
Citation: Guo, Y.; Han, L.; Zhang, D.;

Sun, G.; Fan, J.; Ren, X. The Factors

Affecting the Quality of the

Temperature Vegetation Dryness

Index (TVDI) and the Spatial–

Temporal Variations in Drought from

2011 to 2020 in Regions Affected by

Climate Change. Sustainability 2023,

15, 11350. https://doi.org/10.3390/

su151411350

Academic Editors: Andrzej Walega

and Georgios Koubouris

Received: 27 February 2023

Revised: 26 May 2023

Accepted: 19 July 2023

Published: 21 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

The Factors Affecting the Quality of the Temperature
Vegetation Dryness Index (TVDI) and the Spatial–Temporal
Variations in Drought from 2011 to 2020 in Regions Affected by
Climate Change
Yuchen Guo 1 , Liusheng Han 1,2,* , Dafu Zhang 1, Guangwei Sun 1, Junfu Fan 1 and Xiaoyu Ren 1,*

1 School of Civil and Architectural Engineering, Shandong University of Technology, Zibo 255000, China
2 Guangzhou Institute of Geography, Guangdong Academy of Sciences, Guangzhou 510070, China
* Correspondence: hanls@sdut.edu.cn (L.H.); renxiaoyu@sdut.edu.cn (X.R.)

Abstract: The temperature vegetation dryness index (TVDI) is widely used for the monitoring
of global or regional drought because of its strong drought-monitoring capabilities and ease of
implementation. However, the temporal errors in the land surface temperature (LST) and normalized
difference vegetation index (NDVI) can affect warm and cold edges, thus determining the quality
of the TVDI, especially in regions affected by climate change, such as Shandong Province. This
paper explores this issue in the region in 2011, using daily MODIS MOD09GA and MOD11A1 data
products. For each image acquisition time, the warm and cold edges of the NDVI–LST were extracted
based on the NDVI, derived from red and near-infrared reflectance data, and the LST, derived from
the MOD11A1 dataset. Then, the variations in the warm and cold edges with the LST and NDVI
were analyzed. Subsequently, the influence of warm and cold edges, based on the daily values of
the temperature, NDVI and precipitation during the observed period, was assessed using a linear
regression. The soil moisture (SM) data obtained from the Global Land Data Assimilation System
(GLDAS) datasets and the crop water stress index (CWSI) obtained from the MOD16A2 products
were used for the assessment. The spatial and temporal variations in drought in Shandong Province
from 2011 to 2020 were measured based on Theil–Sen median trend analysis and the Mann–Kendall
test. The results show that apparently random variations were evident in the temporal evolution of
the slope of the warm edge, indicating that daily data were appropriate to determine the boundary
of the warm edge. Daily data were also appropriate to determine the boundary of the cold edge
in a similar way. Additionally, the temperature, NDVI and precipitation in this region affected by
climate change had a negative correlation with the slope and a positive correlation with the intercept.
The validation results show that there was a significant negative correlation between the observed
TVDI and GLDAS soil moisture values (R2 > 0.62) in 12 scatter plots. Therefore, we deduced that the
monthly or yearly TVDI product produced by the daily MODIS data has a higher precision than that
produced by 8-day or monthly data in regions affected by climate change. The spatial and temporal
variations show that the trend of slight and moderate droughts first increased and then decreased,
and, in particular, some areas presented severe drought from 2011 to 2015. The results obtained in
this study are important for the scheduling of irrigation and drought warnings.

Keywords: MODIS; temperature vegetation dryness index (TVDI); land surface temperature (LST);
normalized difference vegetation index (NDVI); regions affected by climate change; Shandong Province

1. Introduction

Drought is a common natural disaster that seriously threatens agricultural production,
aquatic resources, natural ecosystems and society [1]. With the intensification of global
warming, climate change has altered precipitation patterns and triggered more intensive
droughts in recent years [2,3]. The detrimental impacts of drought affect large areas of
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crop production and natural ecosystems and, therefore, have high socioeconomic costs.
These impacts have led to increasing attention being paid to drought monitoring [4]. A
considerable number of approaches have been proposed to detect and monitor drought,
particularly based on remote sensing observations.

Compared with the conventional meteorological measurements available from ground-
based stations, satellite observations present significant advantages as they provide a vast
amount of coherent information at various spatial and temporal scales [2,5–7]. Remote
sensing technology has been recognized as a useful tool for the large-scale area monitoring
of droughts in terms of the moisture content in the top few centimeters of soil. For example,
the brightness temperatures measured by the passive microwave sensors of the Advanced
Microwave Scanning Radiometer-Earth Observing System (AMSR-E) onboard the Aqua
satellite can be converted to surface soil moisture values [8] and used for global drought
monitoring. However, the spatial resolution of the AMSR-E soil moisture data is coarse
(25 km resolution), making these data unsuitable for drought monitoring at the regional
scale [9,10]. Based on both visible and near-infrared (VNIR) and thermal infrared (TIR)
remote sensing data, a number of remote sensing indices have been devised and used
to detect and monitor droughts effectively [11]. Notably, the normalized difference veg-
etation index (NDVI) has been used to evaluate drought conditions [12]. However, the
NDVI has two main limitations in drought monitoring applications: first, the apparent
time lag between rainfall and the NDVI response and, second, the little influence that
significant precipitation events later in the growing season (plant seed production period)
have on the NDVI [13]. To overcome these problems, approaches combining land surface
temperature (LST) and vegetation indices have been proposed for determining the canopy
water status [14]. Combination indices, such as the crop water stress index (CWSI), have
been developed to address the problem of the scheduling of irrigation [15]. Due to the
soil background and mixed pixels, it has some problems when used at larger scales [16].
Using other approaches has been necessary in order to solve the above-mentioned prob-
lem [17]. Nemani et al. [18] used the fact that the NDVI is an indicator of green vegetation
cover within the pixels, applying the NDVI and LST in the assessment of environmental
conditions and in order to calculate the radiation budget. Goetz [19] reported that there is a
negative correlation between the LST and NDVI, and indicated that the surface temper-
ature can increase rapidly with water stress. The temperature vegetation dryness index
(TVDI) and vegetation temperature condition index (VTCI) are two representative drought
indices based on the NDVI–LST space [20]. Their usefulness has been widely investigated
by using satellite data, such as those obtained from the Moderate-resolution Imaging
Spectroradiometer (MODIS) and Sentinel Sea and Land Surface Temperature Radiometer
(SLSTR) [11,17]. According to Carlson et al. [21], PRiCE [22], the scatter diagram of the
NDVI and LST, presents a trapezoid shape. Sandholt et al. [23] proposed the TVDI based
on the LST-NDVI triangle model, and the warm edge was considered to be a parallel line.
The NDVI and LST are strongly correlated and their interaction normally creates a negative
curve corresponding to the warm edge (e.g., Tang et al., 2010; Liang et al., 2014; Liu et al.,
2015; Liu and Yue, 2018; Wan et al., 2021; Bian et al., 2023) [24–29]. However, Lambin and
Ehrlich [30] observed a positive relationship in which, over time, vegetation conditions
change with the surface temperature. This positive correlation is expected to shift due to
climate change, particularly as seasons progress into drier months. This phenomenon may
increase the uncertainty of the TVDI for larger areas and higher NDVI values [31].

With the ability to combine information from the visible, near-infrared and thermal
infrared bands of light, the TVDI evaluates soil moisture by combining vegetation indices
and the surface temperature. Therefore, the TVDI is better suited to monitor drought
in changeable climates and varying topography. According to the concept of TVDI, a
hypothesis for the stability constants of the slope and intercept of the warm and cold edges
was established under the conditions of a relatively stable relationship between evaporation
and transpiration, that is, a small climate change. However, this hypothesis is not valid
when the climate is extremely changeable. There is a popular saying to characterize drought
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in Shandong Province: “nine droughts in ten years”. This region is part of the lower reaches
of the Yellow River Basin and is heavily influenced by a monsoon climate. The Shandong
Province has a fairly complex terrain and changeable climate. As a major agricultural
province, the region is an important area for its capacity to ensure the national grain
supply. However, droughts have the characteristics of high frequency, a wide distribution,
obvious seasons, and a great impact on economic and social development and the ecological
environment [32], having a significant negative influence on the lives of urban and rural
residents and industrial and agricultural production [33].

This study explores the variations in the slope and intercept and the influencing factors of
warm and cold edges in the NDVI–LST feature space in areas affected by climate change. The
warm and cold edges of the NDVI–LST space were extracted using the triangle model. Then,
the evaluations were conducted using the Global Land Data Assimilation System (GLDAS)
datasets and the annual average CWSI for 2011. Furthermore, the spatial and temporal
variations in drought in Shandong Province from 2011 to 2020 were measured based on
Theil–Sen median trend analysis and the Mann–Kendall test. This study can improve the
applicability of the existing triangle model by using VNIR and TIR remote sensing data.

2. Materials and Methods
2.1. Research Area

Shandong Province is located in the eastern coastal area of China, and has the follow-
ing geographical coordinates: the longitude stretches from 114◦47.5′ to 122◦42.3′ E, and the
latitude spans from 34◦42′ to 39◦35′ N. It covers an area of about 15.58 million square kilo-
meters (Figure 1). Cultivated land, forest land, grassland and construction land account for
48.17%, 13.94%, 10.8% and 18.01% of the total area of the province, respectively. Shandong
Province has a temperate continental monsoon climate, which is greatly affected by the
ocean monsoon. The average temperature in January is −5 ◦C, the average temperature
in July is 25–34 ◦C, and the annual average temperature is 10–14 ◦C. The average annual
precipitation is between 550 and 950 mm, with the rainy season (July–August) accounting
for 60–70% of the total annual precipitation. Precipitation is unevenly distributed in time
and space, resulting in droughts in Shandong Province in all periods except summer, which
has a great impact on people’s lives and economic development [34].
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2.2. Data Selection

The data used in this paper included remote sensing data, meteorological data and
other auxiliary materials.

The main data used to compute the TVDI were derived from the MOD09GA and
MOD11A1 data products. The NASA website “https://ladsweb.modaps.eosdis.nasa.gov/
(accessed on 10 January 2023)” provides these data products free of charge. MOD09GA
provides MODIS bands 1–2 for daily surface reflectance at 500 m resolution, and band 1
covers a spectral range of 0.62–0.67 µm and band 2 covers a range of 0.84–0.87 µm. These
reflective data were used to compute the NDVI [35]. MOD11A1 products provide daily
LST data and MOD11A2 products provide 8-day synthesis LST data [27]. MOD09GA and
MOD11A1 daily data products from 2011 were used to extract the slope and intercept
of the warm and cold edges. These products were used to analyze the drought trend
in spring from 2011 to 2020. MOD11A2 datasets were used to compute the slope and
intercept of the warm and cold edges, which were compared with the daily product results.
Evapotranspiration (ET) and the potential evapotranspiration (PET) were obtained from
Google Earth Engine platform’s MOD16A2 product “https://code.earthengine.google.
com (accessed on 12 January 2023)”, with a spatial resolution of 500 m and a temporal
resolution of 8 d in 2011. CWSI data were obtained using ET and PET. To cover the entirety
of Shandong Province, we needed to obtain the scene at the locations of ‘h27v05’. All
MODIS datasets from 2011 to 2020 were pre-processed (i.e., format transformed, mosaicked,
resampled and reprojected) using the MODIS Reprojection Tool (MRT). The calculation
and analysis were conducted in ArcGIS 10.2 and MATLAB R2018b.

To assess the capacity of the dryness indices used in this study, soil moisture (SM)
production data at a 10 cm depth in 2011, with a temporal resolution of one day and a
spatial resolution of 0.25◦ × 0.25◦, obtained from the Global Land Data Assimilation System
(GLDAS), were used “https://disc.gsfc.nasa.gov/ (accessed on 18 January 2023)”.

The temperature and precipitation data were derived from the daily datasets of the
China Meteorological Data Network “https://data.cma.cn/ (accessed on 15 January 2023)”
in 2011. On the basis of the record duration, four meteorological stations in Shandong
Province (Figure 1b) were chosen to verify the factors in response to the TVDI.

GlobeLand30, a product with global coverage and a spatial resolution of 30 m, devel-
oped by the National Geomatics Center of China, was produced using over 20,000 images
from the Landsat satellite and Chinese HJ-1; its overall classification accuracy has been
found to be greater than 80% (Chen et al., 2017) [36]. This study used the 2010 LULC map
adopted from GlobeLand30 and used ArcGIS 10.2 software to reclassify the quantity of agri-
cultural land, forest, grassland, construction land and other unused land, which accounted
for 15.61%, 13.74%, 13.11%, 41.88% and 1.59% of Shandong Province, respectively.

2.3. Methodology

(1) Normalized Difference Vegetation Index (NDVI)

The NDVI, as a commonly used index for vegetation analysis, is the most suitable
indicator of vegetation growth and coverage. Its value ranges from −1 to 1. In addition,
the larger the positive value, the better the vegetation growth, and vice versa. The index
can be defined as expressed [37,38] in Formula (1):

NDVI =
NIR− Red
NIR + Red

(1)

where NIR represents the near-infrared reflectance and Red denotes the red band reflectance.
In the present study, the NDVI value was calculated by considering MODIS band 1 as the red
band (620–670 nm) and MODIS band 2 as the near-infrared band (841–876 nm) reflectance.

(2) Temperature Vegetation Drought Index (TVDI)

As revealed by Sandholt et al. [23], there are a series of soil moisture isolines in the
feature space. They intersect approximately at the intersection of the warm edge (dry edge)

https://ladsweb.modaps.eosdis.nasa.gov/
https://code.earthengine.google.com
https://code.earthengine.google.com
https://disc.gsfc.nasa.gov/
https://data.cma.cn/
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and cold edge (wet edge), and the slope of the straight line shows a linear relationship with
the soil moisture. The calculation formula is expressed as follows:

TVDI =
LST − LSTmin

LSTmax − LSTmin
(2)

LSTmax = a + b ∗ NDVI (3)

LSTmin = c + d ∗ NDVI (4)

The LST is a parameter that reflects the water shortage and soil moisture conditions
during the vegetation growth period. The definition of the TVDI is shown in Figure 2,
according to the NDVI and LST two-dimensional spatial scatter plot. For each NDVI pixel
value of a single image in the region, we extracted the minimum and maximum values
of the land surface temperature corresponding to each NDVI pixel (LSTmin and LSTmax,
respectively). All LSTmax and LSTmin values were linearly fitted separately to obtain the
warm edge and cold edge Equations (3) and (4), respectively. In the feature space, a and c
are the intercepts of the warm and cold edges, respectively, and b and d are the slopes of
the warm and cold edges, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 21 
 

 
Figure 2. The conceptual representation of the scatter plot between the LST and NDVI under differ-
ent vegetation and moisture conditions [23]. 

In Figure 2, the scatter plot of the NDVI and LST is presented as a triangle model, 
where LSTmax and LSTmin are linearly fitted. The TVDI can be defined as follows: 

( ) ( )
− + ×=

+ × − + ×
( )LST c d NDVITVDI

a b NDVI c d NDVI
 (5)

The TVDI values are negatively correlated with soil moisture, ranging from 0 to 1. 
When TVDI = 1, the pixels are on the warm edge, implying the lowest soil moisture and a 
high degree of drought. When TVDI = 0, the pixels are located on the cold edge, and the 
soil is less affected by drought. The classification of the TVDI values is shown in Table 1, 
according to the common division rules of TVDI values for MODIS data [30]. In addition, 
the influence of clouds needs to be considered in the TVDI calculation process. Therefore, 
we deleted all cloud contamination pixels in order to calculate the TVDI. 

Table 1. Intensity of drought based on the TVDI and CWSI [30]. 

Drought Level Soil Moisture Status TVDI CWSI 
Wetness Surface moist (0, 0.2] (0, 0.4] 
Normal Normal soil moisture or near-surface dry air (0.2, 0.4] (0.4, 0.6] 

Slight drought Soil surface dry, dry yellow leaves (0.4, 0.6] (0.6, 0.7] 
Moderate drought Dry soil layer in soil, dry yellow leaves (0.6, 0.8] (0.7, 0.8] 

Severe drought Extremely dry soil layer in soil, dry yellow leaves (0.8, 1] (0.8, 1.0] 

(3) Trend analysis methodology 
This paper used the Sen slope method to analyze the trend in the TVDI in Shandong 

Province in recent years. The significance of Sen trend analysis was considered using a 
Mann–Kendall test. The calculation formula for Sen is as follows: 

β
 − 

=   − 

j ix x
median

j i
, ij >∀  (6)

where β is the trend in drought change; median is the median function; and xi and xj are 
the changing TVDI values at times i and j, respectively. When β < 0, the TVDI shows an 
increasing trend; when β > 0, the TVDI tends to decrease. 
(4) Crop water stress index (CWSI) 

Figure 2. The conceptual representation of the scatter plot between the LST and NDVI under different
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In Figure 2, the scatter plot of the NDVI and LST is presented as a triangle model,
where LSTmax and LSTmin are linearly fitted. The TVDI can be defined as follows:

TVDI =
LST − (c + d× NDVI)

(a + b× NDVI)− (c + d× NDVI)
(5)

The TVDI values are negatively correlated with soil moisture, ranging from 0 to 1.
When TVDI = 1, the pixels are on the warm edge, implying the lowest soil moisture and a
high degree of drought. When TVDI = 0, the pixels are located on the cold edge, and the
soil is less affected by drought. The classification of the TVDI values is shown in Table 1,
according to the common division rules of TVDI values for MODIS data [30]. In addition,
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the influence of clouds needs to be considered in the TVDI calculation process. Therefore,
we deleted all cloud contamination pixels in order to calculate the TVDI.

Table 1. Intensity of drought based on the TVDI and CWSI [30].

Drought Level Soil Moisture Status TVDI CWSI

Wetness Surface moist (0, 0.2] (0, 0.4]
Normal Normal soil moisture or near-surface dry air (0.2, 0.4] (0.4, 0.6]

Slight drought Soil surface dry, dry yellow leaves (0.4, 0.6] (0.6, 0.7]
Moderate drought Dry soil layer in soil, dry yellow leaves (0.6, 0.8] (0.7, 0.8]

Severe drought Extremely dry soil layer in soil, dry yellow leaves (0.8, 1] (0.8, 1.0]

(3) Trend analysis methodology

This paper used the Sen slope method to analyze the trend in the TVDI in Shandong
Province in recent years. The significance of Sen trend analysis was considered using a
Mann–Kendall test. The calculation formula for Sen is as follows:

β = median
( xj − xi

j− i

)
, ∀j > i (6)

where β is the trend in drought change; median is the median function; and xi and xj are
the changing TVDI values at times i and j, respectively. When β < 0, the TVDI shows an
increasing trend; when β > 0, the TVDI tends to decrease.

(4) Crop water stress index (CWSI)

The PET is a measure of the atmosphere’s ability to remove water from the surface
through evapotranspiration, assuming no water supply constraints. The actual ET is the
amount of water removed from a surface via evapotranspiration. The ratio between the
actual ET and PET is considered as the scale for the CWSI. The CWSI was proposed by Idso
et al. [39] based on energy balance, and the classification of the CWSI values is shown in
Table 1 [30]. The calculation is as follows:

CWSI = 1− ET
PET

(7)

(5) Statistical analysis

In this study, we used the linear correlation analysis function in MATLAB R2018b
to show the trend in the correlation between the NDVI and LST as the latter increased,
and used a linear regression model to show the variation trend. In addition, a linear
correlation analysis was then applied to examine the relationship between the TVDI and
soil moisture at a depth of 10 cm. Furthermore, we used an R-squared (R2) and a p-value
with a significance level of 0.05 to evaluate the effect of a single linear regression model.

R2 = 1− ∑i(ŷi − yi)
2

∑i(yi − y)2 (8)

where yi represents the actual measured value; ŷi represents the predicted value; and y
represents the mean value.

3. Results and Discussion
3.1. NDVI–LST Characteristic Space

The 30 NDVI–LST scatter plots for 2011 (Figure 3) show that the pixels in each day’s
scatter plot clearly form a triangle, indicating a wide range of surface soil moisture areas in
Shandong Province. These observations were consistent with the TVDI concept stipulating
that the NDVI increases with a decrease in the LST. In order to determine the parameters
that describe the warm and cold edges, least-squares regression fits were applied to the
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maximum LST (LSTmax) values for the small intervals of the NDVI extracted from the
NDVI–LST triangle; this was performed in order to obtain the parameters described as the
warm edge. The cold edge was extracted in a similar manner by using the minimum LSTs
at each subinterval. The fitting results for the warm edge show a significant correlation
(R2 > 0.5), except in January. Figure 3 shows that the LSTmax was lower and presented a lower
horizontal line with the slight increase in the NDVI in January compared with other months. In
this study, the results of the NDVI–LST scatter plots indicate that daily products can meet the
TVDI concept regardless of whether the season shows stable or changing temperatures.
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Figure 3. NDVI–LST scatter plots of DOYs in 2011 (30 pictures), the blue dotted line is the predicted
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However, some studies have reported that the characteristic NDVI–LST space does not
have a triangle shape when considering the changes in the vegetation conditions according
to the surface temperature using the 8-day, 16-day or monthly products [30]. The reason
for this is that, during January, the amount of solar energy that supports photosynthesis
decreases and the low temperatures limit the growth of plants, thereby leading to sparse
vegetation; at certain times, the snow cover also affects the NDVI–LST (Hu et al., 2019) [40].
None of the thirty cold edges are horizontal, which is consistent with the definition of the
TVDI. In addition, the fitting coefficients of the cold edge fluctuate considerably and are
unstable, because the LSTmin is sensitive to the land surface cover, atmospheric conditions
and residual cloud cover and noise in remote sensing data (Kwon, et al., 2020) [41]. Relevant
studies have reported that a low coefficient for the cold edge does not have a considerable
impact on the TVDI (e.g., Liang, 2014; Ryu et al., 2021) [25,42]. Therefore, daily products
are more suitable for the calculation of the TVDI in areas affected by climate change or
during dry seasons, in comparison with the 8-day, 16-day or monthly products.

3.2. Analysis of the Variation Trends of the Warm and Cold Edges

The variation trends observed in the slope and intercept of the warm and cold edges
for 2011 were plotted as a function of time in Shandong Province (Figure 4). Apparently
random variations are evident in the temporal evolution of the slope of the warm edge.
Most slope values of the warm edge fluctuate between −22.69 and −1.23; the negative
values for the slope every day of the year conform to the triangle concept. The intercept
of the warm edge increased in positive values from January to June, and then decreased
in positive values from June to December. There is also no clear variation trend for the
slope of the cold edge. Its slope is positive, and its value fluctuates between 2.07 and
23.13. The intercept of the warm edge has values that fluctuate from 281 K on day 16 to
approximately 326 K on day 164; then, the value decreases to approximately 283 K on day
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345, and finally it fluctuates between 279 K and 283 K from day 350 to day 359. A similar
variation trend to that for the warm edge was observed for the intercept of the cold edge,
and was approximately 10 K lower than the warm edge.
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intercept (d) of the cold edge; and the maximum LST (e) and minimum LST (f). The black dotted line
is the average value of each data.

The lack of correlation and distinct trends for the slope of the warm and cold edges
may be caused by certain factors, including a complex land surface cover and highly
variable atmospheric forcing [23]. These results are in agreement with the findings of a
previous study [43]. The variation trend observed in the warm and cold edges indicates
that the use of daily products is preferable when aiming to calculate the parameters of
the TVDI. The warm and cold edges determine the quality of the TVDI, so the analysis
of the variation trend and the influencing factors of the warm and cold edges is of great
significance when aiming to improve the accuracy of the TVDI. Other studies reported that
the temporal variation in the slope of the warm and cold edges presented a similar behavior
in the northern part of Senegal, where the variability in rainfall is high [23]. However, Chen
et al. [43] and Son et al. [44] reported that the slope was increasingly negative in the dry
season (from November to April), the intercept showed a good agreement with the slope,
the slope assumed increasingly negative values and the intercept assumed increasingly
positive values in the tropical monsoon climate region. Ryu et al. [42] found that the slope
for both East Asia and Australia showed sinusoidal seasonal variations, which decreased
relatively quickly from winter to early summer, and increased during other seasons. The
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results of this study do not correlate with the results of earlier studies due to this study
region belonging to a temperate continental monsoon climate that is greatly affected by
ocean monsoons, and other studies being conducted in areas with a tropical monsoon
climate or other climates with two distinct seasons (a dry season and a rainy season).
Therefore, we deduced that the climate is the main factor that influences the warm and
cold edges.

Monthly or 8-day synthesized data are commonly used to establish the characteristic
space of the NDVI–LST in regions with a tropical monsoon climate or other climates with
two distinct seasons (Chen et al. and Son et al.) [43,44]. Our results show that the NDVI–
LST scatter plot clearly formed a triangle, and the slope and intercept of the warm edge
presented slight and gradual changes. However, when 8-day synthesized data were used
in this study area, a positive relationship was observed, in which, over time, the vegetation
conditions changed with the surface temperature (Figure 5). This positive correlation is
expected to change due to the effects of climate change. This finding is consistent with the
results presented by Lambin and Ehrlich [30]. The reason for this positive phenomenon is
that the warm and cold edges are sensitive to the land surface cover, atmospheric conditions
and residual clouds and noise in remote sensing data. When daily data (MOD11A1 and
MOD09GA) were used to establish the characteristic space of the NDVI-LST, this positive
phenomenon disappeared. The NDVI–LST scatter plot in each day clearly formed a triangle,
and the slope and intercept presented a significant variation trend. This result indicates that
daily data can partly eliminate the effects of climate change, the hysteretic trend between
the NDVI and LST, and the factors of the residual clouds and noise in the images. The
monthly or yearly TVDI product produced by daily MODIS data has a higher precision
than the product obtained using 8-day or monthly data in regions affected by climate
change. In addition, several studies have reported that the land surface cover and terrain
factors also exert an effect on the slope and intercept of the warm and cold edges (Ryu
et al. and Liu et al.) [27,42]. Limited by time and data factors, we did not consider the
effects of land surface cover and terrain factors on the slope and intercept of the warm and
cold edges.
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using 8-day synthesized data.

3.3. Factors That Affect the TVDI

Rainfall and the decrease in the index values after rain events are the main factors
that affect the characteristic space of the TVDI. The temporal evolution of the TVDI for the
pixels representing the four rain gauge stations (Figure 1c) in the 30 images is shown in
Figure 6, along with the recorded rainfall. The TVDI was generally sensitive to rainfall
and the index decreases after rain events (e.g., day 133 for Feixian and Weifang, day 235
for Qingdao, and between days 263 and 324 for Huimin). However, there are exceptions
on day 313 at Feixian and day 189 at Qingdao. Overall, the trend in the TVDI sees high
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values presented in the dry days and low values presented after rainy days, with a greater
variability in spring and winter.
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Figure 6. Relationship between the TVDI and precipitation data collected at (a) Feixian, (b) Weifang,
(c) Qingdao and (d) Huimin rain gauge stations throughout the Shandong Province in 2011.

The TVDI is highly affected by precipitation and has an obvious hysteresis [45]. Usu-
ally, the TVDI decreases within 1–2 days after rainfall events. The NDVI value mainly
reflects the growth in vegetation, but the process of vegetation growth using atmospheric
precipitation and the vegetation absorption of water requires time, which leads to hys-
teresis [46]. During the precipitation period, the vegetation utilizes the water in the root
zone and inhibits the TVDI, but after precipitation, the degree of drought is aggravated
due to the evaporation of water on the soil surface [47]. Exceptions occur on day 313 at
Feixian and day 189 at Qingdao because of the lower temperatures and precipitation. This
result is similar to that of previous studies but is not equal, which indicates that rainfall
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and decreases in the index are important factors that influence the TVDI. Simultaneously,
the complexity of the climate aggravates the changes in the TVDI.

Land surface cover is another factor that affects the characteristic space of the TVDI.
Compared with the results of previous research, this study found that the drought level
mainly presented slight and moderate drought. The degree of slight and moderate drought
corresponded to an area ranging between 80% and 92%. Different land surface covers
showed different degrees of drought. In the four seasons, the areas covered by agricultural
land and grassland had a relatively higher degree of drought than forest land (Figure 7).
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Figure 7. The statistics of the TVDI under different land surface covers (agricultural land (I),
forest (II), grassland (III), construction land (IV) and other unused land (V)).

This result corresponds to the discrepancies regarding the agricultural land increasing
the evapotranspiration of the land surface moisture, which aggravates the evaporation of
the surface moisture and leads to the promotion of drought. The forest land has a certain
ability to maintain water and can contribute to drought resistance [48]. Shandong Province
has a temperate continental monsoon climate with four distinctive seasons and changes
considerably [49]. This leads to the vegetation presenting obvious seasonal characteristics
and significant differences, which makes the TVDI more complex under different land
surface covers.

The correlation curves between the different factors and the slope and intercept of the
daily warm and cold edges in 2011, shown in Figure 8, are illustrative and representative,
and further clarify the effects of the temperature, NDVI and precipitation on the slope and
intercept. Evidently, the temperature, NDVI and precipitation were negatively correlated
with the slope and positively correlated with the intercept in 2011. The correlation was most
significant with the intercept of the warm and cold edges; only the correlation between
the NDVI and precipitation with the cold edge intercept was around 0.4710, and the
correlation with the other intercepts was greater than 0.5612. Different factors show slopes
with different degrees of warm and cold edges. The temperature and precipitation had
significant impacts on the warm edge slope, and the correlation coefficients were 0.5360
and 0.6391, respectively, but the relationship between the NDVI and the slope of the warm
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edge was relatively weak. In terms of the cold edge slope, the temperature, NDVI and
precipitation had little effect on the wet edge slope, which is due to the fact that there is no
clear variation trend for the slope of the cold edge. Therefore, for the slope and intercept
changes in the warm and cold edges, different factors affecting the slope and intercept
showed different degrees of correlation in 2011, indicating that changes in the temperature,
NDVI and precipitation affect the slope and intercept, which are especially sensitive to the
temperature and precipitation.
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Figure 8. Correlation curves between the different factors (temperature, NDVI and precipitation)
and the slope and intercept of the warm and cold edges based on the daily datasets of Shandong
Province in 2011. Significance test passed at p < 0.05. (I) The correlation curves of the warm edge slope;
(II) the correlation curves of the cold edge slope; (III) the correlation curves of the warm edge intercept;
and (IV) the correlation curves of the cold edge intercept. (a) Relationship between temperature
and the slope of warm and cold edges; (b) Relationship between temperature and the intercept of
warm and cold edges; (c) Relationship between the NDVI and the slope of warm and cold edges;
(d) Relationship between the NDVI and the intercept of warm and cold edges; (e) Relationship
between precipitation and the slope of warm and cold edges; (f) Relationship between precipitation
and the intercept of warm and cold edges.
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3.4. Comparison of the Soil Moisture with the TVDI and CWSI

In order to examine the relationship between soil moisture and the TVDI, the daily
values of the TVDI (observed TVDI) were calculated using MOD11A1 and MOD09GA in
2011 and by synthesizing the monthly mean. The observed TVDI was spatially averaged in
the GLDAS soil moisture grid after being collocated between the observed TVDI and the
GLDAS soil moisture data. The monthly mean CWSI calculated from the 8 d MOD16A2
data was calculated using the same method. Figure 9 shows the relationship between the
observed TVDI and GLDAS soil moisture and the relationship between the CWSI and
GLDAS soil moisture per month in 2011. There is a significant negative correlation between
the observed TVDI and GLDAS soil moisture (R2 > 0.62) in the 12 scatter plots. Previous
studies showed that the decision coefficient (R2) ranged from 0.30 to 0.80 between the TVDI
and soil moisture at a soil moisture depth of 10 cm. However, there was no significant
correlation between the CWSI and GLDAS soil moisture. The correlation coefficient was
only 0.57 in May and 0.001–0.29 in other months. Even in June, the CWSI was positively
correlated with the soil moisture.
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Figure 9. Correlation analysis results of the TVDI and CWSI with soil moisture at a depth of 10 cm in
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(II) the relationships of the GLDAS soil moisture with the CWSI.

Under the same soil moisture conditions, the reason for the large difference in R2

between the observed TVDI and CWSI is the use of products in regions affected by climate
change [50]. Compared with the TVDI calculated using daily products, the CWSI was
calculated using 8 d synthetic data. Due to the soil background and mixed pixels, it presents
some problems when used at larger scales and longer monitoring periods [16]. The results
of this study indicate that there is a close relationship between the observed TVDI and
GLDAS soil moisture. In another words, the daily parameters describing the warm and
cold edges can improve the accuracy of the retrieved TVDI.

3.5. Spatial–Temporal Evolution of Droughts in Shandong from 2011 to 2020

The spatiotemporal evolution of droughts in spring from 2011 to 2020 (Figure 10)
shows that there was a large degree of variation in droughts over space and time. Severe
droughts were spatially scattered over the region but were more common in the middle
of Shandong Province. Slight and moderate droughts clustered together and covered
most of the study area. The temporal evolution of droughts showed that the trend of
slight and moderate droughts first increased and then decreased, and, in particular, some
areas experienced severe droughts from 2011 to 2015. The finding of moderate droughts
during this period means that detrimental impacts may have been had on the agriculture.
This finding can provide support for local authorities to avoid the possible impacts of
droughts on crop production. To study the overall trend in the TVDI of Shandong Province,
the non-parametric Mann–Kendall test method was used to analyze the drought change
trend in spring from 2011 to 2020. Generally, the rate of change in the TVDI had obvious
spatial heterogeneity (Figure 11). The TVDI value showed an insignificant upward trend
(p < 0.05), and the rate of decrease was concentrated at −0.0779/a, accounting for 55.55% of
Shandong Province, concentrated in the eastern and central regions of Shandong Province.
The areas with an increasing trend are concentrated in parts of the western region, with a
decline rate of 0~0.0772/a (Figure 12).

An investigation of the total area of moderate and severe drought in spring in
2011–2020 shows that spring in 2011–2015 experienced moderate and severe drought
over large areas. The largest area affected by severe drought was observed in 2015. These
results are in agreement with the observations reported by Wang et al. [50], stating that
Shandong province experienced droughts from 2014 that lasted until December 2015. Be-
cause of an increase in precipitation in 2016, the degree of drought in this year is obviously
weakened [51]. These results are reaffirmed by the analyses of rainfall derived from NASA
for 2011–2015, showing that the mean regional rainfall over the Shandong Province was
only 60% of the normal rainfall estimated from the rain gauge stations over Shandong
Province from 2007 to 2010 [52].
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4. Conclusions

This study explored the use of daily MODIS NDVI and LST data for drought monitor-
ing in Shandong Province. The data were processed for the year of 2011 using the TVDI
triangle method. The comparisons between the results (TVDI) and GLDAS 0–10 cm soil
moisture indicated close relationships between the two datasets. Additionally, the CWSI
and TVDI were strongly correlated, indicating that the TVDI calculated the temporal and
spatial patterns and variations in the drought conditions in Shandong Province using daily
data. When using the triangle model to study the extraction of the warm and cold edges
via the TVDI in 2011, the results show that there was a certain regularity between the slope
and the intercept over time. The slope and intercept of the warm edge, the intercept of the
cold edge and the LST showed the characteristics of first increasing and then decreasing in
one year, and swung slightly in the same season. In the study of the influencing factors
of the TVDI, it was found that the temperature and precipitation had a great influence on
the slope and intercept of the warm and cold edges, and the influence of the precipitation
on the TVDI had a certain lag; meanwhile, the NDVI only affected the intercept. In the
analysis of the different surface types, the frequency of drought in the agricultural land
was higher and the degree of drought was more serious, which was consistent with the
actual situation in Shandong Province.

In addition, this paper used a non-parametric Mann–Kendall test to analyze the trend in
the drought index time series. The results show that the central and eastern region of Shandong
Province in the last 10 years experienced severe drought, with an insignificant downward trend
of 0.0772/a, and that the eastern region showed an upward trend. In light of the changing trend
in the geographical distribution of drought, the relevant departments should create appropriate
measures, including water conservation measures and scientific water resource allocation, in
order to ensure normal social and economic growth. The results obtained from this study could
be important for the scheduling of irrigation and drought warnings.
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