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Abstract: As a major grain-producing province in China’s Central Plains, Henan Province is severely
impacted by drought, making the study of agricultural drought characteristics in the region crucial.
Theil-Sen (Sen) trend analysis, the Mann-Kendall (M-K) test and the Hurst index method were used
to systematically analyze the spatial variation characteristics of agricultural drought based on the
Temperature Vegetation Dryness Index (TVDI). The results show that: (1) The drought occurs in
central, northwestern and southern Henan on an annual scale. The drought situation will continue to
increase in northern, eastern northeastern and central Henan. (2) The drought in spring, summer and
winter showed an increasing trend, but the opposite trend was observed in autumn. The increasing
trend of drought in each season is mainly distributed in northern, central and eastern Henan. (3)
The drought in January, February, April, July, September and December showed an increasing trend,
while the drought in the other 6 months showed a decreasing trend. The increase in drought during
July and August was not pronounced, while the drought situation in September remained largely
unchanged. The distribution of drought across the other months exhibited varying patterns across
different regions. Overall, the drought trend in Henan Province is on the rise, displaying distinct
seasonal and regional patterns in its temporal and spatial distribution. The results can provide a
reference for Henan Province to formulate effective measures of drought resistance and disaster
reduction to ensure grain production.

Keywords: agricultural drought; TVDI; Theil-Sen trend; Mann—Kendall test; Henan Province

1. Introduction

The negative impacts of drought have been reported affecting water resources, energy,
food security, wildfires, livestock grazing, dust storms, desertification, forest growth and
human health [1,2]. The World Meteorological Organization (WMO) classifies droughts
into meteorological, agricultural, hydrological and socio-economic categories based on the
domain affected [3]. In the context of global climate and environmental change, China,
as a large agricultural country, is particularly affected by drought in agriculture [4]—in
particular, drought has an important impact on the yield of rain-fed crops and plays a
decisive role. Drought area, severity, duration and frequency of drought have shown a
significant upward trend [5-7]. In the North China Plain, rainfall tends to decrease [8],
and drought often occurs in successive seasons or years [9]. According to statistics from
the National Bureau of Statistics, Henan Province stands as the primary planting area
for both corn and wheat in China [10], and the grain output has maintained a leading
position in the country for many consecutive years [11,12]. It occupies a crucial position in
China’s food security strategy. The study of agricultural drought change holds significant
practical and demonstrative implications. The process of drought disaster in Henan has
obvious seasonality, and the disaster can occur in any time period, with May to September
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the disaster-prone season [13]. In Henan, drought was considered one of the most severe
natural disasters affecting agricultural production, and it may also have an impact on the
political and social environment [14]. Grain production and security are often threatened by
drought, and frequent drought will restrict the agricultural development of Henan Province.
For example, in the summer of 2014, Henan Province suffered a major drought disaster,
resulting in crop losses of 1.809 million hectares, which not only brought huge losses to
farmers, but also led to an economic loss of 11.06 billion yuan in Henan Province [15]. As
Henan Province experiences rapid economic development and people’s living standards
continue to improve, the demand for water is escalating daily. Simultaneously, the likeli-
hood and frequency of agricultural drought are escalating due to the impact of abnormal
global climate change [16]. In the context of climate change, China and Henan will face
severe drought situation if drought occurs frequently. Conducting further research on
agricultural drought in Henan holds significant practical importance, offering a model and
a reference for other regions as well.

The growth and survival of crops cannot be separated from water, and the change in
soil moisture in the growing environment of crops will seriously affect the physiological
activities and growth of crops. Soil moisture (SM) is an important parameter of land-
atmosphere interaction and an important indicator to measure agricultural drought [17],
which has an important impact on surface water and agricultural production [18]. In recent
years, SM has attracted extensive attention and scientific research. Monitoring its variation
holds immense significance for agricultural drought surveillance and crop yield forecasting.
However, numerous factors, including soil type and land cover, influence its variation, ren-
dering extensive and continuous measurement a challenging task. Therefore, it is difficult
to assess changes in SM from ground-based observations at specific locations. Sandholt
et al. [19] developed a new index based on vegetation index and surface temperature, and
proposed a simple water stress index, the Temperature Vegetation Drought Index (TVDI),
through the empirical interpretation of VI-LST space. It is also introduced that the index
can indirectly monitor soil moisture content to determine whether the degree of dry and
wet can meet the normal growth of crops. On the basis of remote sensing observation, the
TVDI can evaluate SM on a large spatial scale [20], and we can determine the SM status [21].
Yu et al. [22] and Liu et al. [23] all believed that the TVDI was more accurate and sensitive
in indicating the change in surface soil moisture compared with other vegetation indexes.
It has been adopted in many places in China and has achieved good research results in agri-
cultural drought research. Wang et al. [24] delved into the temporal and spatial variation
characteristics of drought in Inner Mongolia utilizing the TVDL Fan et al. [25] estimated
the TVDI based on MODIS data to characterize drought conditions in the Loess Plateau
and proved that this index has indicative significance for soil and plant water content. Xia
et al. [26] studied the spatial-temporal variation in agricultural drought during the grain
growing season in Guizhou Province from 2006 to 2015, based on MODIS Vegetation Index
(NDVI) and land surface temperature (LST) data. Liu et al. [27] used trend analysis, stabil-
ity analysis, the H index and other techniques to calculate and study the spatio-temporal
evolution of agricultural drought in Shanxi Province obtained by the TVDI. Liu [28] and
Zhang et al. [29], based on the TVD], studied the changes in the drought range in Henan
Province over time and space, and concluded that the TVDI was more suitable for the
study of drought in Henan Province. In summary, the TVD], derived from remote sensing
data, stands as a reliable and effective indicator for monitoring and evaluating agricultural
drought. The use of the TVDI can more accurately monitor the agricultural drought in the
study area, which is representative of the remote sensing drought index.

In recent years, with the continuous development of remote sensing technology,
real-time and continuous remote sensing image acquisition and extraction of surface char-
acteristic parameters make it possible to monitor drought dynamics in large scale and
time. Drought monitoring utilizing remote sensing technology is currently a prevalent
method, which is based on different soil texture, water change, vegetation change, etc., so
as to analyze the impact of drought [30]. To investigate the temporal and spatial variation
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characteristics of agricultural drought in Henan Province from 2000 to 2020, the NDVI
and LST data from MODIS were employed to establish a TVDI model. Compared with
traditional drought monitoring methods, the TVDI can obtain a wide range of drought
information by using remote sensing technology, which has the characteristics of spatial
continuity and real-time. This makes the TVDI have a unique advantage in the macroscopic
analysis and spatial distribution of drought characteristics. Sen slope, M-K significance
analysis and the Hurst index method were used to explore the temporal and spatial varia-
tion characteristics, dynamics and trends of the TVDI in the region, and a comprehensive
and multi-dimensional analysis method for drought characteristics was formed. This
innovative and comprehensive approach not only considers the spatial distribution and
intensity of drought but also provides a thorough analysis of drought trends, significance,
and future persistence, thereby offering a more comprehensive and in-depth examination
of drought characteristics. The application of this comprehensive analytical method offers
a novel perspective and tool for investigating drought characteristics, thereby facilitating a
deeper understanding of the evolutionary patterns and distinctive features associated with
drought phenomena.

2. Materials and Methods
2.1. Study Region
Henan Province is in the eastern middle of China, between 110°21’ E and 116°38' E,

31°23’' N and 36°22' N, the terrain reduces gradually from west to east. As shown in
Figure 1.
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Figure 1. Location map and zoning map of the study area.

The plain area accounts for 53.1% of the total area of the Henan. The climate belongs
to the transitional climate of subtropical humid and warm temperate semi-humid monsoon
climate, with annual precipitation of approximately 500-900 mm. Owing to the influence
of the monsoon, the distribution of precipitation is highly uneven. The annual precipitation
is mainly concentrated in summer, accounting for approximately 70% of the total annual
precipitation, and is often accompanied by high temperature. Henan Province, blessed
with synchronized rainfall and heat, along with rich soil and favorable natural conditions,
has emerged as a key grain-producing area and the foremost agricultural Province in
China. The probability of drought in Henan Province is significant, and even in years of
flooding, local drought conditions can occur, in the flood season (June to September), it is
the vigorous growth stage of crops, crops need more water, while the temperature is high,
evaporation is large, if there is no rain for 10 days or half a month, there will be drought,
and even bring disaster. Henan Province can be divided into five geographical regions:
East, West, South, North and central Henan, which is helpful to better understand the
local geographical characteristics and development situation. According to meteorological
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standards, which spring from March to May, summer from June to August, autumn from
September to November, and winter from December to February of the following year.

2.2. The Dataset

The moderate-resolution imaging spectroradiometer (MODIS) vegetation index prod-
uct MOD13A2 and Surface temperature product MOD11A2 were used as the main data
sources for this study, which can be downloaded free of charge from the NASA website
(http:/ /search.earthdata.nasa.gov/search, accessed on 6 December 2022). These data have
the advantages of moderate spatial resolution, multi-band and good data quality. Within
these datasets, MOD13A2 primarily relies on the Normalized Vegetation Index (NDVI),
while MOD11A2 is a product that focuses on land surface temperature (LST). Both of
these data are widely used in current drought studies, and have a spatial resolution of
1 km [31]. The research selects data from 2000 to 2020 for research, ENVI 5.3 and ArcGIS
10.5 software were used for collaborative processing, the data were converted to Tiff format,
the projection was converted to WGS-1984 coordinate system, and the spatial resolution
was uniformly chosen as 1 km.

The SRTM-DEM data product provided by geospatial data cloud is used as the digital
elevation model in this study (https://www.gscloud.cn/sources/, accessed on 6 December
2022). The spatial resolution of the data product is 90 m. After a series of pre-processing
work, such as image stitching, outlier removal and mask clipping in the study area, it is
resampling to a spatial resolution of 1 km. The vector boundary data for Henan Province
were obtained from the Resources and Environmental Science and Data Center (https:
/ /www.resdc.cn/, accessed on 6 December 2022).

2.3. Methods
2.3.1. The Temperature Vegetation Dryness Index (TVDI)

Du et al. [32] founded in their practice that the scatterplot between NDVI and LST
show a trend of trapezoidal distribution, and thus proposed the trapezoidal feature space
of NDVI-LST. Subsequently, some researchers found that the scatter plot of this feature
space presents a triangular distribution trend when the vegetation coverage of the study
area is large [33], the principle of which is shown in Figure 2.
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Figure 2. NDVI-LST feature space.

The region represented by point A in the figure has lower NDVI value and higher
surface temperature, indicating that this region is dry bare soil. Point B shows that NDVI
value is low and surface temperature is relatively low, indicating that the area is moist
bare soil. On the other hand, point C shows a very high NDVI value and relatively low
surface temperature, indicating that this region has rich vegetation cover and moist soil
conditions. By connecting two points A and C, a line segment with a negative slope (falling)


http://search.earthdata.nasa.gov/search
https://www.gscloud.cn/sources/
https://www.resdc.cn/
https://www.resdc.cn/

Water 2024, 16, 1010

50f 16

is obtained, representing the “dry edge” of the soil. The two points connecting B and C
form a line segment with a positive slope (rising), representing the “wet edge” of the soil.
On the basis of the above studies, Sandholt et al. [19] further observed the existence of a
series of soil moisture contours in the characteristic space, which approximately intersects
the intersection of the dry edge and the wet edge.

First, the digital elevation model (DEM) was used to correct the LST data, and the
correction method was as follows:

Tsp = Ts1 + Ch (1)

where Ts; is the land surface temperature corrected by DEM, Ts; is the original MODIS
land surface temperature, & is the elevation, C is the correction factor, and is 0.006.
The TVDI formula is as follows:

Ts — Tsmin

TVDI = )
TSmax - TSmin

Tsmin = a+ b x NDVI ()

Tomar= ¢ + d x NDVI (4)

where T; is the surface temperature of a certain pixel, Tsmax and Tsmin is the highest and
lowest surface temperature corresponding to a certain NDVI. a and b are dry edge fitting
parameters, c and d are wet edge fitting parameters. There was a negative correlation
between the TVDI and soil moisture in the characteristic space region, and the higher the
value, the lower the soil moisture, indicating that the soil drought was heavier. On the
contrary, a smaller TVDI indicates wetter soil moisture, less drought or no drought, and
the value of the TVDI ranges from 0 to 1.

In this study, pixels with NDVI less than 0.2 (the range is basically water, town and
water and land mixed pixels) are ignored. Referring to the classification criteria of drought
in previous studies [34,35], the TVDI was divided into five levels in this study, as shown in

Table 1:

Table 1. TVDI level division.

Level TVDI Drought Grade Level TVDI Drought Grade
1 (0 <TVDI<0.6) No Drought 4 (0.8 <TVDI<09) Severe Drought
2 (0.6 <TVDI<0.7) Mild Drought 5 (09 <TVD <1.0) Extreme Drought
3 (0.7 < TVDI < 0.8) Moderate Drought

2.3.2. Theil-Sen Median Trend Analysis and the Mann-Kendall Test

Theil-Sen Median (Sen) trend analysis method was used to analyze the annual,
monthly and quarterly average TVDI trend changes, and the Mann-Kendall non-parametric
(M-K) test method was used to analyze the significance of the resulting change trends.
Long time series data can be analyzed based on Theil-Sen Median trend analysis combined
with the Mann-Kendall trend test method. This method has incomparable advantages
compared with the traditional unitary linear regression analysis method [36]. The formula
is as follows:

TVDL—-TVDI;

— 1 <
B = Median < < =i

),2020 > j>i> 2000 )

where Median is the median function; TVDI; and TV D]; are the data of the pixel in year i
and year j, respectively. B > 0, the TVDI is increasing. B = 0, the TVDI is stable. < 0, the
TVDI is declining.

M-K is a non-parametric mutation test method, which can determine the significance
of the trend when n > 10; the standard normal system variable is calculated by the following
formula [31]:
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S—1)//Var(S) S>0

“\ 0 5=0 ©
(S +1)/\/Var(s) S <0
=Y Ly Sgn(TVDL, — TVDIy) )

n(n—1)(2n+5)

13 (®)
where Z as the standardized statistic of M-K test, follows the standard normal distribution.
Under a certain significance level o, if | Z1 > Z;_4 /5, the change trend can be regarded as
significant; otherwise, it is not significant. When | Z| is greater than 1.96, the trend can be
considered to pass the 95% significance test.

Sen trend analysis combined with M-K significance test was used to analyze TVDI
trends in Henan Province. Sen slope < —0.0005 was reclassified as —1, slope between
—0.0005 and 0.0005, reclassified as 0, slope > 0.0005 was reclassified as 1. For the M-K
significance test, the confidence level is 0.005, and the Z-value between —1.96 and 1.96 is
assigned to the non-significant reclassification as 1, and the Z-absolute value greater than
1.96 is assigned to the significant reclassification as 2. The final trend analysis results are
divided into five categories, and the specific drought change trend and significance division
are shown in Table 2.

Var(S) =

Table 2. Table of change trends.

Item Meaning of Numbers Item Meaning of Numbers
-2 Significant decline 1 Slight increase
-1 Slight decline 2 Significant increase
0 No change

2.3.3. The Hurst Index

The Hurst index is used to characterize the evolution trend of long time series variables
in the future, and this method has been widely used in hydrology, vegetation, meteorology
and other fields. At present, the Hurst index is often calculated using the re-scaled range
(R/S) method to determine the future regional drought change. Some studies have found
that [37], the Hurst index obtained by R/S analysis is more realistic, and the calculation
formula is as follows:

T
TVDI(t) :%ZTVDI(T), T=12,...n )
i=1
t —_—
X(i,t) = Y (TVDI(i)~TVDI(t)), 1 <i < 7 (10)
i=1
R(t) = 1%1%XTx(z, T) — 121;1 x(i,7), t=12,---,n (11)
1¢ ?
S(t) = ltZ(TVDI(i) —TVDI(t)) |, T=12,...n (12)
i=1
To calculate the Hurst index:
R
= ()" (13)
S(x)

where H is the Hurst index, the logarithm of both sides of the formula can be obtained.
The persistence of TVDI time series can be determined according to the value of the Hurst
index. The Hurst index is divided into three main categories: When 0.5 < H < 1, itis a
persistent sequence, and the larger the H value, the stronger the persistence. When H = 0.5,
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Legend

I:l Boundary

it is a random sequence with no continuity. When 0 < H < 0.5, it is an anti-persistence
sequence, and the smaller the H value, the stronger the anti-persistence performance.

3. Results
3.1. Annual Change Characteristics

The spatial distribution of the multi-year TVDI is shown in Figure 3a. The annual
average TVDI value of Henan Province from 2000 to 2020 is 0.592, indicating that the
overall level of agricultural drought is No drought and close to light drought, but the
annual maximum average is 0.951, indicating that there is an extreme drought. The figure
shows that the distribution of agricultural drought in Henan Province has obvious spatial
differences. Although agricultural drought has occurred in eastern, western, southern,
northern and central Henan Province, over the years, agricultural drought has mainly
distributed in central, northwestern, northeastern and southern Henan Province.

N

Drought grade Trend type Hurst index

NO

Mild Moderate Severe Extreme -2 -1 0 1 2 0-0.5 0.5 0.51

Figure 3. (a—c) Annual drought spatial and trend distribution of the TVDI from 2000 to 2020.

Sen trend analysis combined with the MK significance test was used to analyze the
annual average TVDI trend in Henan Province. The statistical results are shown in Table 3,
and the trend distribution is shown in Figure 3b. As can be seen, there is a significant
difference in the variation trend of the annual TVDI in Henan Province, among which the
northeastern region of Henan Province has an increasing trend, while the southwestern
region has a decreasing trend, accounting for 43.58% and 50.03%, respectively, in Table 3. In
general, the increasing trend is greater than the decreasing trend, and the regions without
significant changes account for only 6.39%. Among them, the significant increase is more
obvious in the northern, eastern and central Henan regions. The agricultural drought in
the northeast of western Henan has a significant slowing down trend, and the drought in
northern Henan and central Henan has a worsening trend.

Table 3. Statistical table of the year change trend of the TVDI and Hurst from 2000 to 2020.

Percent Percent Percent
Tendency (%) Tendency (%) Hurst (%)
Significant decline 12.42 Slight increase 32.48 0-0.5 64.96
light decline 31.16 Significant increase 17.55 0.5 0.01
No change 6.39 - - 0.5-1 35.03

From Figure 3c. According to the Hurst index, the northern, eastern and central
regions, as well as the southern of Henan Province will maintain the current trend of
drought change and will have a trend of worsening drought. As can be seen from Table 3,
in Henan Province, in 35.03% of the regions, the Hurst or the TVDI were greater than 0.5,
64.96% of the regions had a Hurst index of less than 0.5, and almost zero regions had a Hurst
index of 0.5. The comprehensive analysis shows that 5.15% of the whole area of Henan
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Province will keep the trend of the continuous increase in drought, mainly distributed in
the north, northeast of eastern and the central Henan Province.

3.2. Quarterly Change Characteristics

The change characteristics of the TVDI in four seasons of Henan Province from 2000 to
2020 are shown in Figure 4. It can be seen from the figure that agricultural drought will occur
in every season of the year. The average annual TVDI values of spring, summer, autumn
and winter are 0.570, 0.512, 0.624 and 0.607, respectively. Spring and summer belong to
no drought, autumn and winter belong to light drought. However, the annual maximum
values reached 0.941, 0.929, 0.917, 0.945, respectively, and extreme drought occurred in all
seasons. Overall, the agricultural drought in Henan showed autumn > winter > spring
> summer. The spring agricultural drought mainly occurs in the northern, western, central
of Henan Province and the NanYang part of Henan Province. Extreme drought is mainly
distributed in western, northern, northern of central and southwestern Henan. Summer
agricultural drought is mainly distributed in the northeast of western, central, southeastern
of Henan and a small part of NanYang region. Extreme drought mainly distributed in
central and some parts of northern Henan. Autumn agricultural drought mainly occurred in
the NanYang area of southern Henan, the intersection area of western and central of Henan.
Extreme drought is mainly distributed in the NanYang Basin of southern Henan Province,
and the middle drought is mainly in eastern and central Henan. Winter agricultural drought
mainly occurs in the NanYang area of southern, the western part of central Henan and the
eastern part of western Henan. Compared with autumn, the main trend shifted to the west,
showing that the drought in the western part of the study area was more severe than that in
the eastern part. Extreme drought is mainly distributed in the NanYang basin of southern
and a small part of the confluence of western and central Henan.

Autumn

Summer Winter

Drought grade

w N .

NO Mild Moderate Severe Extreme

Figure 4. Seasonal drought spatial distribution of the TVDI from 2000 to 2020.

Sen trend analysis combined with the MK significance test was used to analyze the
variation trend of the TVDI in four seasons in Henan Province. The statistical outcomes
are presented in Table 4, and the trend distribution is shown in Figure 5. The drought in
spring, summer and winter showed an increasing trend. In autumn, on the contrary, the
drought was generally moderating. The increasing trend of spring drought occurred mainly
in central, northern, and northeast of Henan. The increasing trend of summer drought
was mainly distributed in northern, central, eastern and southern Henan regions. The
increasing trend of autumn drought is mainly distributed in the eastern of western, northern
of southern, northern is near the central part of Henan. The increasing trend of drought in
winter showed an increasing trend in the whole Province except the western region, which
showed a decreasing trend of drought in the four seasons. The comprehensive analysis
shows that drought intensifies significantly in northern Henan in spring, central Henan
in summer, eastern and southern Henan in autumn, and central and southern Henan
in winter.
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Table 4. Statistical table of the quarterly average change trend and Hurst of the TVDI from 2000

to 2020.
Percent (%)
Tendency : -

Spring Summer Autumn Winter

Significant decline 12.42 3.47 17.44 225

Slight decline 31.16 22.88 37.14 17.44

No change 6.39 5.38 6.70 5.56

Slight increase 32.48 40.15 32.24 54.21

Significant increase 17.55 28.12 6.48 20.54
Hurst Spring Summer Autumn Winder

0-0.5 81.78 80.68 79.23 83.63

0.5 0 0.01 0 0.53

0.5-1.0 18.22 19.31 20.77 15.83

Auntumn Winter

N
Legend A 0 200 400 800

: Boundary km - -
2

-2 -1 0 1
Figure 5. Seasonal change trend of the TVDI from 2000 to 2020.

The statistical results are shown in Table 4. In Henan Province, the proportion of areas
with an increasing trend of drought in spring, summer, autumn and winter was 50.03%,
68.27%, 38.72% and 74.75%, respectively, while the proportion of areas with a decreasing
trend was 43.58%, 26.35%, 54.58% and 19.69%, respectively.

According to the Hurst indeX, the trend distribution is shown in Table 4 and Figure 6.
In spring, the drought in northern, northeast of eastern and central Henan will keep
increasing, accounting for 18.22%. In summer, the drought in northern, southern and
southwestern of central Henan will maintain the trend of increasing, accounting for 19.31%.
In autumn, the intersection area of central, northern and eastern, and eastern Henan will
keep the trend of the continuous increase in drought, accounting for 20.77%. In winter, the
drought situation in some parts of northern Henan, central Henan and eastern Henan will
keep increasing, accounting for 15.83%.

Summer Autumn

Legend N Hurst index

0 200 400 800
D Boundary A km -

0-0.5 0.5 0.5-1

Figure 6. Seasonal distribution of Hurst from 2000 to 2020.



Water 2024, 16, 1010

10 of 16

3.3. Monthly Change Characteristics

The variation characteristics of the monthly mean TVDI in Henan Province in recent
21 years are shown in Figure 7. It can be seen from the figure that agricultural drought
occurs in Henan Province every month. The average value, maximum value and drought
grade of the TVDI for each month are shown in Table 5. As can be seen from the figure and
table, the whole region in January, February, September, October, November and December
as a whole belongs to the state of light drought, while the other months belong to the state
of no drought. However, there will be severe agricultural drought or more every month,
and the regional distribution is different. The severe drought in January and February
mainly distributed in the southwest of southern Henan, the severe drought in March to
May mainly distributed in the north and northeast of western Henan, the drought in June
mainly distributed in the southwest and north of Southern and the northeast of western
Henan, the severe drought in July and August sporadically distributed in the north, west
and central Henan, and the severe drought in September to December mainly distributed in
the southwest of Southern Henan. In October and December, the drought is more serious,
and the areas with moderate drought and above occupy a large proportion.

Legend

I:I Boundary

N
A Drought grade
0 200 400 800

- I .

NO Mild Moderate Severe Extreme

Figure 7. Monthly distribution of the TVDI from 2000 to 2020.

Sen trend analysis combined with the MK significance test was used to analyze the
monthly TVDI trend in Henan Province. The statistical results are shown in Table 6, and the
trend distribution is shown in Figure 8. The areas with increasing drought from January to
December in Henan were 65.30%, 61.19%, 42.53%, 70.94%, 43.78%, 44.18%, 58.03%, 11.26%,
53.39%, 38.34%, 37.30% and 77.33%, respectively. The areas showing a slowing trend
accounted for 26.96%, 30.16%, 49.82%, 24.68%, 49.38%, 52.13%, 35.85%, 85.15%, 36.74%,
53.59%, 55.86% and 17.83%, respectively. The drought in January, February, April, July,
September and December showed an increasing trend, while the drought in the remaining
6 months showed a decreasing trend.
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Table 5. Average, maximum and drought grade of the TVDI for each month.

Drought Drought Drought Drought

Month Mean Grage Max Grage Month Mean Grage Max Grac%e
January 0.615 Mild 0.896 Severe July 0.507 No 0.849 Severe
February 0.611 Mild 0.871 Severe August 0.544 No 0.921 Extreme
March 0.567 No 0.877 Severe September 0.621 Mild 0.897 Severe
April 0.559 No 0.940 Extreme October 0.637 Mild 0.874 Severe
May 0.541 No 0.895 Severe November  0.606 Mild 0.871 Severe
June 0.556 No 0.895 Severe December 0.607 Mild 0.915 Extreme

Note: No means no drought, Mild means mild drought, Severe means severe drought, Extreme means ex-
treme drought.

Table 6. Statistical table of monthly average change trend of the TVDI from 2000 to 2020.

Percent (%)

Tendenc
Y January February March April May June July August September October November December
Significant decline 0.99 1.02 6.57 312 1060 2320 2.38 22.77 1.77 443 10.74 3.72
Slight decline 25.98 29.14 43.25 2156 38.78 3347 3347 62.38 34.97 49.17 45.13 14.12
No change 7.74 8.65 7.65 4.38 6.83 6.12 6.12 3.59 9.88 8.07 6.84 4.84
Slight increase 52.90 57.08 35.36 36.08 3620 46.02 16.02 10.48 48.12 35.09 35.30 55.11
Significant increase 12.40 4.11 7.17 34.86 7.58 12.02  12.02 0.78 5.27 3.25 2.01 22.21
Hurst Percent(%)
0-0.5 92.03 84.57 8359 7854 7707 6730 8548 85.12 71.18 83.28 83.28 81.96
0.5 0 0 0.01 0 0 0 0 0.01 0.01 0 0.01 0
0.5-1 7.97 15.43 16.40 2146 2293 3270 1452 14.87 28.81 16.72 16.71 18.04

Legend N Trend type

o ]

-2 =1 0 1 2

I:l Boundary A

Figure 8. Monthly change trend of the TVDI from 2000 to 2020.

The detailed situation is shown in Figure 8. Combined with the drought distribution
Figure 7, it can be seen that drought increased significantly in the southwest of northern,
the central and the southern of southern Henan in January and February. In March, April
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Legend

and May, that drought increased significantly the northwest of northern and the border area
between central and western Henan. The increasing drought in June mainly distributed
in northern, eastern and northern parts of southern Henan. In July and August, drought
increased sporadically in northern and central Henan. In September, drought increased
significantly in northwestern of central, southwestern of northern and northern of western
Henan. In October, drought increased significantly in the areas bordering the eastern and
southern parts of Henan and the northeastern parts of northern Henan. In November, there
were few areas of a significant increase in drought in Henan, mainly distributed in central,
eastern and southern Henan bordering areas. In December, drought increased significantly
in many areas, mainly in central and southern Henan.

The trend distribution of the monthly Hurst index in Henan is shown in Figure 9.
Based on the previous analysis, it can be seen that the drought in the northern part of
northern and the intersection area of northern and central Henan maintained the trend of
increasing drought in January. In February, the central region of central Henan maintained
a trend of increasing drought. In March, there was a trend of worsening drought in the
northern part of northern, the northern part of western and the central part of Henan. In
April, the northern part of northern Henan, the northwestern part of Henan, the central
part of Henan and the western part of eastern Henan maintained the trend of increasing
drought. In May, the northern part of northern Henan, northwestern Henan and central
Henan maintained the trend of increasing drought. In June, the northern part of southern
Henan, the eastern part of Henan and the northern part of northern Henan maintained
the trend of increasing drought. In July, the drought continued to increase in the region
was not obvious, and In August, the southwest of Henan Province maintained the trend of
increasing drought. In September, the drought situation in some areas of eastern Henan
kept increasing. In October, the western region of eastern Henan maintained the trend
of increasing drought. In November, the northern part of southern Henan will maintain
the trend of increasing drought. In December, the southeast of southern Henan and the
intersection of western and central Henan will maintain an increasing trend of drought.

Feb. Mar.

N Hurst index

0 200 400 800
= n -

0-0.5 0.5 0.5-1

Figure 9. Monthly distribution of Hurst from 2000 to 2020.
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4. Discussion

This study employed the time analysis method and the TVDI to conduct a compre-
hensive quantitative analysis of agricultural drought in Henan Province. The analysis
covered multiple temporal scales, including yearly, seasonal, and monthly variations, while
also providing an extensive examination of the spatio-temporal evolution characteristics
and trends of global agricultural drought in Henan Province. In comparison to previous
studies, this research offers a more thorough and comprehensive investigation. The pre-
vious applied studies based on the TVDI primarily focused on monitoring typical years,
vegetation growing seasons, or specific drought events [29,38]. However, they lacked long-
term series and multi-time-scale analysis of regional agricultural drought characteristics,
which prevented a comprehensive reflection of the actual soil moisture changes in the
region. In this study, it was found that agricultural drought in Henan Province showed an
increasing trend on the whole, and drought was more serious in northern Henan Province
and lighter in eastern southern Henan Province, which was consistent with the analysis
results of Henan drought by Lu et al. [39] based on SPEI and Shang et al. [40] based on
SPI. Comprehensive analysis shows that regional agricultural drought in Henan Province
mainly occurs in northern Henan, central Henan and eastern Henan, which is basically
consistent with the analysis results of drought characteristics in Henan Province by Wang
etal. [41], Li et al. [42] and Wang et al. [43]. In terms of seasonal scale, spring and autumn
are two seasons characterized by frequent droughts, which is in line with the findings of
Liu et al. [38]. However, the conclusion of this paper that winter drought occurs more
frequently is inconsistent with the conclusion of Wu et al. [44] Chen et al. [45], who obtained
the lowest frequency of winter drought based on the standard precipitation index. Different
drought classification [46] may lead to different drought statistics and lead to different
conclusions. The TVDI drought classification in different regions exhibits varying levels,
thus necessitating further standardization and harmonization of the classification based on
the TVDL

Soil moisture has a direct impact on crop growth and agricultural production [47].
The TVDI is a soil moisture inversion model established by comprehensively considering
two remote sensing data products, namely surface temperature (LST) and normalized
Vegetation index (NDVI). It has the advantages of simple calculation and high adaptability,
and can well reflect regional soil moisture changes on a large scale. But the occurrence of
agricultural drought is affected by many factors [48]. When calculating the agricultural
drought index, we only consider the soil moisture content, but do not consider the influence
of other on drought. In fact, climatic condition and human activities [49,50] all can lead to
changes in land types and also affect the division of dry areas. In the future research, the
influence of other factors on agricultural drought should be considered, and the improved
TVDI should be coupled with other factors affecting agricultural drought to realize the
coupling of multi-source data to comprehensively understand the spatio-temporal dynamic
law of agricultural drought, so as to formulate corresponding drought mitigation programs.
In the process of analyzing the trend of agricultural drought in Henan Province, although
we have adopted the trend analysis method, its limitations are still significant due to the
short data years. Considering the close relationship between trend characteristics and
research timescales, in the future, with the increasing richness of MODIS data archives,
or by integrating multiple data sources to expand time series, we will be able to conduct
longer remote sensing drought analysis. This will help us to more deeply reveal the chang-
ing regularity of drought, and provide more accurate guidance for drought warning and
prevention work. In this way, it can improve the early warning and prevention of drought,
promote disaster prevention and reduction, ensure food production and promote sustain-
able agricultural development, and provide strong support for China’s social stability and
economic development.

5. Conclusions

The main findings of this study are summarized as follows:
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(1) On the annual scale, the agricultural drought characteristics in Henan Province
showed a slight upward trend, and the spatial distribution difference was obvious, showing
the distribution characteristics of drought in the western part of the study area and lighter
in the eastern part. The comprehensive analysis shows that the areas that will keep the
trend of the continuous increase in drought in Henan Province are mainly distributed in
northern, northeastern and central Henan.

(2) On the seasonal scale, the overall agricultural drought situation in Henan Province
showed that Autumn > Winter > Spring > Summer. The comprehensive analysis shows that
the agricultural drought situation in north, East and central Henan will keep increasing,
and the drought situation in southern Henan also shows an increasing trend in summer.

(3) On the monthly scale, drought occurs every month. The comprehensive analysis
shows that agricultural drought mainly aggravates northern, central and Eastern Henan.
In northern Henan, it mainly occurs in January, February, March, April, June and July,
in eastern Henan in September, October and November, and in central Henan in May
and December.
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