal infrared and optical re-
mote sensing data has been used widely (Son et al.,
2012; Garcia et al., 2014). Previous studies have shown
that 7, and VI are both important physical parameters
that reflect soil moisture, and there is an obvious negat-
ive correlation between them (Price, 1990; Nemani et
al., 1993). Carlson et al. (1994) and Moran et al. (1994)
found that the scatter diagram with 7, and VI as the ho-
rizontal and vertical coordinates, respectively, are dis-
tributed in a triangular or trapezoidal shape. The trian-
gular or trapezoidal space can reflect the changing trend
in surface soil moisture effectively. Based on this the-
ory, Sandholt et al. (2002) proposed the Temperature-
Vegetation Dryness Index (TVDI), and estimated and
monitored the dynamic changes of surface soil moisture.

While thermal infrared data are susceptible to interfer-
ence and the vegetation index to calculate soil moisture
is hysteretic, this method, which combines optics and
thermal infrared remote sensing, overcomes such short-
comings by considering the temporal-spatial resolution
and time span (Li et al., 2010; Gao et al., 2011). There-
fore, it applies to the soil moisture monitoring research
(Petropoulos et al., 2009; Rahimzadeh-Bajgiran et al.,
2012). However, fitting the dry and wet edges of the
feature space is crucial to the result of TVDI. Yet most
existing studies have simply used linear regression to
construct empirical models to fit the edges of the fea-
ture space, requiring extensive data from a vast study
area and producing subjective results. The regression
result is often lower than the theoretical value, particu-
larly when dry-edge fitting is performed, and ultimately
affects the accuracy of soil moisture (Cho et al., 2014;
Zhu et al., 2017a). Therefore, it is important to improve
the edge fitting method of the 7,-VI feature space, and
to construct a suitable dry edge fitting method in partic-
ular.

In this study, a modified index is construct, and the
modification is meant to improve the performance of the
TVDI. More specifically, the aims of this study are: 1)
to construct a Modified Temperature-Vegetation Dry-
ness Index (MTVDI) based on optical and thermal in-
frared remote sensing data to estimate surface soil mois-
ture, and to avoid the effect of the linear regression
method in dry edge fitting; 2) to evaluate the effective-
ness of MTVDI after a comparison of MTVDI and
TVDI index results based on soil moisture data meas-
ured at the sample sites. The results of this study will
provide a reference for regional surface soil moisture re-
mote sensing simulation studies.

2 Study Area and Data

2.1 Study area

The study area is located in the Yan’an section of the
Yanhe River Basin (109°10'E to 109°55'E, 36°20'N to
37°10'N) of China (Fig. 1). The climate type of the
study area belongs to a typical warm temperate contin-
ental monsoon climate, with an average annual precipit-
ation 500 mm decreasing gradually from southwest to
northeast. The annual average temperature in the region
is 7.7°C to 10.6°C. The primary vegetation types in this
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Fig. 1 Location of the study area and the field measurement
sites

area include deciduous broad-leave forest, coniferous
forest, and shrub grassland. The principal soil type is
loessal soil, which has a uniform texture but poor fertil-
ity (Wang and Ren, 2006).

2.2 Data sources

2.2.1 Field measurement data

The study area is in the Yan’an section of the Yanhe
River Basin. Surrounding two major observation sta-
tions in the Yangjuangou and Yangou catchment area,
30 measurement sites were set covering the study area
(Fig. 1). When setting sample sites, based on a compre-
hensive survey of the sites, sample sites were evenly ar-
ranged in different geomorphic units, covering different
vegetation types including grassland, shrub and wood-
land. The locations and vegetation types of all measure-
ment sites are shown in Table 1. Two automatic weath-
er stations and several soil moisture sensors were in-
stalled at the measurement sites in the Yangjuangou sta-
tion. The soil moisture was measured continuously at
six different depths in the soil profile: 5, 20, 40, 60, 80,
and 100 cm. At other measurement points, the soil mois-

Table 1 Locations and vegetation types of measurement sites

Sites Vegetation type Longitude / °E Latitude / °N
Yangjuangou Grass 109.52 36.70
Shrub 109.53 36.70
Grass 109.52 36.71
Grass 109.52 36.71
Forest 109.52 36.71
Forest 109.52 36.71
Grass 109.52 36.71
Grass 109.53 36.71
Forest 109.53 36.72
Shrub 109.50 36.60
Grass 109.51 36.60
Grass 109.58 36.73
Forest 109.60 36.73
Forest 109.60 36.74
Yangou Forest 109.52 36.47
Shrub 109.52 36.47
Forest 109.51 36.51
Forest 109.53 36.51
Shrub 109.55 36.51
Forest 109.51 36.55
Forest 109.49 36.55
Shrub 109.46 36.47
Forest 109.46 36.48
Huangjiagou Forest 109.79 36.80
Shrub 109.76 36.79
Grass 109.77 36.80
Changgou Forest 109.70 36.85
Grass 109.70 36.84
Forest 109.66 36.85
Forest 109.67 36.85

ture was measured with a TDR 300 soil moisture meter
every 15 d during the plant growing season in 2015
(Mayto September). Only the surface soil moisture data (0—
5 cm), which were measured at the time closest to the
satellite overpass time, were used in this study. Consid-
ering that the resolution of remote sensing data is 1 km,
these sample points were designed with a range of about
200 x 200 m when collecting data in the field. Soil
moisture samples were taken every 50 m on the diagon-
al, and 8-10 samples were collected in each sample site.
The abnormal values were eliminated and the remain-
ing values were averaged to obtain the soil moisture of
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the sample site. In this way, the soil moisture in the
pixel is reflected to the utmost extent in accuracy.

2.2.2 Remote sensing data

The parameters involved in this study were all constant
or can be obtained based on MODIS remote sensing
data, except for wind speed data as derived from met-
eorological data obtained from the China Meteorologic-
al Data Sharing Network (http://data.cma.cn/) and field
measurements. The MODIS data can be downloaded
from NASA Earth Science Data (https://earthdata.nasa.
gov/) and the Resource and Environment Science and
Data Center (http://www.resdc.cn/Default.aspx). The six
MODIS products, including daily geolocation at 1 km
resolution (MODO3), daily cloud at 1 km resolution
(MODO06), daily temperature and water vapor profile at
5 km resolution (MODO07), daily land surface temperat-
ure at 1 km resolution (MODI11), 8-d albedo at 1 km
resolution (MOD43), and 16-d vegetation indices
(NDVI) at 1 km resolution (MOD13), were used to es-
timate the solar zenith angle, land surface temperature,
atmospheric temperature, dew point temperature, sur-
face albedo, and vegetation coverage, respectively
(Table 2) (Zhu et al., 2017a). The spatial resolution of
all remote data was set to 1 km. To ensure the accuracy
of the result, 10 d during the plant growing season (May
to September) in 2015 that coincided with the field
measurement date when cloud cover was less than 20%
were selected: DOY (Day of Year) 124, 144, 155, 169,
188, 206, 217, 227, 255, and 269 (Sun et al., 2012).
Other parameters involved in this study all can be re-
garded as constants based on previous studies (Prince et
al., 1998; Zhang et al., 2008; Sun et al., 2012).

Table 2 Data statistics for estimating MTVDI

3 Theoretical Background

3.1 Theory of TVDI

Following the concept of traditional TVDI, Long and
Singh (2012) proposed a conceptual sketch of the
trapezoid T — f. space in their study, and the concept is
shown in Fig. 2. For an area, the left and right edges
(AC and BD) of the trapezoidal feature space represent
the changes in 7§ on the bare soil and fully covered sur-
face, respectively. Generally, as the Fractional Vegeta-
tion Cover (f,) increases, the vegetation canopy’s ab-
sorption of solar energy leads to a higher canopy tem-
perature. Meanwhile, such increase of temperature can
be offseted by vegetation transpiration. Therefore, when
soil moisture is insufficient, evapotranspiration weak-
ens and vegetation canopy temperature increases; other-
wise, evapotranspiration strengthens and canopy tem-
perature decreases. Upper edge (AB, dry edge) repres-
ents upper limit of surface temperature that can be
reached at a given coverage. Lower edge (CD) repres-
ents lower limit of surface temperature that can be
reached under the condition of unlimited maximum soil
moisture, which is the wet edge that usually assumed to
be equal due to the saturated wet condition (Zhu et al.,
2017c¢). The soil moisture trapezoidal space of each f.
pixel is formed. In the trapezoidal space, Ty, and Tnin
are the bare soil surface temperature under the driest and
wettest conditions respectively. T, and T, are the
fully covered surface temperature under the driest and
wettest conditions. The f, and T values of each pixel in
the area will be distributed in the 7, — f, feature space

Variable Datasets

Preparation Sources

Fractional Vegetation Cover (f;) MODIS data 16-day vegetation indices

(NDVI) at 1 km resolution (MOD13)

Albedo of the bare land surface (a,) MODIS data 8-day albedo at 1 km
resolution (MOD43)

Air temperature (7,) MODIS data daily cloud at 1 km
resolution (MODO06), daily temperature
and water vapor profile at 5 km
resolution (MODO7)

MODIS data daily geolocation at 1 km

resolution (MODO03)

Solar zenith angle (6)

Dew point temperature (7;) MODIS data daily temperature and
water vapor profile at 5 km resolution

(MODO07)

Directly derived from MOD43

Calculated referring Zhu et al. (2017b)
based on MODO06 and MODO07

Directly derived from MODO03

Directly derived from MODO07

Calculated referring Shifaw et al. (2018) Resource and Environment Science and

Data Center
(http://www.resdc.cn/Default.aspx)

NASA Earth Science Data
(https://earthdata.nasa.gov/)

NASA Earth Science Data
(https://earthdata.nasa.gov/)

NASA Earth Science Data
(https://earthdata.nasa.gov/)

NASA Earth Science Data
(https://earthdata.nasa.gov/)
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Fig. 2 An illustration of the trapezoid 7, — f. feature space. Up-
per edge (AB) and lower edge (CD) represent the dry and wet
edges of the T, — f. feature space, respectively. Ty and Typi are
the bare soil surface temperature under the driest and wettest con-
ditions. T, and 7., are the fully covered surface temperature

under the driest and wettest conditions
composed of four poles of A, B, C, and D, and iso-
pleths of soil moisture can be retrieved by the TVDI

(Sandholt et al., 2002). The calculation formula is as
follows:

TVDI = L= Tmin_ (1)
Tmax _Tmin
Tmax =a+bX f; 2)

NDVI—NDVIyn

Je= NDVI.——NDVI.

3)

where T, is the surface temperature of a given pixel, and
Tnin 1S the minimum surface temperature along the wet
side, where Ty = Tomin = Temin = T, (Wet edge temper-
ature). Ty, 18 the maximum surface temperature. a and
b are parameters defining the dry edge modelled as a
linear fit to data. TVDI ranges from 0 to 1. NDVI_;, is
the minimum NDVI value for bare soil, and NDVI,, is
the maximum NDVI value for a fully vegetated surface.

3.2 The development of MTVDI

Following Fig. 2, the observed dry edge of the 7, — f.
feature space indicates an extreme water stressed condi-
tion, in which vegetation has no evapotranspiration
cooling effect and the 7, reaches its max value.
However, vegetation exhibits zero evapotranspiration
rarely in actual conditions (Stisen et al., 2008). There-
fore, the observed dry edge value calculated based on
Eq. (2) is likely to be lower than the theoretical dry edge
value. To improve the accuracy of the calculation res-

ults, the dry edge can be determined with Eq. (4) (Zhang
et al., 2008; Long and Singh, 2012; Sun et al., 2012;
Zhu et al., 2017a).

Tmax = Tsmax + fc(Tcmax = Tsmax) (4)

In this equation, 7),,, was divided into two parts, the
driest full vegetation cover surface temperature (7, ax)
and the driest bare soil surface temperature (7p.y),
which indicates that in the case of relatively uniform
soil moisture and meteorological conditions, the change
of the T in the area is mainly affected by the f.. Thus,
the 7, value under the same soil moisture condition can
be expressed as the sum of 7., and T, weighted by
vegetation coverage (Moran et al.,, 1994; Anderson et
al., 2007).

Based on the theories above, we used the MTVDI
method to estimate surface soil moisture. Previous stud-
ies have shown that under uniform soil moisture and at-
mospheric conditions, due to the difference in thermal
conductivity between soil and canopy, the surface tem-
perature of pixels within the same soil moisture contour
is mainly controlled by vegetation coverage. The re-
mote sensed 7, tends to approach the air temperature as
the vegetation cover increases, and the radiation temper-
ature of a full vegetated canopy is in equilibrium with
the temperature of the air within the canopy (Cza-
jkowski et al., 1997; Prihodko and Goward, 1997,
Prince et al., 1998). Therefore, T, in Equation 4 can
be replaced by the air temperature (7,) for a given pixel
and Eq. (4) can be converted to:

Trax = cha +(1- fc) T smax (5)
Combine Eq. (5) with Eq. (1):
MTVDI = L5~ Tinin (6)

(cha + (1 - fc) Tsmax) —Tin

In the original TVDI, the T,,,, of dry edge is mostly
estimated by the regression method as shown in Eq. (2).
A sufficient amount of data is needed for regression
analysis to determine the 7., regression equation. In
this study, MTVDI was adopted to determine the meth-
od to estimate the dry edge (7},,x) from the pixel scale.
This reduced the dependence on data volume, and more
objective than is the regression method, which is help-
ful to improve the estimation accuracy of surface soil
moisture. Based on Zhu et al. (2017b), a simple para-
meterization scheme of 7, was developed based en-
tirely on MODIS data (MODO06 and MODO07) without
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ancillary data. Therefore, in Eq. (6), T, and T, can be
obtained or estimated from MODIS data, and f. can be
calculated from MODIS NDVI data. Only the paramet-
ers of the driest bare soil surface temperature (7,,,) and
Tmin need to be obtained further in MTVDI. The deriva-
tion process of MTVDI is showed in Fig. 3.

3.3 Calculation of T,,,, and T,

Based on the surface energy balance principle, 7 can be
estimated according to the following formula (Long and
Singh 2012):

_(I-a)Sq+&,0T, —,0Ty—LE/(1-0) s

T, 3
desoT, +pc]7/(ra( 1-c))

T, (7

where o is the land surface albedo, which is unitless; S,
indicates the downward shortwave radiation (W/m?); &,
and ¢, are the land surface and atmosphere emissivity,
which are both unitless; o represents the Boltzmann
constant, which is 5.67 x 10 W/(m*-K*) (Zhu et al.,
2017a); T, is the air temperature (K); LE is the latent
heat flux (W/m?); ¢ is conversion ratio; p indicates the
air density (kg/m’); ¢, represents the heat capacity of
constant pressure air (J/(kg'K)), and r, is the aerody-
namic drag (s/m).

Because T« represents the maximum surface tem-
perature under extremely dry conditions for bare soil,
the parameters in Eq. (7) can be replaced with paramet-
ers under dry and bare soil conditions. Therefore, the
energy consumed by LE can be assumed to be 0, and
Eq. (7) can be converted to:

_ (1-ag)Sa+ 8ss8a0-T3maX — SSSO'Tgmax Tamax (8)

T omax =
- 4€ss0—T3max +,0Cp/ (ras(1—=cs))

in which & and ¢, are limited by the properties of bare
and dry soil, which are 0.95 and 0.315, respectively
(Zhang et al., 2008; Sun et al., 2012). o, and 7, are the
albedo and aerodynamic drag of the bare land surface.
In this study, a, was extracted from MODIS data, while
r,s Was estimated as follows (Brutsaert, 1982):

In((z—=d) /z0m) — om)*
BLIC )k/ZZLi)) ¢m) ©

in which z (m) is the reference height; d (m) is the zero-

plane displacement height, which is 0 for bare soil; z,
(m) is the surface roughness length of momentum,
which is 0.005 for bare soil; &k is the von Karman con-
stant (0.41); u (m / s) is the wind speed at the reference
height, which is obtained from meteorological data, and

The theory Full vegetation cover T, — £ feature space
of TVDI surface s
Toax =T, 1= fTman,i ™ (1 = f) T e, s
T I |
TVDI=
T = Tomin
Toax =feTo+ (1= f) T
|

T,— T,

A .

ML= U1 Tome) — Tom

Fig. 3 The derivation process of MTVDI (Modified Temperat-
ure-Vegetation Dryness Index). 7., and T,.. are the fully
covered and bare soil surface temperature under the driest condi-
tion

0,, 18 the stability correction function.
The equations to calculate S, and ¢, are:

2
S, = Socos 0 (10)
1.085c0s6 + e (2.7 + cosf) x 1073 + 38
L, 1 1
60_6.116XP(E(273'15_T_¢1)) (11)
46.5
0= 12
T, (12)
g0 = 1= (1+6) exp(— /(124 30)) (13)

in which S is the solar radiation constant at the top of
the atmosphere, which is 1367 (W/m?). @ is the solar
zenith angle. § (0.1) is the dimensionless constant.  and
ep 1s the saturation vapor pressure (hPa/K) and near sur-
face vapor pressure (hPa), respectively. L, and R, is the
latent heat of vaporization and the gas constant of water
vapor, which are 2.5 x 10° (J/kg) and 461 (J/kg-K), re-
spectively. T, is the dew point temperature.

Tmin can also be calculated based on the energy bal-
ance principle, but the relevant calculation parameters
are difficult to obtain. However, following Fig. 2, it can
be assumed that 71, = Tomin = Temin = Ly (Wet edge tem-
perature). Previous research has shown that for a cer-
tain area, the greater the surface evapotranspiration rate,
the smaller the difference between surface and atmo-
spheric temperature (Zhang et al., 2008; Long and Singh
2012; Sun et al., 2012). As T,,;, represents the surface
temperature at maximum humidity, a water body can be
considered an ideal surface with such characteristics.
Therefore, the average temperature of permanent open
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water extracted from the land use data can be regarded
as the wet edge in the study area (7rin = Tsmin = L emin = Low)-

4 Results

4.1 Analysis of the feature space

The T, — f, feature space of the 10 days selected was es-
tablished in this study. Based on the theories of Zhang et
al. (2008) and Long and Singh (2013), the theoretical
limiting edges determined by the energy balance prin-
ciple were calculated. The observed dry edges of the
scatter plot feature space were determined with the
method proposed in previous studies (Sandholt et al.,
2002; Tang et al., 2010). The determination of the wet
edge is easier compared to that of the dry edge. As ex-
posited in section 2.2, Trin = Tomin = Temin = Lw» and the
temperature of the theoretical and observed wet edge is
equal, which can be considered as the surface temperat-
ure of the water body. Therefore, the mean temperature
of the permanent open water extracted from the land use
data was adopted as the wet edge in the study area.

For comparison purpose, the variation of the inter-
cept of the theoretical dry edge and the observed dry
edges determined from TVDI and MTVDI are presen-
ted in Fig. 4. In general, the intercepts of the theoretical
dry edge and the two observed dry edges have similar
variation trend. Yet it is worth noting that the variation
trend of the intercept determined from MTVDI is more
consistent with the theoretical dry edge. The correlation
coefficient between these two intercepts is 0.98, and the
RMSE (Root Mean Square Error) is 5.22 K, while the
correlation coefficient and RMSE between the observed
dry edge intercept determined from TVDI and the theor-
etical dry edge is 0.94 K and 7.29 K, respectively.
Therefore, the relationship between the observed dry

—eo— Theoretical dry edge intercept

330 —e— Observed dry edge intercept (MTVDI)
325 —o— Observed dry edge intercept (TVDI)
320 +

¥4

% 315+

o

B30

5

305

zoo : | | | \ /

95 1 1 1 1
124 144 155 169 188 206 217 227 255 269
Day of the year

Fig. 4 Comparison of the intercept determined by three differ-
ent dry edges

edge intercept determined from MTVDI and the theoret-
ical dry edge is much closer.

The results of the MTVDI feature space showed that
the theoretical dry edges and wet edges can form a clear
trapezoidal space on all 10 d (Fig. 5). However, as the
observed dry edges depend on the distribution of scatter
plots, they do not form a regular trapezoid on all days.
For example, the feature space shape tended to be more
rectangular on DOY 169 and 188. The distribution pat-
tern of the scatter plots also showed that by reason of
the relatively high vegetation coverage in the study area,
and because it was the growing season with higher tem-
peratures during the study period, most of the points
were concentrated in areas with a vegetation coverage
higher than 50%, and the T, value was relatively high
(approximately 300 K). Meanwhile, at the end of the
growing season (DOY 255 and 269), the T, value was
relatively low (most points < 300 K), and the points had
a narrow distribution.

4.2 Comparison with field measurement data

Because of the differences in spatial scale and physical
amount between field measurement data and remote
sensing data, correlation analysis is used to verify the
accuracy of remote sensing retrieved soil water stress
index (Rahimzadeh-Bajgiran et al., 2013; Zhu et al.,
2017c). Fig. 6 presents the scatter plot of TVDI,
MTVDI, and soil moisture measured over all sites. In
general, the results of MTVDI and TVDI were consist-
ent, and both were correlated negatively with soil mois-
ture. Yet still the MTVDI produced better results, with
more concentrated scatterplots than the TVDI, and the
coefficient of determination (R*) for MTVDI and soil
moisture (0.69) was higher than that for TVDI (0.45).
The range in the values of TVDI, MTVDI, field-meas-
ured soil moisture, and the R* between these two in-
dices and soil moisture for all 10 d are shown in
Table 3. With the value of R*, both TVDI and MTVDI
reflected the spatial change in soil moisture on most
days, except for DOY 124, when the R* obtained from
both TVDI and MTVDI were small (0.21 and 0.22, re-
spectively). In addition, except for DOY 144, the R’
between MTVDI and soil moisture was apparently high-
er than that achieved by TVDI on other days. Espe-
cially on DOY 155, 169, and 255, the difference in R?
obtained by these two indices was greater than 0.2,
which indicates that MTVDI can reflect the spatial
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Fig.5 The T, — f, feature space of the 10 selected DOY (day of year). 7} is the land surface temperature, and f. is the fractional vegeta-

tion cover

change in soil moisture more effectively than TVDL.

4.3 Spatial comparison between TVDI and MTVDI
To further compare the difference in spatial distribution

between TVDI and MTVDI, the average TVDI and
MTVDI of all 10 d in this study are presented in Fig. 7.
The TVDI ranged from 0.19 to 0.96, while the MTVDI
ranged from 0.56 to 0.95. The mean value of MTVDI
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Fig. 6 Relationship between MTVDI and TVDI (Temperature-Vegetation Dryness Index) to soil moisture

Table 3 Value range of TVDI, MTVDI, and field measurement soil moisture, and R? between TVDIL, MTVD], and soil moisture

TVDI MTVDI
DOY Soil moisture value range
R Value range R Value range
124 0.21 0.43-0.81 0.22 0.70-0.90 0.07-0.18
144 0.50 0.61-0.99 0.37 0.66-0.86 0.08-0.16
155 0.40 0.32-0.88 0.68 0.62-0.95 0.08-0.18
169 0.36 0.62-0.96 0.58 0.75-0.96 0.03-0.16
188 0.52 0.57-0.89 0.67 0.79-0.98 0.02-0.15
206 0.56 0.16-0.82 0.66 0.42-0.95 0.07-0.25
217 0.47 0.15-0.69 0.62 0.33-0.92 0.05-0.23
227 0.49 0.50-0.83 0.58 0.75-0.94 0.02-0.15
255 0.36 0.25-0.88 0.65 0.40-0.91 0.05-0.22
269 0.52 0.40-0.75 0.66 0.54-0.88 0.07-0.23
Average TVDI of the study area Average MTVDI of the study area

A

TVDI
Value

l High: 0.9561

Low: 0.1871

A

MTVDI
Value

I High: 0.9461

Low: 0.5644

Fig. 7 Spatial distribution of average TVDI and MTVDI on 10 selected DOY
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was much higher than that of TVDI, which is 0.81 and
0.66 respectively. The distributions of TVDI and
MTVDI had similar spatial patterns. Both high values of
these two indices were distributed primarily in the north,
indicating that the southern part of the study area has
higher soil moisture. However, the spatial distribution of
MTVDI showed that there is a linear low-value area in
the middle of the study area, indicating a feature that the
soil is moister than the surrounding area. This feature,
consistent with the location of the Yanhe River in the
study area, and can not be found in the spatial distribu-
tion of TVDI. It therefore leads to the conclusion that
the MTVDI distribution better reflects the actual soil
moisture condition.

5 Discussion

According to the description of T, — f, feature space, it
can be concluded that both TVDI and MTVDI only rep-
resent the water stress index of relative soil moisture. It
should be noted that TVDI and MTVDI is not the same
as the volumetric soil moisture measured in the field
(Mallick et al., 2009). They have a significant negative
correlation with soil moisture. The higher the TVDI and
MTVDI values are, the lower the relative soil moisture
is. Three land cover types are involved in this study
(forest, grassland, and shrub). To analyze the perform-

-#-MTVDI -=- TVDI -+ SM

o
I~}
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Drought index
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ance of MTVDI, scatter plots of average MTVDI, TVDI
and soil moisture of different land cover types in 10 se-
lected days were calculated (Fig. 8). The results showed
that, soil moisture is relatively low for all land cover
types, which is consistent with the results of previous
studies. Due to the increase of soil water consumption
caused by climate change and large-scale vegetation res-
toration, soil moisture of almost all land cover types in
the Loess Plateau is at a low level, and therefore there is
no significant difference in soil moisture among differ-
ent land cover types (Yu et al., 2020; Qiu et al., 2021;
Zhang et al., 2020). Meanwhile, the value of MTVDI is
generally higher than that of TVDI, though both values
show a good consistency with the variation of soil mois-
ture, the variation trend of MTVDI is more similar to
that of soil moisture. Overall, though MTVDI does not
produce significant differences among varied land cov-
er types due to the characteristics of the Loess Plateau
region, MTVDI’s sensitivity to soil moisture changes is
better than that of TVDL

Although the values produced by MTVDI and TVDI
are different from the measured soil moisture, due to
their good indication of soil moisture, this type of index
has been widely used in environmental monitoring re-
search related to drought and soil moisture (Amani et
al., 2017; Chen et al., 2011; Gao et al., 2011; Wang et
al., 2016). In this study, compared with TVDI, the coef-
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Fig. 8 Scatterplots established between average MTVDI, TVDI and soil moisture (SM) in different land cover types: (a) all land cover

types, (b) Forest, (¢) Grassland, and (d) Shrubs
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ficient of determination (R*) of MTVDI and soil mois-
ture relatively improved (Fig. 7). However, in some
cases, the R* between MTVDI and soil moisture re-
mained low, such as DOY 124 and 144 in Table 2. Sev-
eral factors are related to the errors, including the scale
mismatch, accuracy of the remote sensing data, and lim-
itation of the dry edge determination.

In general, the field measurement data can represent
only a limited space of several square meters around the
measurement site. In this study, each sampling site was
measured repeatedly at least 3 times in the range of
200 m x 200 m to obtain the mean value of soil mois-
ture. However, compared with the remote sensing data
with a resolution of lkm, errors are still introduced
when site data are used to validate the estimated results.

Uncertainties in the remote sensing data may intro-
duce errors as well. The parameters include 7, and £, in
this study were all calculated from MODIS data.
However, the actual topography of the study area is rel-
atively complex. Factors such as changes in vegetation
types and topography will cause errors between remote
sensing data and actual conditions, and affect the calcu-
lation results of the parameters used in the study. Mean-
while, the estimation method will also affect the accur-
acy of the results besides the quality of MODIS data.
For example, in this study, f. was calculated based on
Eq. (3). The maximum and minimum values of NDVI
should be determined in the calculation. However, the
maximum and minimum values in NDVI images can-
not be directly selected as NDVI,,, and NDVI;, (Ji-
ang et al., 2017). It is generally considered that the
NDVI value of bare land and all vegetation covered area
are the minimum and maximum values respectively
(Ren et al., 2021). A NDVI frequency histogram will
make more accurate statistics on the corresponding
NDVI values of non-vegetation coverage and full veget-
ation coverage areas in remote sensing images. Based
on previous research experience, NDVI values corres-
ponding to 1% and 99% of the cumulative frequency
values were took as NDVI,;, and NDVI,,,, in this study
(Jiang et al., 2017; Shifaw et al., 2018). Obviously, dif-
ferent NDVI cumulative frequency values will affect the
calculation results of £, (e.g., 0.5% and 99.5% of the cu-
mulative frequency values were took as NDVI;, and
NDVI,,.«), and then affect the accuracy of MTVDI. In
future study, more validation should be performed about
the effect of f. estimation results on the accuracy of

MTVDI.

In addition, monitoring surface soil moisture based on
the T — f, feature space assumes an ideal environment,
in which the meteorological parameters and land sur-
face characteristics are homogeneous (Friedl and Davis,
1994; Lambin and Ehrlich, 1995). This assumption sim-
plifies the relation between soil moisture and land sur-
face temperature. However, the actual land surface char-
acteristics of the study area are more complex, and the
difference between theory and actual characteristics will
inevitably cause some uncertainty in the determination
of dry edges. In order to improve the accuracy of the
MTVDI, more theoretical and test work should be done
in the future.

6 Conclusions

To improve the performance of surface-temperature-ve-
getation index in detecting the surface soil moisture, this
study constructed a Modified Temperature-Vegetation
Dryness Index by using the MODIS series data. Con-
centrating on the 7, — f. feature space, the study adopted
a more objective method to estimate the dry edge aim-
ing to reduce the dependence on data volume and im-
prove the accuracy of the estimation of surface soil
moisture. The MTVDI was validated with the field
measurement data and compared with TVDI. The res-
ults showed that the theoretical dry edges and wet edges
could form a clear trapezoidal space. Meanwhile, the
coefficient of determination (R?) achieved by the
MTVDI (0.69) is generally higher than that achieved by
the TVDI (0.45). With respect to spatial distribution, the
MTVDI also reflects the soil moisture condition better
than TVDI. Therefore, MTVDI can be considered as an
effective method to carry out continuous monitoring of
surface soil moisture in a large area. There are still some
limitations to the use of MTVDI, such as the accuracy
of the remote sensing data, and the limitation of the dry
edge determination. To improve the accuracy of the
MTVDI, more theoretical and experimental work need
to be conducted in the future.
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