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Estimating Soil Moisture Conditions of the Greater
Changbai Mountains by Land Surface

Temperature and NDVI
Yang Han, Yeqiao Wang, and Yunsheng Zhao

Abstract—Soil moisture is an important indicator of the land
surface environment. The combination of land surface temper-
ature (LST) and normalized difference vegetation index (NDVI)
could enhance the ability of extracting information on soil
moisture conditions. In this study, we employed multitemporal
Moderate Resolution Imaging Spectroradiometer (MODIS) data
products of LST, NDVI, and land cover types to obtain the infor-
mation about soil moisture for the greater Changbai Mountains.
We selected nine time periods in 2007 for inversion of the soil
moisture conditions and focused the analysis on four critical time
periods. According to the spatial pattern of the LST and NDVI,
we established the “wet-edge” and “dry-edge” equations and de-
termined the relative parameters. We obtained the temperature–
vegetation dryness index (TVDI) using the wet-edge and dry-edge
relationships to reveal temporal changes of the land surface soil
moisture conditions of the study area. We also analyzed the rela-
tionship between different land cover types in five TVDI classes.
This paper demonstrates that TVDI is an effective indicator to
detect soil moisture status in the greater Changbai Mountains
region.

Index Terms—Changbai Mountains, land surface temper-
ature (LST), Moderate Resolution Imaging Spectroradiome-
ter (MODIS), normalized difference vegetation index (NDVI),
temperature–vegetation dryness index (TVDI).

I. INTRODUCTION

SOIL moisture is one of the most important land envi-
ronmental variables relative to land surface climatology,

hydrology, and ecology [1]. Soil moisture conditions play a
critical role in evaluating terrestrial ecological environmental
conditions and atmospheric processes [2]. Variations in soil
moisture produce significant changes in surface energy bal-
ance, regional runoff, and vegetation productivity. Accurate
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assessment of such a variable is difficult both because typi-
cal field methods are complex and expensive and local-scale
variations in soil properties, terrain, and vegetation cover make
selection of representative field sites difficult, if not impossible
[3]. The most important potential application of land surface
moisture is to provide information for agricultural practice
and management decisions [4], in particular, in water-stressed
regions. Spatially distributed land surface moisture estimation
is usually based on interpolation of data or modeling of en-
vironmental factors such as climate, land use, soil, temper-
ature, and vegetation. Soil moisture is one of the important
parameters for ecosystem modeling, simulation, and predic-
tions [5], and recent applications of remote sensing to soil
moisture assessment have suggested that good measurement
approaches provide more efficient and effective results. Many
models have been developed to retrieve soil moisture conditions
(e.g., [6]–[11]).

Reported studies have employed remotely sensed data for
obtaining land surface conditions. The mostly used indexes
are the normalized difference vegetation index (NDVI), land
surface temperature (LST), the soil-adjusted vegetation index
(SAVI), and the modified SAVI. Those indexes have been
used to estimate changes in vegetation, surface-soil moisture,
and evapotranspiration. NDVI is considered as a conservative
indicator of water stress because vegetation remains green
after initial water stress. In contrast, the surface temperature
can rise rapidly with water stress [12]. LST is an important
indicator of conservation of balance and greenhouse effects. It
is a key factor in the geophysical process of regional and global
scales [13]. It is also an important parameter to control the
biogeophysical and biogeochemical processes, particularly for
meteorological and climatological studies [14], [15]. Vegetation
coverage and surface temperature are important parameters in
describing the characteristics of landscape features which, in
combination, can provide information on vegetation and soil
moisture conditions at the surface [16]. While NDVI reflects
the conditions of vegetation and land cover information, LST
reflects the status of soil moistures. Information of NDVI and
LST complements each other, and the relationship from the two
offers the potential to monitor soil moisture [17]. The reported
studies exploring such relationships can be grouped into three
broad aspects.

1) The LST/NDVI combination (e.g., [18] and [19]) typi-
cally shows a strong negative relationship (R2 = 0.92).
The slope of the LST/NDVI relationship has an indication
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of the “wetness” of the land surface. It provides infor-
mation, such as stomatal resistance and evapotranspi-
ration, at the intrinsic surface (e.g., deciduous forest),
which is sensitive to surface-moisture conditions.
Nemani et al. [20] extracted the slope of the LST/NDVI
relationship in different places from the same image and
found that it could reflect soil moisture status. Analysis of
the LST/NDVI has also been used to assess information
related to area-averaged soil moisture conditions. By cal-
culating the parameters by the LST/NDVI relationship,
we could extract soil moisture information in different
places and temporal changes. Therefore, it has been used
for soil moisture inversion of large areas.

2) Moran et al. [21] extended the LST/NDVI method to
develop a soil-canopy water deficit index (WDI) using
information in the LST/NDVI space. The WDI was
originally derived from the concept of crop water stress
index. This approach used a “vegetation index temper-
ature trapezoid” and was based on the hypothesis that
a trapezoidal shape would result from a plot of the dif-
ference between observed surface and air temperatures
at the intrinsic surface if there is sufficient variation of
fractional vegetation cover and surface water conditions.
For this approach, a range of vegetation cover and soil
water content was a critical factor in determining the
shape of the trapezoid, and thus, the relationship was
demonstrated.

3) Following [21], Sandholt et al. [22] developed a
temperature–vegetation dryness index (TVDI). The
TVDI was obtained using advanced very high resolution
radiometer and the derivatives of LST and NDVI. The
TVDI approach was applied in a region that has mixed
land covers of dry grasslands, shrub lands, and cultivated
areas and related the land cover types to soil moisture sta-
tus. A scatter plot of remotely sensed surface temperature
and NDVI was assumed to take a triangular shape. TVDI
could be estimated from the dry and wet edges of a trian-
gle. TVDI could depend on the graph data by calculation
of the vegetation index and the surface temperature. It
is simple and convenient to calculate TVDI and directly
obtain the modeling parameters from the characteris-
tic of reversing the soil moisture. Nishida et al. [23]
developed an estimation method of evapotranspiration
index for monitoring the surface-moisture status and
tested the algorithm using Moderate Resolution Imag-
ing Spectroradiometer (MODIS) data sets from the year
2000. Another study [24] described the “triangle” method
for estimating the soil moisture wetness and evapotran-
spiration fraction from satellite imagery and illustrated
how the triangle could be created from a land surface
model.

The MODIS data products have advantages in tripartite
high spatial, temporal, and spectral resolutions. MODIS data
products include NDVI and LST [25] that make the derivation
of soil moisture conditions for a large regional scale monitoring
possible. The combination of the MODIS data products offer
readily available LST and NDVI data for extraction of soil

Fig. 1. Study area of the greater Changbai Mountains.

moisture information, in particular, for regional and global scale
ecosystem characterizations [26].

In this paper, we used the MODIS data products of LST,
NDVI, and land cover types to estimate the spatial and temporal
changes of soil moisture status and water conditions in the
greater Changbai Mountains of Northeast China, which re-
flected the topographic and terrain effects. This paper explores
one such “combined” method (combination of NDVI and LST)
TVDI approach, which has an advantage over other indexes
(such as the LST/NDVI curve) in that it can be applied to mixed
land surfaces, and derives surface-moisture status from satellite
information. The approach of TVDI could analyze a spatial or
contextual array of remotely sensed spectral solar-reflective and
thermal-infrared measurements to estimate near-surface soil
moisture conditions. We used the TVDI concept to understand
the relationship between NDVI and LST and grouped TVDI
into different classes according to spatiotemporal distribution
characteristics.

II. MATERIALS AND METHODS

A. Study Area

The study area is the greater Changbai Mountains (Fig. 1),
centered at (128◦3′12′′ E, 42◦0′36′′ N) in Northeast China.
The study area includes part of the northeast provinces of
Heilongjiang, Jilin, and Liaoning in China, the north provinces
of Ryannggang and Chagang of North Korea, and a portion
of the Russian Far East. Geologically, the region is situated
at the edge of the East Asia continent on the border of the
Pacific competent zone. It covers 248 000 km2 of mountains
terrain. The highest elevation is 2749 m above sea level. The
peak of the Changbai Mountains is the head of three major
rivers of Songhua, Yalu, and Tumen. Among those, the Yalu and
Tumen are the border rivers between China and North Korea.
The Himalayan tectonic movement since the Miocene Epoch
had resulted in volcanic eruptions and hence, the formation
of a typical volcanic geomorphological region composed of
volcanic cones, inclined plateau, and lava tablelands. Recent
small-scale volcano eruptions occurred in 1597, 1668, and 1702
and a very large scale eruption occurred during 1100–1410
[27], [28].
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Situated in this region, the Changai Mountain Natural Re-
serve has the largest protected temperate forest in Northeast
Asia. It is the home to endangered Siberian tigers and the last
stands of virgin Korean pine-mixed hardwood [29]. The climate
is characterized by cold weather during long winter and short
cool summers. The annual mean temperature in the study area
ranges from −7 ◦C to 3 ◦C, and the annual average precipitation
ranges from 400 to 1400 mm [30]. The climate and terrain
conditions support four vertically distributed vegetation zones
including, from bottom to top, needle and broad-leaved mixed
forests (below 1000 m); old-growth mixed broadleaf Korean
pine (Pinus koraiensis) forests (1100–1800 m); dwarf-birch
(Betula ermanii) forests (1800–2100 m); and Alpine tundra
(above 2100 m). This natural reserve and the surrounding areas
have been a research focus in ecosystem and biodiversities and
with remote sensing applications [31].

B. Data Source

The three types of MODIS data products included the eight-
day composite land surface temperature (MOD11A2) of 2007,
the 16-day composite ground vegetation index (MOD13A2)
of 2007, and land cover types (MOD12Q2) between 2001
and 2004. We processed the two temporal-phase eight-day
composite LST data to match up with a single temporal-phase
16-day composite NDVI image. For the MOD12Q2 data set,
we adopted the International Geosphere–Biosphere Programme
(IGBP) global vegetation classification scheme for the purpose
of this study. The major land cover types include water, ever-
green needleleaf forest, evergreen broadleaf forest, deciduous
needleleaf forest, deciduous broadleaf forest, mixed forests,
shrublands, woody savannas, grasslands, permanent wetlands,
crop land, urban and buildup, permanent snow and ice, and
barren or sparsely vegetated land. For the purpose of this
study, we focused on water, mixed forest, crop land, urban and
buildup, and deciduous broadleaf forest. The spatial resolution
of the aforementioned data sets is 1 km in all. We selected
nine time periods of MODIS NDVI and LST data products,
one period per month from March to November in 2007, and
performed data preprocessing accordingly. As the MOD12Q2
is not available for the year 2007 and we considered that the
areas of changed land cover types between 2004 and 2007
in the greater Changbai Mountains region are negligible for
monitoring the soil moisture condition, we chose to use the
MOD12Q2 of 2004 for quantification of the ratios of land cover
types in derivation of the TVDI in 2007.

C. TVDI

NDVI provides information about the growing states and
conditions of vegetation on the ground. Land surface temper-
ature reflects certain state of soil moisture. The combination
of the two can establish a potential relationship to reveal land
surface moisture. The LST/NDVI relationship [32] typically
shows a strong negative relationship between surface temper-
ature and the spectral vegetation index [33]. The studies [22]
developed a simplified land surface dryness index, i.e., TVDI.
In this approach, a scatter plot of remotely sensed LST and

Fig. 2. Simplified LST-NDVI triangle space (adapted from [14]).

TABLE I
EQUATIONS OF WET EDGE AND DRY EDGE AND THE PARAMETERS

NDVI was assumed to take a triangular shape, and the TVDI
could be estimated from the dry and wet edges of the triangle
(Fig. 2).

In the feature space, we processed the information about the
wet edge (LSTmin, maximum evapotranspiration and thereby,
unlimited water access) as a straight line parallel with NDVI
axes. The dry edge (LSTmax, limited water availability) is
linearly correlated with NDVI (Fig. 2). We calculated the TVDI
value ranging from zero to one for each pixel of image based
on its position in the feature space. TVDI values of one at the
dry edge correspond to limited water availability, and zero at
the wet edge correspond to maximum evapotranspiration and
thereby, unlimited water access. The higher the TVDI value,
the lower the soil moisture content is. TVDI is defined as

TVDI =
LST − LSTmin

LSTmax − LSTmin
(1)

where

LSTmax = a1 + b1 × NDVI (2)

LSTmin = a2 + b2 × NDVI (3)

where LST is the observed surface temperature (K or ◦C) at
a given pixel. LSTmax is the maximum surface temperature
observation for a given NDVI and a1 and b1 define the dry edge
as a linear fit to the data; a2 and b2 define the wet edge, which is
the minimum surface temperature in the triangle. Theoretically,
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Fig. 3. Classification of the four typical periods by TVDI. (a) March. (b) June. (c) August. (d) November.

in the feature space of NDVI and LST, the dry edge represents
pixels valued at zero, and the wet edge represents pixels valued
at 100% of the relative soil moisture. Therefore, TVDI could be
represented by relative soil moisture value in the images, and
we can compare the relative soil moisture values with different
times and different images. The uncertainty of TVDI is larger
for high NDVI values, where the TVDI isolines are closely set.

III. RESULTS AND DISCUSSIONS

A. Relationship Between LST and NDVI

We estimated the parameters of a1, b1, a2, and b2 on the basis
of pixel values from the study area. In order to determine the
parameters, we calculated the linear regressions on the dry edge
and wet edge in the LST/NDVI space.

We selected four typical months of March, June, August, and
November in 2007 for discussions (Table I). The functions of
LST and NDVI for each time period illustrated the seasonal
variability of the parameters. In the greater Changbai Mountain
region, March could be characterized by low NDVI and low
LST. The dry-edge position relationship has a high correlation
coefficient R2 > 0.95, and the wet-edge position relationship
has a correlation coefficient R2 > 0.7. The relationship showed
that LST was higher in the areas with more vegetation cover in
this time period. In June, the NDVI and the LST increased as
the vegetation cover was changing rapidly. There was a nega-
tive relationship between LST (LSTmax, LSTmin) and NDVI,
with correlation coefficients R2 > 0.93 in wet condition and
R2 > 0.84 in dry condition. From June to August, the LST
increased, while NDVI remained almost unchanged. During
this time period, the wet-edge linear equation has a correlation
coefficient R2 > 0.8 and the dry-edge linear equation has a
correlation coefficient R2 > 0.87. In November both LST and
NDVI had decreased with correlation coefficient R2 > 0.92 in

dry edge and correlation coefficient R2 > 0.81 in wet edge.
The variations in different seasons show that both NDVI and
LST rise first and then decline. It indicates that when the
soil moisture is high, the absorption of solar energy is mainly
consumed for evaporation, and the difference of the soil and
canopy temperatures is not obvious. When the soil moisture
content is low, the bare soil surface are drying rapidly, and
the evaporation is small and absorption is mainly used in solar
surface temperature. When the soil-surface temperature is high,
the moisture in the root layer of vegetation is consumed to
maintain a high transpiration rate. The relationship between
LST and NDVI reflects the state of the regional soil moisture.

B. Temporal and Spatial Evolution of TVDI

Compared with the space characteristics of NDVI and LST,
we used (1) to calculate the TVDI of pixels by the equa-
tions of dry edge and wet edge. We classified the soil mois-
ture for five categories, i.e., 1) very wet (0 < TVDI < 0.1);
2) wet (0.1 < TVDI < 0.4); 3) normal (0.4<TVDI<0.6);
4) dry (0.6<TVDI<0.9); and 5) very dry (0.9<TVDI<1).
Fig. 3 shows the spatial distribution of TVDI for March, June,
August, and November in 2007, respectively. The seasonal
variations in TVDI are observable from Fig. 4. The areas of
ocean surface, for example, have the lowest TVDI (valued
at zero).

Fig. 4 shows the comparison of the mean and variance of
TVDI in the study area. The seasonal variations of TVDI in
different months in 2007 are evident. The mean TVDI of the
area was lowest (m < 0.2) in August due to the relatively
high surface temperature of the different land cover types. In
the months of March, June, and November, the mean TVDI
increased, and there was little change in the variance. In the
study area, when precipitation is abundant, particularly in rainy
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Fig. 4. Mean and variance of TVDI in the greater Changbai Mountain regions.

Fig. 5. Relationship between TVDI and the relative soil moisture.

season, the evaporation capacity of the vegetation canopy is
large, and the surface temperature is correspondingly high;
NDVI, which reflects the livingness of vegetation, is high as
well. Similarly, when the surface temperature is low and veg-
etation cannot obtain enough water supplies, the evaporation
capacity of the vegetation canopy is small, and the NDVI value
is low. Therefore, TVDI reflects the surface moisture status and
the vegetation capacity.

C. Comparing TVDI and Detecting Moisture

In general, TVDI is sensitive to rainfall and decreases after
rain events. To illustrate the differences of wetness and drought
conditions in overall magnitude and the differences in seasonal
variations, we made a comparison between TVDI and in situ
measurements of relative soil moisture data collected from the
observatory station in Changbai Mountain area. The data of
relative soil moisture were obtained from different observatory
stations in the study area in 2007. Because the observatory sta-
tions are distributed evenly in the study area, we used the mean
of the relative soil moistures collected from different observa-
tory stations every month and made a comparison between the
mean TVDI we got every month and the mean of relative soil
moistures every month. It is a good demonstration that TVDI
can reflect the soil moisture in the greater Changbai Mountains
area. TVDI values are plotted as function of soil moisture
(Fig. 5). The relationship shows that higher soil moisture values
correspond to lower TVDI values. Linear relationships exist
between TVDI and the relative soil moisture with R2 > 0.70.

D. Comparing TVDI and Land Cover Types

In order to understand the relationship between TVDI and
land cover types in the Changbai Mountains area, we obtained
the map of land cover type data in the year 2004 by classifi-

Fig. 6. Map of different land cover types.

Fig. 7. Land cover types in five different TVDI class.

cation of MOD12Q2 data (Fig. 6). To illustrate soil moisture-
condition differences in seasonal response, we performed a
classification based on temporal and spatial patterns of TVDI.
We then calculated the percentage of the land cover types of
water, mixed forest, urban and buildup, cropland, and decid-
uous broadleaf forest corresponding to the five TVDI classes
by an aggregation process (Fig. 7). We performed the different
land cover type extraction for each TVDI class, which reflected
the spatial trend of land surface soil moisture conditions.

The comparisons indicate that TVDI class 1 is for very wet
condition such as water bodies. TVDI class 2 contains four land
cover types of mixed forest, urban and buildup, cropland, and
deciduous broadleaf forest. The ratios between mixed forest
and deciduous broadleaf forest are high, and urban and buildup
are low. For class 3 to class 5, the percentages of mixed
forest decreased and those of the cropland increased. We could
infer that moisture condition in forest area was better than
that of cropland and urban land in wet conditions from the
aforementioned result.
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IV. CONCLUSION

The combination of NDVI and LST from MODIS data
products is a useful tool for studying soil moisture. The LST
and NDVI document substantial change of land surface charac-
teristics between wet and dry days over the greater Changbai
Mountain region. The time series of NDVI, LST, and the
derivative of TVDI revealed spatiotemporal characteristics of
soil moisture conditions. The results show that the combination
of LST and NDVI can enhance the ability of extracting the
soil moisture conditions for a large area and in high time fre-
quency. The parameters reflect the surface-soil moisture status
and achieve a good match up with field-collected relative soil
moisture (R2 > 0.70). The seasonal variations indicate that
the trend in TVDI is lower in the rainy season in the study
area. Typically, in August, the variance of NDVI reached a
minimum. In addition, using time-series MODIS data products,
we can determine the relationships between TVDI and land
cover types. An improved land cover classification result may
help derive moisture information according to the vegetation
characteristics of each land cover type.

The results have demonstrated the advantages of extracting
soil moisture condition by remotely sensed data. LST and
NDVI are correlated to moisture availability in a large spatial
scale. The possibility of inferring surface-moisture conditions
from regular remote sensing data products helps significantly in
the understanding and monitoring of the ecosystem conditions
and the environment.
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