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Abstract: In semi-arid pasture areas, drought may directly influence livestock production, cause eco-
nomic losses, and accelerate the processes of desertification along with destructive human activities
(i.e., overgrazing). The aim of this article is to analyze the disadvantages of several drought indices
derived from remote sensing data and develop a new vegetation drought index (VDI) for monitoring
of grassland drought with high temporal frequency (dekad) and fine spatial resolution (1 km). The
site-based soil moisture data from the field campaign in 2014 and the fenced biomass values at nine
sites from 2000 to 2015 were adopted for validation. The results indicate that the proposed VDI would
better reflect the extent, severity, and changes of drought compared with single drought indices or the
vegetation health index (VHI); specifically, the VDI is more closely related to site-based soil moisture,
with R human increasing to approximately 0.07 compared with the VHI; and with normalized fenced
biomass (NFB) values, with average R human increasing to approximately 0.11 compared with
the VHI. However, the correlations between VHI and VDI with NFB values are relatively lower
in desert steppe regions. Furthermore, regional drought-affected data (RDA) are used to ensure
spatial consistency of the evaluation; the VDI map is in good agreement with the RDA map based on
field measurements. The presented VDI shows reliable and stable drought monitoring ability, which
will play an important role in the future drought monitoring of inland grassland.

Keywords: remote-sensing-derived indices; VDI; normalized fenced biomass; spatial consistency;
grassland drought; arid and semi-arid regions

1. Introduction

Drought is a kind of natural disaster. Although drought processes occur gradually,
they have a large impact range, long duration, and can occur repeatedly within a short
time period, causing huge losses [1]. With the evolution of global warming, the frequency
of drought has shown an obvious upward trend [2,3]. Most areas in the world experience
droughts, especially in arid regions where the annual rainfall is mainly derived from a
few rainfall events [4]. Two billion people worldwide and 41% of the earth are affected by
drought to varying degrees [5].

Vegetation growth is affected by the changes in the thermal inertia of the soil and
atmosphere, surface temperature, soil moisture, rainfall, and other related environmental
variables. Satellite-based indices have been developed and used to effectively detect and
identify drought worldwide. Satellite-derived environmental indices can reflect different
agricultural drought conditions. Thermal inertia methods based on thermal infrared bands
have been studied for drought detection [6,7]. Soil water content values derived from
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passive microwave brightness temperature data have been widely used for drought moni-
toring [8-12]. In addition, agricultural drought has been monitored through the changes
of morphological and physiological indices, such as the normalized difference vegeta-
tion index (NDVI) and related indices improved by the NDVI [13-17]. Overall, a single
drought index cannot define unique drought events, so combined indices were proposed
in succession [18-25].

In the early studies, the scaled drought condition index (SDCI) was proposed [19] for
agricultural drought monitoring in both arid and humid areas. Hao and Agha Kouchak [20]
demonstrated more severe drought conditions when both precipitation and soil moisture
were insufficient in California and North Carolina. In the same year, the integrated surface
drought index (ISDI) was introduced by Wu et al. [21], composed of the NDVI, land
surface temperature (LST), ecological zones, and Palmer drought severity index (PSDI) for
drought monitoring in mid-eastern China. Different synthetic drought indices have been
put forward, combining precipitation, LST, NDVI, leaf area index (LAI), evapotranspiration,
and soil moisture measures through empirical weight, principal component analysis (PCA),
and machine learning methods [21-23]. All of these indices were calculated in order to
focus on drought research in different countries or regions. Further, the introduction
of meteorological data could reduce the spatial representation of these indices.

Due to the influence of factors such as atmospheric circulation, soil type, and the crop
or steppe growth period, the spatial and temporal characteristics of drought events are
different; that is, satellite bands in different regions have different responses to drought
conditions, and the degree of drought varies in different regions. The vegetation health
index (VHI) has been widely applied in agricultural drought monitoring and assessment
in many countries [13,26-29]. This is based on the inverse relationship between LST and
NDVI. However, positive correlations have been found in evergreen forests, shrub areas,
and high-latitude regions in Mongolia [26,30,31]. In such cases, the VHI is not suitable
for drought monitoring. In addition, several researchers showed that the response of
NDVI to soil moisture and drought was delayed [32-35]. Together, our previous studies
have shown that the normalized difference water index (NDWI) can effectively reflect
grassland drought, especially for forest steppe areas in Mongolia [36]. Thus, a novel
drought model must be developed to detect drought events in arid and semi-arid grassland
areas.

The main objective of this paper is to propose a new vegetation drought index (VDI)
based on the combination of the vegetation conditions, temperature stress, and water
deficit, which can be used for dekad drought detection with fine resolution, which would
be better than the monthly or seasonal scales involved in previous investigations. More
specifically, the dekad VDI was established based on the proposed water condition index
(WCI), vegetation condition index (VCI), and temperature condition index (TCI) using the
PCA method. Hereafter, comparisons with single indices and the VHI were conducted.
Finally, the dekad drought results for the proposed VDI were verified using site-based
soil moisture and fenced biomass values, as well as regional drought-affected data (RDA).

2. Study Area and Data
2.1. Study Area

The study area covers the whole of Mongolia and is located in Central Asia at 41°35'N
to 52°09'N and 87°44'E to 119°56'E. It contains vast grass and shrub steppe grazing lands
that can support a large number of grazing herbivores [37] (Figure 1). However, the
ecosystems in Mongolia are susceptible to frequent natural disasters. As a result of climate
change and global warming, the frequency and scale of natural disasters (drought, winter
dzud disasters, and fires) tend to increase.
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Figure 1. Study area and field station distribution.

2.2. Data
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The daily land surface reflectance and temperature data (named as MOD09GA
and MOD11A1) were derived from the Moderate-Resolution Imaging Spectroradiometer
(MODIS) on the TERRA satellite, which launched in December 1999 from the National
Aeronautics and Space Administration (NASA) and can cover the Earth’s entire surface
in one to two days. The data can be obtained from the National Aeronautics and Space
Administration’s (NASA) Earth Observing System Data and Information System (EOSDIS;
https:/ /search.earthdata.nasa.gov/). In this paper, we directly synthesized the daily re-
flectance data and land surface temperature data into dekad according to data quality flags,
while MOD09GA and MOD11A1 data from EOSDIS/NASA were also available in Google

Earth Engine platform (GEE, https://code.earthengine.google.com/).

Field soil moisture values were measured using a time domain reflectometer (TDR 300)
in a fixed experimental area located in Bayan Soum, Tuv province, Mongolia, as shown in
the red box in Figure 1. The unit of soil moisture is represented as a volumetric percentage
(%/%). Records were obtained for each dekad from the middle of June to late September in
2014. The field campaign comprised a 10 x 10 km region of the steppe zone. In total, 9 plots
(1 x 1 km) were selected in the study area. There were 5 observation points (100 x 100 m) in
each plot, and measurements were repeated three times. The design for the field sampling
plan is shown in Figure 2. The soil moisture data from 12 and 20 cm depths were collected
from collaboration experiments by the Information and Research Institute of Meteorology;,
Hydrology, and Environment (IRIMHE) and the Institute of Remote Sensing and Digital

Earth, Chinese Academy of Sciences (RADI).

Fenced biomass (FB) data were taken from nine forage enclosure sites across Mongolia
by the IRIMHE (Erdenemandal (EL), Bulgan (BN), Darkhan (DN), Dashbalbar (DR), Baru-
unurt (BT), Bogd (BD), Mandalgobi (MI), Dornogovi (DI), and Khanbogd (KD)). The unit of
fenced biomass was g/m?. The reason for choosing these data sources was that the forage
from those sites grows naturally and is not eaten by livestock, meaning the corresponding

FB changes accurately reflect the changes and severity of drought events.
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Figure 2. Field sampling design for soil moisture station.

To select the optimal drought indices for Mongolia, the conventional field drought as-
sessment data were referred to as the RDA data (also referred to as summer condition data
by some researchers). RDA pixel values are obtained by IRIMHE each dekad according to
an evaluation of the vegetation conditions of the growing season in Mongolia based on the
plant growth, growth stage, and grassland productivity. Additionally, every 10 days, mete-
orological observers ask local herders and environmental officers about summer conditions.
After this, assessment values are obtained via summary evaluation from the community in
the county center based on multiple field observations. The appraisal RDA values from
the IRIMHE range from 1 to 6: 1 = extreme drought; 2 = serious drought; 3 = moderate
drought; 4 = slight drought; 5 = no drought (normal conditions); 6 = good conditions.

The land cover data were from 2010 Mongolia Land Cover Map produced by the
Mongolian National Remote Sensing Center (NRSC) [38]. The Mongolian grassland was di-
vided into forest steppe (FS), steppe (ST), and desert steppe (DS) zones, and the differences
and changes of multiple drought results in different zones were analyzed.

3. Methodology
3.1. Single Drought Indices

Dozens of drought indices have been proposed by many researchers, which are mainly
aimed at certain regions or periods, as described in the previous section. The VCI, TCI,
and VHI based on AVHRR data were proposed by Kogan [13] for monitoring drought.
Kogan [26] previously applied the VHI to drought detection and the derivation of pastoral
biomass in Mongolia and found that the VHI could reflect grassland health status and
the vegetation stress related to water and temperature during drought. Furthermore,
Sheng’s [36] results indicated that the VHI and NDWI were considered to be the most
appropriate for assessing drought characteristics and monitoring drought conditions in
Mongolia. These indices can detect the time and process of drought occurrence and can
allow quantification of drought severity under the given conditions.

The shortwave infrared reflectance (SWIR) is sensitive to the liquid water content
of a leaf. By combined the near-infrared reflectance (NIR) and SWIR data, the water-
sensitive indices (NDWI) for monitoring drought occurrences were presented. The existing
research results showed that the NDWI is very sensitive to changes in vegetation water and
soil moisture, which are closely related to the vegetation drought status of the grassland
and cropland regions of the Oklahoma Mesonet [39].

In addition, the NDWI is an effective drought index in Mongolian grassland areas,
especially for FS and ST zones [40]. Previous researchers [16,39,40] also reached similar
conclusions—the NDWI could reflect changes in soil moisture and vegetation water in-
formation, showing a faster response to drought than the NDVI. The NDWI could be
affected by short-term or long-term ecosystem changes and climate differences and cannot
be directly compared in time and space. Therefore, we proposed a new water condition
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index (named the WCI) based on the NDWI, which uses similar equations to VCI and TCL
The drought index formulas are as follows.

VCI; = (NDVI; — NDVInin)/ (NDVImax — NDVIyin) 1)
TCL = (LST; — LSTmin)/ (LSTmax — LSTimin) @)

VHL = 0.5%VCI, + 0.5+TCJ; 6)

WCIL, = (NDWI; — NDWl,yin )/ (NDWlpay — NDWIyin) @)

where i is a certain dekad; VCI; is the vegetation condition index in a certain dekad;
NDVIhax and NDVI,;, are the historical maximum and minimum values of the NDVI,
respectively; TCl; is the temperature condition index in a certain dekad; LSTmax and
LST i are the historical maximum and minimum values of the LST, respectively. WCI; is
the moisture condition index in a certain dekad; NDWIj,qx and NDWI,;,, are the maximum
and minimum values of the NDWI on the long-term sequence, respectively. The larger
the WCl is, the better the moisture conditions are, and the fewer droughts occur; on the
contrary, the smaller the WCl is, the more serious the drought is.

3.2. Vegetation Drought Index (VDI)

The VHI, composed of the TCI and VCI, expressed drought changes based on the
negative relations between the NDVI and LST [13]. However, positive correlations were
found by Karnieli et al. [30]. They demonstrated that the slope of the LST and NDVI
in Mongolia had changed, and that the positive slope appeared in the northern part of
the country, indicating that higher temperatures will not stop grass growth; in contrast,
they may promote growth, while TCI is not an effective index for such conditions. The
advantages of the NDWI mentioned above (Section 3.1) can complement the TCI’s short-
comings for such conditions. In addition, spatial variety occurred in terms of the drought
characteristics, and drought reflected by the same index were different from the variable
steppe zones. Thus, the new drought index named the VDI was proposed by combining
the VCI, WCI, and TCI in different steppe zones.

Pearson’s correlation coefficient (R) can take any value from —1 to +1. A correlation
coefficient of 1 would indicate a perfect positive correlation (both values increasing to-
gether,) whereas a correlation coefficient of —1 indicates a perfect negative correlation.
Generally, this can be divided into three levels: Irl < 0.4 = low degree of correlation;
0.4 < Irl <0.7 = significant correlation; 0.7 < Irl <1 = high correlation [41,42]. Here, a
threshold of —0.4 was employed to distinguish whether there was a significant correlation
or not between NDVI and LST in this paper. The relationships between them for each
pixel derived from the time series data from 2000 to 2019 were produced. When the value
was more than —0.4, this meant that there was no negative significant relation between
NDVI and LST, and TClI is not suitable for drought monitoring. The WCI and VCI were
used to detect drought. When the value was less than —0.4, the combination of VCI, WCI,
and TCI were used for the VDI construction.

The combination of multiple indices is based on a quantitative approach that assigns
a weight to each input parameter using the PCA method [43,44]. In this study, the contri-
bution of each input parameter (VCI, WCI, and TCI) was used as the weight or coefficient
of the VDI, which was estimated by using a similar PCA method. The input parameters
were taken from data from multiple years over the period of 2000 to 2019. The whole
principal component transformation process was finished by using an Interactive Data
Language (IDL). Firstly, input parameters in each pixel were standardized to enhance
the spatial comparison of each parameter. Then, the correlation coefficient matrix was
developed using the standardized time series values of input parameters, which can be
used to calculate the eigenvectors and establish the relationship between the principal
components and the original input parameters. The variance contribution rate of each
principal component was calculated and taken as the weight, then the weighted average of
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the principal component loading was assessed to determine the weight of each parameter
of each pixel. When the relationship between the NDVI and LST was less than —0.4, the
three input parameters were VCI, WCI, and TCI. When the relationship between the NDVI
and LST was more than —0.4, the two input parameters were VCI and WCI. Finally, the
pixel-based weights of each parameter were averaged into three steppe zones, then these
weights were further normalized into a value ranging from 0 to 1. The normalized weights
for each input parameter are shown in Table 1, which were taken as coefficients of proposed
VDI model (Equation (5)).

ax VCI+bx WCI+c¢xTCI (Rnpvierst < —04)

d x VCI + e x WCI (RNDVI&LST > —0.4) (5)

VDI, = {

where i is steppe zone, RNpyigrsT is the correlation between the NDVI and LST; a, b, ¢, d,
and e are the coefficients of the VDI.

Table 1. Coefficients of proposed VDI model using the PCA method.

Zone a b c d e
Forest Steppe 0.51 0.28 0.21 0.46 0.54
Steppe 0.51 0.08 0.41 0.50 0.50
Desert Steppe 0.45 0.13 0.42 0.55 0.45

The classification criteria for the TCI, VCI, WCI, VHI, and VDI are same, which are
divided into five levels: extreme drought, severe drought, moderate drought, mild drought,
and no drought (as shown in Table 2). According to the color identifier (RGB value) for
each drought severity level defined in this table, we could draw and generate drought
spatial distribution map.

Table 2. Drought severity criteria for the TCI, VCI, WCI, VHI, and VDL

Level TCI/VCI/WCI/VHI/VDI RGB
Extreme drought 0~0.05 [168,0,0]
Severe drought 0.05~0.10 [255,0,0]
Moderate drought 0.10~0.20 [255,170,0]
Mild drought 0.20~0.30 [255,255,0]
No drought 0.30~1.0 [85,255,0]

3.3. Pearson Correlation Coefficient

It is very necessary and important to evaluate the results (pixels) of remote sens-
ing models using in situ reference data (points) when it is difficult to obtain regional
ground truth drought data. Pearson’s correlation coefficient (R) usually represents the
correlation between two variables, which can be used to evaluate the performance of
the model. In this paper, the novel VDI was evaluated using field soil moisture and NFB
values. The dekad soil moisture was introduced in Section 2.2, whereby 5 observation
points and three repeated points in each plot were averaged into one soil moisture value,
with 9 plots (1 x 1 km) being used for corresponding satellite-derived drought indices with
the same resolution. A total of 8 dekads of soil moisture were obtained, while 72 dekads of
soil moisture were available. The corresponding pixel values of satellite-derived drought
indices were extracted by each plot’s coordinate range. The time series of FB datasets
for the nine sites was relatively long, ranging from 2000 to 2015, which is convenient for
obtaining stable normalized fenced biomass (NFB) values.

3.4. Spatial Consistency

In this study, we established a field drought distribution map based on field-derived
RDA data and compared it with the remote sensing drought map to evaluate the spatial
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distribution differences and the consistency of the temporal variation between them. The
inverse distance weighting (IDW) method was adopted by IRIMHE to convert the in situ
RDA data to a 1 km grid format to create a spatial distribution map of field drought [38].
The distribution maps of remotely sensed drought indices were produced using ArcGIS
10.0 software. This was used to determine whether remotely sensed drought indices and
RDA data exhibited consistent spatial distributions and temporal fluctuations at large
scales and at the county level.

4. Results
4.1. Drought Distribution Maps for Typical Years

The RDA map was occupied as a reference drought to evaluate the new synthetic
drought index, i.e., the VDI. Mongolia experienced heavy drought in 2002 and mild
or moderate drought in 2003 and 2004. The spatial drought characteristics of the VDI, TCI,
VCI, WCI, and VHI were compared using reference RDA data from 2002 to 2004. These
indices were classified according to the drought severity criteria listed in Table 2. The
similarities and discrepancies were clearly reflected through the drought distribution maps
shown in Figure 3. In addition, RS-derived drought indices provided more detailed drought
information than RDA data because of the higher spatial resolution (1 x 1 km).

2002 2003 2004

-

[T Non-grassland Il Extreme Drought [l Severe Drought ] Moderate Drought [_| Mild Drought 7] No Drought

Figure 3. Drought distribution maps for the TCI, VCI, WCI, VHI, VDI, and field-based RDA in the first dekad of each July
from 2002 to 2004 for Mongolia.
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Generally speaking, as shown in all indices, the drought was serious in July 2002,
while the drought in 2003 was milder than that in 2002 and 2004. The TCI indicated
that most areas had severe drought, which was different from the drought degree of the
RDA map for the north, east, and west. The drought extent indicated by the TCI was
heavier than that in 2002. The VCI indicated that severe drought occurred in some central
areas in 2003 and 2004, showing few moderate and mild droughts; additionally, the eastern
and southern regions were less affected. In the northern and eastern regions, the WCI was
consistent with RDA map and similar to the VCI distribution in other regions. With regard
to the VHI and VD], the consistency was higher with the RDA map, and the latter was more
consistent with RDA map in the eastern, central, and southern regions in 2003 and 2004. In
general, the proposed VDI could provide a coherent description of the field-based drought
conditions throughout Mongolia.

Figures 4-6 show the drought depictions based on the VDI and VHI in three provinces
(Arhangay, Suhbaatar, and Omnogovi provinces) from 2002 to 2004, and compares them
with the spatial patterns from the RDA map. In Arhangay, most of the regions experienced
severe drought in 2002 (Figure 4). Generally, similar drought distributions can be observed
for the VDI, VHI, and RDA map. Differences can be found in west border, whereby the
RDA map illustrated drought in that area, but no drought was indicated by the VDI and
VHL The VHI showed severe drought, while moderate drought was found by the VDI and
RDA in the eastern region. In 2003 and 2004, the differences were not significant for VDI
and RDA, while VHI showed less drought than VDI and RDA. The western drought of
2004 shown by the RDA was not presented by the VHI, while the VDI with mild drought.

2003 2004

VHI

VDI

RDA

Figure 4. Drought distribution maps of the VHI, VDI, and field-based RDA in the first dekad of each
July from 2002 to 2004 for Arhangay Province.
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Figure 5. Drought distribution maps of the VHI, VDI, and field-based RDA in the first dekad of each
July Figure 2002 to 2004 for Suhbaatar Province.

VHI |

VDl |

RDA

Figure 6. Drought distribution maps of the VHI, VDI, and field-based RDA in the first dekad of each July from 2002 to 2004
for Omnogovi Province.

Figure 5 shows that the Suhbaatar province experienced drought changes from 2002
to 2004. The VHI and VDI had similar drought distributions in 2002 and 2003. The drought
in 2002 was shown by the RDA as a slight drought, while the VDI and VHI showed a
partly severe drought. For the drought in 2003, inverse results were shown, with the
RDA indicating a more severe drought than the VDI and VHI. The VDI's drought pattern
was consistent with the RDA map, but the VHI showed mild drought. Severe drought
occurred in the southwest of Suhbaatar according to the VDI and RDA maps, while the
VHI demonstrated mild drought.
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RDA-VHI

RDA-VDI

Drought occurrence in the Omnogovi province demonstrated a similar spatial distri-
bution in 2002, as shown in Figure 6. The VDI and VHI precisely detected the drought
region from the RDA map. In 2003. “no drought” was indicated by the VHI and RDA,
while the VDI showed few drought events. The RDA demonstrated heavy drought in
the mid-northern region, but almost no drought was shown by the VDI and VHI in 2004.

In general, the spatial distributions of drought were more consistent between the VDI
and RDA than with the VHI. Temporal changes of drought from 2002 to 2004 were detected
by the VDI, VHI, and RDA. However, some regional differences still existed when viewing
fine comparison analysis of them.

4.2. Validation by RDA at the County Level

Multiple RDAs of each county were averaged with regional characteristics, so they
were used to evaluate the VDI at the county level. The grid VDI and VHI values were
averaged in each county, then classified into 5 grades according to the criteria in Table 2.
Averaged VDI and VHI values in each county were limited to scores of 1 to 5: 1 = extreme
drought; 2 = serious drought; 3 = moderate drought; 4 = slight drought; 5 = no drought.
We combined IRIMHE's last two classes (as seen in Section 2.2) into one, denoted the “no
drought” class. In this case, the averaged VDI and VHI were comparable to the averaged
RDA. The drought grade differences between the RDA and VDI (VHI) were used to validate
the performance of the VDI and VHI at the county level. If the difference was equal to 0,
this meant that results were consistent. Otherwise, the VDI or VHI showed either greater
or lesser extent of drought than RDA.

The drought grade differences for the VHI, VDI, and averaged RDA at the county
level from 2002 to 2004 (first dekad of July) for three typical provinces are shown in Figure
7. The three typical provinces mentioned before included 42 counties, which were adapted
to carry out further analysis. For the severe drought year in 2002, inconsistencies between
the averaged VHI and RDA were found in 11 out of 18 counties, while inconsistencies
between the VDI and RDA were found in 5 counties for Arhangay province. The drought
grade difference for the VHI and RDA in one county (orange color marked in Figure 7) was
up to 2, but no bias existed in the corresponding VDI and RDA. Similarly, the VDI exceeded
the VHI for Omnogovi province, whereby 4 counties showed differences between the VDI
and RDA. The averaged VDI had slightly better consistency than the VHI for Suhbaatar
province. Drought was detected in 74% of counties by VDI and 50% of counties for VHI,
which was a significant improvement.

Arhangay Suhbaatar Omnogovi

Drought Grade Difference

The first dekad of July, 2002 -2 1o 112

Figure 7. Drought grade differences between the averaged VHI, VDI, and RDA (RDA-VHI, RDA-VDI) at the county level
in the first dekad of July, 2002, for three typical provinces.



Remote Sens. 2021, 13, 414 11 of 17

We carefully analyzed the lower drought years of 2003 and 2004 (Figures 8 and 9), in
which less drought events occurred in the three typical provinces. Both the VHI and VDI
showed good performance in 2003. The VDI’s consistency with the RDA was higher than
the VHI. Drought was detected in more than 90% of counties by the VDI and in more than
83% of counties by the VHI. The advantages of the VDI are not very obvious. In 2004, the
same results occurred for Arhangay province. For the other two provinces, the consistency
between the VDI and RDA was slightly better than with the VHI. The consistency level
was 83% for the VDI and 74% for the VHIL

Arhangay Suhbaatar Omnogovi

RDA-VHI

RDA-VDI

Drought Grade Difference
The first dekad of July, 2003 2 1 0 1 2

Figure 8. Drought grade differences for the averaged VHI, VDI, and RDA(RDA-VHI, RDA-VDI) at the county level in the
first dekad of July, 2003, for three typical provinces.

Arhangay Suhbaatar Omnogovi

RDA-VHI

RDA-VDI

Drought Grade Difference
The first dekad of July, 2004 ) 1 o[ 1 2

Figure 9. Drought grade differences for the averaged VHI, VDI, and RDA (RDA-VHI, RDA-VDI) at the county level in the
first dekad of July, 2004, for three typical provinces.

Considering the difference changes from 2002 to 2004, the consistency rates were 74%,
90%, and 83% for the VDI (50%, 83%, and 74% for the VHI), which showed that the changes
were the smallest in the heavy drought year of 2002 compared with mild or moderate years
(2003 and 2004). It seems that there is still potential for improvement in the ability to detect
severe droughts.
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4.3. Validation by Field Soil Moisture

A soil moisture deficit will cause drought changes and then affect vegetation growth.
The field soil moisture reflects the environmental water supply and was used as a reference
to validate the proposed VDI. To demonstrate the performance of the VDI for agricultural
drought monitoring, the relationship between dekad VDI (as well as TCI, VCI, WCI,
and VHI) and dekad field soil moisture observations at soil depths of 12 and 20 cm
were quantified, as shown in Figure 10. The results showed that there were significant
correlations among the field soil moisture and drought indices, all at the 0.01 significance
level. As shown in Figure 6, the correlations between drought indices and field soil moisture
at the 12 cm depth were greater than that at the 20 cm depth. This is because in arid and
semi-arid areas, the RS-derived drought indices are more sensitive to upper soil moisture
(12 cm).
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Figure 10. The R values for the TCI, VCI, WCI, VHI, VDI and field soil moisture at depths of 12 and
20 cm.

Specifically, Figure 6 shows that at the same depth of 12 cm, the correlation between
the TCI and soil moisture was the lowest, while that between the VDI and soil moisture
was the highest, reaching 0.66. The WCI had slightly higher correlation with the field
soil moisture compared with the VCI (0.65 to 0.63), while the correlation of VHI and
soil moisture was 0.59. Another comparison showed that the five drought indices (TCI,
VCI, WCI, VHI, and VDI) had lower correlations with soil moisture at a depth of 20 cm
than at 12 cm, while the highest R correlation was for the VDI and soil moisture at 0.60.
Overall, the VDI was more sensitive to soil moisture than the VHI, and the R increase was
up to about 0.10. This result means that the proposed VDI with the added WCI information
better identified the soil moisture changes than the VHL

Because soil moisture typically cannot be used by vegetation or grass immediately,
there is a lag from a change in water level to a vegetation response. Some results showed
that the vegetation variations indicated by the NDVI were lagged responses to soil mois-
ture [35]. We also examined the correlation coefficients between field soil moisture and
the RS-derived drought indices calculated with one dekad lag. As shown in Figure 10, the
soil moisture one dekad ahead was more closely related to the current drought index than
the current soil moisture, and an increasing R was demonstrated. For the 12 cm depth,
the R increased from 0.66 to 0.78; for the 20 cm depth, the R increased from 0.60 to 0.70
for the VDI. The lag effect was determined according to these results. However, when
we carefully studied and observed the changes of the relationships among TCI, VCI, and
WClI in Figure 6, it seems that the main contribution was from the TCI, with the R value
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increasing from 0.44 to 0.68 at 12 cm depth and 0.39 to 0.62 at 20 cm depth. The correlations
showed little change between the VCI or WCI and soil moisture compared to soil moisture
one dekad ahead (R values for the VCI ranged from 0.63 to 0.65 at 12 cm depth; R values
for the WCI ranged from 0.65 to 0.67 at 12 cm depth). Similar results can be found for
the 20 cm depth. In other words, the lag effect of the vegetation index on soil moisture
was not obvious for the VCI or WCI at the one-dekad scale. One possible explanation is
that the time scale of drought indices was a dekad, while field soil moisture values came
from a certain day; the dekad average for the VCI and WCI weakened the time change
information, while dekad average for the TCI indicated a faster response to soil moisture
changes. The daily drought products of satellite images need to be further studied.

4.4. Validation by Normalized Fenced Biomass (NFB)

The unfenced biomass was presented by Sheng [36] for drought index evaluation;
however, it included the biomass change caused by livestock grazing, which would impact
the comparison results. The FB obtained from the grasses in the enclosed area grew
naturally and was not eaten by livestock; therefore, the corresponding biomass changes
can better describe real drought situations. The FB was normalized to the NFB, which
was similar method to the normalized biomass indicator in a previous paper [36]. FB data
(2000-2015) for the nine enclosed pasture sites in the country (locations shown in Figure 1)
were selected and used to accurately evaluate the proposed drought index. Pearson’s
correlation coefficient (R) was used to represent the VDI performance with NFB changes.

The correlations of NFB with the TCI, VCI, WCI, and VHI and VDI from 2000 to 2015
are shown in Table 3. The correlations between the VCI and NFB were high in five of
nine sites, with R values ranging from 0.53 to 0.71. the WCI shows the same performance
and had strong relationships in five out of nine sites (from 0.57 to 0.72). For the single
drought indices, the R values for the DS site were low, especially at the Dornogovi site,
with a maximum R value of 0.27. Therefore, the VCI and WCI gave better expressions of
vegetation information changes caused by drought. These results also confirm the point
proposed in this study that the introduction of the WCI can improve the accuracy and
stability of drought monitoring.

Table 3. The R values between drought indices and NFB for the period 2000-2015. NS: number of
samples at 0.01 confidence level).

Site (NS) Land Cover TCI VCI WCI VHI VDI
EL (165) FS 0.36 0.45 0.57 0.46 0.55
BN (147) FS 0.13 0.41 0.36 0.30 0.45
DN (187) FS 0.41 0.57 0.63 0.55 0.67
DR (175) ST 0.30 0.65 0.68 0.54 0.69
BT (162) ST 0.32 0.71 0.72 0.59 0.74
MI (156) ST 0.18 0.58 0.57 0.46 0.64
BD (169) DS 0.24 0.53 0.49 0.51 0.57
DI (157) DS 0.17 0.25 0.27 0.27 0.27
KD (130) DS 0.16 0.34 0.31 0.32 0.36

Further, to compare the VHI and VD], the correlation between the VDI and NFB was
significantly higher than that of the VHI (average R value increased by about 0.11 overall),
especially for FS and ST sites, as shown in Figure 11. However, for the DS site, the increase
was not obvious, the correlations between each index and the NFB were relatively small,
especially for DI and KD sites, and the maximum correlation coefficient was 0.36. The
correlations between the VDI and NFB were slightly higher than those between the VHI at
DI and KD sites.
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Figure 11. The R values for the VHI and VDI with the NFB (the results marked as dots are from
forest steppe sites, triangles are from steppe sites, and diamonds are from desert steppe sites).

5. Discussion

The proposed VDI can detect grassland drought effectively and stably with good
performance. However, some uncertainties and limitations must be explained and clarified.
For NDVI- and NDWI-based indices, it is a challenge to identify grassland drought events
in very sparse and dry vegetation areas (i.e., the DS region in southern Mongolia). The soil
background information was included in optical satellite observations [40] and the NDVI
and NDWI values found in this study were very low. In such cases, the VCI and WCI may
contain large uncertainties, which need to be considered and studied in depth.

Regarding the cause of the poor correlation between the VDI and NFB in the desert
steppe, we returned and extracted NDVI, NDWI, LST, and FB data for the three desert
sites over 16 years, the statistical results for which are shown in Table 4. We found that
vegetation coverage was poor (the maximum values were 0.23, 0.22, and 0.17, respectively)
and that there were no significant fluctuations, even during the grass growth period. This
is a regional characteristic of grassland in southern Mongolia, a region that is an arid desert
with annual precipitation of less than 100 mm (or even 50 mm) [43]. Increases of the LST
enhance evaporation and lead to decreases of vegetation. Water and soil information are
the main factors limiting the growth of grassland. In Figure 8, the very dry grassland areas
showed negative NDWI values most of the time. These results indicates that the proposed
VDI is not suitable for the DS region, because the NDVI is very low and the NDWI is
negative.

Table 4. Statistical results for the NDVI, NDWI, LST, and FB for 2000-2015.

NDVI NDVI NDWI NDWI LST LST FB Max/Min FB
Max/Min Mean/Variance Max/Min Mean/Variance Max/Min Mean/Variance Mean/Variance
BD 0.23/0.06 0.13/0.04 0.20/-0.11 -0.02/0.05 326.1/298.2 313.6/6.62 5.00/0.01 1.14/1.01
DI 0.22/0.07 0.11/0.03 0.20/-0.10 -0.03/0.05 324.7/297.9 313.9/6.06 7.30/0.00 0.76/0.93
KD 0.17/0.07 0.11/0.02 0.05/-0.16 -0.11/0.03 325.3/294.5 312.4/5.33 44/0.1 0.94/0.99

The low NDVI, NDWI, and biomass values, together with the water deficit, indi-
cated that the vegetation status and temperature index cannot identify grassland drought
well in a few grassland regions with coarse pixels (1 x 1 km). This result further ex-
plains the low correlations between drought indices and NFB at the DS site (shown in
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Figure 12). Higher-resolution remote sensing and soil moisture data are of great signifi-
cance for drought monitoring in arid DS regions. This will be the purpose and focus of our
future research.
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Figure 12. Dekad profiles for the NDVI, NDWI, LST, and FB from 2000 to 2015 at the BD site.

The developed VDI is based on arid and semi-arid grasslands, but other land cover
types and regions might be different and may need further investigation.

Additionally, the ST validation site area is approximately 10 x 10 km, and the VDI
results need to be verified in larger areas or in different climatic regions in further research.
Unfortunately, although field soil moisture values are necessary to verify the performance
of the VD], it is not possible to determine the field soil moisture in the northern FS area.
Another improvement would be to obtain more point soil moisture values in a pixel
to reduce the error of the point representing the pixel value. Regional soil moisture
observation instruments, such as cosmic ray neutron sensing [45] or ground-penetrating
radar (GPR) [46], are very feasible and reliable solutions.

6. Conclusions

Based on the inverse relationship between the LST and vegetation status (chlorophyll
and water contents) corrected by the WCI in conditions of no negative correlation between
NDVI and LST, together with the spatial heterogeneity description of drought indices with
agro-climatic zone data, a new vegetation drought index VDI was proposed. Compared
with the existing drought indices, the advantages of the proposed VDI were visible.

Then, the new index was validated and evaluated using filed-based NFB, soil moisture,
and RDA results. The results showed that the performance of the dekad VDI was superior
to the previous indicators (TCI, VCI, WCI, and VHI) in terms of correlation and spatial
consistency. The VDI can accurately monitor the dekad drought changes in the grassland
areas in arid and semi-arid environments. Compared with the VHI, the new index is more
closely sensitive to site-based soil moisture at 12 cm depth, with R values increasing from
0.59 to 0.66; and to site-based NFB, with average R values increasing from 0.44 to 0.55.
However, the performance of the VDI in DS areas was slightly poorer. The VDI map was in
good agreement with the RDA map from field measurements generally. To further improve
the efficiency and universality of the VDI, extensive validation and soil moisture results
derived from microwave data should be considered in future research.
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